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The right parietal lobe is critical for visual working memory
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Abstract

Visual working memory (VWM) permits the maintenance of object identities and their locations across brief delays such as those accompanying
eye movements. Recent neuroimaging studies have emphasized the role of the posterior parietal lobe in this process although the specific nature
of this involvement in VWM remains controversial. Neuroimaging findings suggest that the parietal lobe may have a general role in remembering
various types of visual information whereas neuropsychological findings suggest that parietal involvement is primarily related to motor spatial
attention and spatial memory. In the present study, patients with unilateral right parietal lobe damage, lacking symptoms of neglect, were tested
in several VWM old/new recognition tasks. Parietal damage lead to impaired performance on all VWM tasks, including spatial, object, and
object/spatial conjunction tasks. Deficits were found across several stimulus categories. These results provide neuropsychological support for
neuroimaging results, and more generally indicate that the parietal lobe serves a general role in diverse forms of VWM.

© 2008 Elsevier Ltd. All rights reserved.
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Visual working memory (VWM) permits the maintenance
of object identities and their locations across brief delays such
as those accompanying eye movements. Psychophysical studies
show that VWM capacity is generally limited by two variables:
the number of items to be remembered (Luck & Vogel, 1997;
Pashler, 1988; Vogel & Machizawa, 2004; see also Cowan, 2001)
and stimulus complexity (Alvarez & Cavanagh, 2004; Olson
& Jiang, 2002) or stimulus similarity (Awh, Barton, & Vogel,
2007).

The role of the posterior parietal cortex (PPC) in VWM is
at the center of a debate in which recent neuroimaging findings
conflict with existing neuropsychological evidence. Numerous
neuroimaging studies report bilateral PPC activity during diverse
VWM tasks, including both spatial and object VWM (for a meta-
analysis see Wager & Smith, 2003). Activity in the intraparietal
sulcus (IPS) has been shown to titrate with VWM capacity for
shapes and colors, suggesting that this region has some role in
governing VWM capacity (Macoveanu, Klingberg, & Tegner,
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2006; Todd & Marois, 2004, 2005; Xu & Chun, 2006). This
activity is not due to the number of items viewed at encoding,
but rather to the number of items maintained in VWM, lending
support to the idea that the function of the IPS is mnemonic, not
perceptual (Todd & Marois, 2004). Suggestions as to the specific
mnemonic role of the IPS in VWM include the manipulation of
items (Champod & Petrides, 2007), encoding and/or storage of
visually complex items (Xu & Chun, 2006; see also Song &
Jiang, 2006), or total information accumulation (Xu, 2007).

These findings suggest that portions of the PPC are involved
in some aspect of VWM performance. Interestingly, although
descriptions of the behavioral sequelae of parietal damage date
to the seminal work of Hughlings Jackson (reviewed in Paterson
& Zangwill, 1944), memory deficits are not mentioned. Instead,
left parietal damage can lead to visual-motor (apraxia), calcula-
tion (acalculia), and language problems (aphasia and dyslexia),
while right parietal damage is typically associated with prob-
lems of visual-spatial representation and attention (Critchley,
1953; Husain & Nachev, 2007; Vallar, 2007). Because we are
specifically interested in visual memory, and several lines of evi-
dence (reviewed in Critchley, 1953; Pisella & Mattingley, 2004)
suggest that the right PPC, but not the left, is critically involved
in visual functions, the remainder of this paper is devoted to the
right PPC.
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There is now a growing body of work showing that early
studies of parietal lobe patients overlooked one memory deficit:
spatial memory problems associated with right PPC damage.
Right PPC damage can cause spatial memory impairments
across a range of tasks. Deficits are evident in patients with
right PPC damage and the clinical syndrome of hemispatial
neglect (De Renzi, Faglioni, & Previdi, 1977; Husain et al.,
2001; Malhotra et al., 2005; Pisella, Berberovic, & Mattingley,
2004; Ravizza, Behrmann, & Fiez, 2005) and in patients with
right PPC damage in the absence of neglect (van Asselen et al.,
2006).

Whether the PPC has a role in object VWM, rather than
exclusive visuospatial involvement, has not been thoroughly
examined in neuropsychology. One of the few studies on this
topic reported a dissociation between spatial and object VWM
performance: right PPC damage diminished spatial VWM per-
formance but not object VWM performance (Pisellaetal.,2004).
In contrast, Finke, Bublak, and Zihl (2006) found that right
PPC patients were impaired on object and spatial delay-match-
to-sample tasks, but only when the probed dimension (object
or spatial) was unpredictable (Finke et al., 2006), hinting that
the right PPC’s role in VWM may be attentional rather than
mnemonic.

