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Summary
Thirty-two neurosurgical patients with unilateral or bilateral
frontal lobe excisions, 41 patients with unilateral temporal
lobe lesions and 19 patients who had undergone unilateral
amygdalo-hippocampectomy were compared with matched
controls on a computerized test of spatial working memory.
A significant deficit was observed in the frontal lobe group,
even at the least challenging level of task difficulty and this
impairment was found to relate to the inefficient use of a
particular searching strategy shown to improve performance
on this task. In contrast, deficits in the temporal lobe
group and the amygdalo-hippocampectomy group were only
observed at the most difficult level of the task and in neither
group could the deficit be related to the inefficient use of

any particular searching strategy. In a follow-up study,
the three patient groups were compared on analogous
computerized tests of visual and verbal working memory.
No deficits were observed in the frontal lobe group.
By comparison, both the temporal lobe patients and the
amygdalo-hippocampectomy group were significantly impaired
in the visual working memory condition but not in the verbal
working memory condition. These deficits were clearly evident
at all levels of task difficulty and were not related to any
particular searching strategy. The data are discussed in terms
of the relative contributions of 'executive' and 'mnemonic'
mechanisms to the contrasting, material dependent deficits
observed in the frontal and temporal lobe groups.
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Introduction
Working memory has been described as a 'brain system
that provides temporary storage and manipulation of the
information necessary for such complex tasks as language
comprehension, learning and reasoning' (Baddeley, 1992).
According to Baddeley's model, a limited capacity 'central
executive' acts as a controller or scheduler of a number of
slave systems. In the verbal modality the slave system is
known as the 'articulatory loop', whilst the 'visuo-spatial
sketch pad' is the name given to the analogous system
responsible for the temporary storage of visuo-spatial
material. The nature of the central executive has not been
well defined either theoretically or experimentally, although
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Baddeley has suggested that the frontal lobes may, at least
partially, subserve the functions assigned to this control
mechanism, and also that damage to the frontal cortex would
therefore interfere with this component of working memory
(Baddeley, 1986; Baddeley et al., 1986).

Monkeys with bilateral damage to the area surrounding
the sulcus principalis exhibit profound and selective deficits
in spatial tasks that require memory for the location of objects
in space (Gross and Weiskrantz, 1964; Goldman and Rosvold,
1970; Goldman et al., 1971). Recently, Goldman-Rakic
(1990) has argued that the mechanisms underlying working
memory are similar, if not identical, to the processes measured



1598 A. M. Owen et al.

by the classic delayed response test. Using an elegant
oculomotor variant of this task, impairments have been
demonstrated in monkeys with sulcus principalis lesions,
suggesting again, that this area plays a critical role in
spatial working memory processing (Funahashi et al., 1989).
Furthermore, using the same oculomotor paradigm,
neurophysiological studies have confirmed that prefrontal
neurons spatially code the location of an object throughout
the visual field (Funahashi et al, 1989, 1990) in a manner
analogous to the visual receptive fields of visual cortical
neurons. This interpretation of working memory seems to
be most closely related to the 'visuo-spatial sketch pad'
component of Baddeley's model, especially given its
emphasis on maintaining stimulus representations 'on-line'.
However, it is not clear what executive functions are required
for this class of delayed response test.

The problem of comparison between species is further
compounded by Honig's (1978) definition of working
memory, as used in Olton's radial arm maze, in which rats
are required to self order a series of choices in order to
maximize food reinforcement (Olton, 1982). This paradigm
clearly requires memory for spatial location but, in addition,
an executive or 'organizational' component of task
performance to optimize the sequence of choices. Adaptations
of the Olton procedure have been used to investigate spatial
working memory in both humans (Owen et al., 1990) and
in primates (Passingham, 1985). In the former study, a
computerized modification of this paradigm, originally
developed by Morris et al. (1988), was used to assess spatial
working memory in a group of neurosurgical patients with
localized excisions of the frontal lobes (Owen et al., 1990).
Compared with controls, the frontal lobe patients made more
returns to locations in which 'tokens' had already been found
and were inefficient in the use of a repetitive searching
strategy known to improve performance on this task.

Whilst these human and animal studies support the view
that the prefrontal cortex plays an important role in spatial
working memory, the precise nature of its involvement in
executive, as well as mnemonic processes and its dependence
on reciprocal connections with other neural structures, is
unclear. Goldman-Rakic (1990) has described several multi-
synaptic connections between the prefrontal cortex and the
hippocampal formation and has speculated that these connec-
tions imply a reciprocal functional relationship between the
hippocampus and the prefrontal cortex in working memory
(Goldman-Rakic et al., 1984). In keeping with this suggestion,
it is well established that conventional lesions of the hippo-
campus or fornix in rats produce severe and enduring deficits
in spatial working memory tasks (Olton et al., 1978; Olton
and Papas, 1979; Rawlins and Olton, 1982; Rawlins and
Tsaltas, 1983; Aggleton et al., 1986). Together, these studies
suggest that spatial working memory involves a network of
interconnected cortical and subcortical areas including, at
the very least, the dorsolateral prefrontal cortex and the
hippocampal formation.

A further question of interest is whether there are similar

networks associated with the executive and mnemonic
components of non-spatial working memory. Monkeys with
lesions of the inferior prefrontal convexity located
ventrolateral to the sulcus principalis, or to the orbital
prefrontal cortex, are impaired on tasks requiring memory
for visual features of objects, but not for their location
(Goldman et al, 1971; Passingham, 1972, 1975; Bachevalier
and Mishkin, 1986; Wilson et al., 1993). More recently,
Petrides (1991) has demonstrated that bilateral lesions limited
to a specific area of the lateral prefrontal cortex in monkeys
(cytoarchitectonic areas 46 and 9) give rise to severe and
highly specific impairments in non-spatial (visual features)
working memory performance. Petrides and Milner (1982)
used a version of this self-ordered task, designed for human
subjects, to compare working memory for various non-spatial
stimuli in patients with neurosurgical excisions of the frontal
or temporal lobes. The frontal lobe patients with left-sided
removals were severely impaired in their ability to organize
and monitor a sequence of pointing responses to both visual
and verbal stimuli, whilst right-sided patients were less
severely impaired and only in the nonverbal conditions. In
contrast, no deficits were observed in the group of patients
with temporal lobe excisions not extending posteriorly, on
the medial side, beyond the pes of the hippocampus. However,
material specific deficits related to the side of the lesion
were observed in temporal lobe patients with more radical
hippocampal involvement. The authors suggest that the
pronounced deficits in the frontal lobe group may reflect
'poor organizational strategies, poor monitoring of responses
or both' although no formal measures were employed to test
this hypothesis (Petrides and Milner, 1982).

These results have recently been extended using PET
combined with MRI to identify the neural loci of non-spatial
working memory (Petrides et al., 1993a, b). Using the same
visual self-ordered working memory task mentioned above,
significant increases in regional cerebral blood flow (rCBF)
were observed within the left and particularly, within the
right mid dorsolateral frontal cortex (area 46) and in the
posterior part of the middle frontal gyrus on the left side
(area 9). Furthermore, in a verbal analogue of this test, task
related rCBF increases were observed bilaterally, within the
mid dorsolateral frontal cortex (areas 46 and 9).

In summary, many previous investigations have suggested
that the frontal lobes may play an important, yet not
necessarily unique role in certain aspects of both spatial and
non-spatial working memory performance. However, the
precise contribution of mnemonic and strategic components
of these tasks is unknown and is likely to depend upon the
stimulus material used. Moreover, the role of the prefrontal
cortex itself in this interaction between mnemonic and
strategic components of performance is also unclear.

The present study was designed to investigate these issues
further by comparing three groups of patients with well-
localized neurosurgical excisions on analogous self-ordered
tests of spatial, verbal and visual working memory. The
spatial working memory paradigm used here has previously
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been shown to be sensitive to the deficit in a single group
of neurosurgical patients with frontal lobe damage (Owen
et al., 1990). In that study, a major contribution to the frontal
lobe deficit was an inability to use a particular searching
strategy shown to be related to superior performance in
normal control subjects. The implication of this finding is
that subjects with frontal damage will be relatively less
impaired in tasks where there are no obvious strategies for
improving performance. Consequently, in the frontal lobe
patients, and in the other two patient groups studied, the
approaches used to complete the three self-ordered working
memory tasks were closely assessed, paying particular
attention to the types of strategic or organizational deficits
observed previously, in order to dissociate executive and
mnemonic aspects of performance.

In addition, the role of the human hippocampal region in
these tests of working memory was investigated by assessing
two groups of patients with either a temporal neocortical
excision (which typically includes a small amount of the
hippocampus) or a selective amygdalo-hippocampectomy
(which typically includes the entire hippocampus in one
hemisphere). On the basis of the previous studies in rats,
monkeys and humans described above, we predicted that
spatial working memory deficits would be more severe in
the patients with radical hippocampal excisions than in those
with small hippocampal lesions and further, that similar
patterns of impairment would be observed in analogous non-
spatial working memory tasks {see Petrides and Milner, 1982).

Method
Patients
The three groups of neurosurgical patients included in this
study were consecutive referrals with frontal lobe, temporal
lobe or amygdalo-hippocampus excisions, performed at the
Maudsley Hospital Neurosurgical Unit, London. Among the
frontal lobe cases, three patients were tested, but later
excluded from the analysis, since examination of their CT
scans revealed some damage to subcortical structures. Three
temporal lobe referrals were not tested since they had histories
of affective disorder (two patients) and substance abuse (one
patient). Since the number of patients within each group was
limited, it was not possible to match the patients according
to preoperative pathology. Testing was carried out either
as part of the postoperative neuropsychological evaluation
(i.e. within 3 months of surgery) or in long-term follow-up.
The average time between surgery and testing was 4 years
10 months (range 3 months to 26 years) for the frontal lobe
patients, 3 years 1 month (range 3 months to 10 years 1
month) for the temporal lobe patients and 1 year (range 3
months to 2 years) for the amygdalo-hippocampectomy
patients. As this factor was not statistically related to
performance on the working memory tests in any of the three
patient groups, it will not be given further consideration in
the main analyses of effects. In order to simplify the analysis

of laterality effects, only patients who were either right
handed, or who were shown to be left hemisphere dominant
during sodium amytal testing were included in this study.

In total, 92 patients participated in the study and every
patient completed the spatial working memory task. Each
patient was paired with a normal control subject, matched as
closely as possible with respect to age and verbal IQ. Among
the patients, where a standard clinical neuropsychological
assessment had been conducted, verbal IQ was derived
directly using the revised Wechsler Adult Intelligence Scale.
In all other cases, verbal IQ was estimated using the National
Adult Reading Test (Nelson, 1982). In 15 of the frontal lobe
patients (47%), 26 of the temporal lobe patients (63%) and
11 of the amygdalo-hippocampectomy patients (58%) the
verbal IQ score was derived directly. All of the control scores
were estimated using the National Adult Reading Test.

A subset of 51 of these patients also completed the tests
of visual and verbal working memory. In all cases, each
patient was matched with the same control subject across the
three test conditions.

Frontal lobe patients
Thirty-two frontal lobe patients participated in this study
and all completed the spatial working memory test. Three
examples of representative lesions, examined using high-
resolution MRI, are shown in Fig. 1A. Eighteen of these
cases had right-sided frontal lobe excisions among which
there were five cases of right frontal lobectomy, three cases
where an aneurysm of the anterior communicating artery had
been clipped, four cases where a right-sided meningioma had
been removed, two cases of arterio-venous malformation
removal, one case where a craniopharyngioma had been
removed and three cases where an astrocytoma had been
completely removed. Eleven patients had left-sided frontal
lobe excisions among which there were seven cases of
unilateral lobectomy for intractable epilepsy, one case of
arterio-venous malformation removal and three cases where
an astrocytoma had been completely removed. The remaining
three patients had undergone bilateral frontal meningioma
removal.

A sub-group of 18 of these frontal lobe patients also
completed the visual and verbal working memory tests.
Eleven of these patients had right-sided frontal lobe excisions
among which there were four cases of right frontal lobectomy,
two cases where an aneurysm of the anterior communicating
artery had been clipped, three cases where a right-sided
meningioma had been removed, one case of arterio-venous
malformation removal, and one case where a benign astro-
cytoma had been removed. Five patients had left-sided frontal
lobe excisions. All had undergone unilateral lobectomy.
The remaining two patients had undergone bilateral frontal
meningioma removal.

Temporal lobe patients
The standard 'en bloc' resection (Falconer, 1971) involves
the removal of between 5.5 cm and 6.5 cm of the temporal



1600 A. M. Owen et al.