Consequently, two views of right PPC function in VWM
emerge. According to the view from neuroimaging, the right
PPC has a role in both object and spatial VWM. According to
the view of neuropsychology, the right PPC has a role restricted
to spatial VWM or object VWM under conditions of encod-
ing/decision uncertainty. It may also be the case that the different
views stemming from neuroimaging and neuropsychology may
be due to a lack of sufficient neuropsychological evidence.
There are few neuropsychological studies investigating VWM
and these studies suffer from low power due to small patient
populations.

In this manuscript, we investigate whether the right PPC is
critical for VWM by comparing the performance of patients
with right PPC damage to age- and education-matched control
participants. In Experiment 1, PPC patients were tested on a
spatial memory task. Deficits on this task would extend prior
findings of impaired spatial VWM associated with right PPC
damage (Colombo, De Renzi, & Faglioni, 1976; De Renzi et al.,
1977; Husain et al., 2001; Malhotra et al., 2005; Pisella et al.,
2004; Ravizza et al., 2005). In Experiment 2, PPC patients were
tested on an object VWM task. In Experiment 3, PPC patients
were tested on a conjunction (spatial + object) VWM task.

1. General methods
1.1. Subjects

Seven right PPC patients without symptoms of neglect (see Table 1 for
demographic information and Fig. 1 for lesion drawings) from the Hospital
of the University of Pennsylvania patient database participated. Patients were
screened for perceptual symptoms of spatial neglect using a modified Albert’s
line cancellation task (Albert, 1973), the clock drawing task (Agrell & Dehlin,
1998; Van der Horst, 1934), and the greyscales task (Mattingley, Bradshaw,
Nettleton, & Bradshaw, 1994); no patient showed signs of spatial neglect or
stimulus extinction. Five patients participated in Experiment 1 (mean age =57.2,

range 39-83; mean years of education=13.2; 1 male) while all seven of them
participated in Experiments 2 and 3 (mean age = 62.0, range 39-83; mean years
of education = 12.6; 1 male).

Twelve age- and education-matched control subjects (mean age = 59.0, range
38-72; mean years of education=13.8; 6 males) participated in Experiment 1;
an additional two subjects participated in Experiments 2 and 3 (mean age =59.7,
range 38—72; mean years of education = 13.6; 6 males). All participants received
$15/h. Testing sessions lasted no more than 2 h. Informed consent was obtained
from all participants and the University of Pennsylvania Institutional Review
Board approved all experimental protocols.

1.2. Stimuli

Three stimulus categories were used in all experiments reported in this paper:
colors, shapes and common objects. The color category consisted of 20 circu-
lar color patches selected from the full color spectrum. The shape category
consisted of 36 black, bilaterally symmetrical abstract shapes generated by an
algorithm that has been used previously to generate objects for VWM studies
(Jiang, Olson, & Chun, 2000). The common objects or ‘tool’ category consisted
of 36 grayscale photographs and was limited to the subordinate category of tools
in order to be consistent with the other stimulus categories. In Experiments 1 and
3, these three stimulus categories were presented in a visible black 4 x 4 grid on
a white background, of approximately 21 cm x 21 cm in size. All physical (i.e.
column and row) and temporal (i.e. Ist to 4th) positions were counterbalanced,
sampled equally, and associated with an identical number of correct and incor-
rect responses. In Experiment 2, the same stimuli were used but their size was
approximately 6 cm x 6 cm and they were presented centrally, without a grid,
on a white background. All stimuli were presented using ePrime software on a
Dell laptop monitor.

1.3. Task

Task designs are shown in Fig. 2 ADG. Prior to each task, subjects were
shown a trial example on paper, and they performed computerized practice trials
to familiarize them with the trial design. The order of task performance was
counterbalanced across subjects. In all cases the probe was equally likely to be
“old” or “new” and blocks were pseudorandomly counterbalanced.

1.4. Experiment 1: spatial task

Subjects were instructed to remember item location without regard to item
identity. Trials began with a fixation cross (1000 ms), followed by the sequential
presentation of four items in different grid locations (1000 ms/item). After a
checkerboard mask (1000 ms), a single probe item appeared. The task was to
decide whether that location had been previously occupied. One block of each
stimulus category was tested for a total of 60 trials.

1.5. Experiment 2: object task

Subjects were instructed to remember the identity of items. Trials began with
a central fixation cross (1000 ms), followed by the central, sequential presenta-
tion of four stimuli (1000 ms/stimulus). After a checkerboard mask (1000 ms),
a single probe stimulus appeared at central fixation. The task was to decide
whether the probe stimulus had appeared during the initial encoding period, or
whether it was a new item. There were 180 trials total, 60 trials per stimulus
category.

1.6. Experiment 3: conjunction task

Subjects were instructed to remember the identity and location of items.
Trials began with a fixation cross (1000 ms), followed by the memory image
(2000 ms). After a checkerboard mask (1000 ms), a single probe item appeared
in the matrix. The task was to decide whether that particular probe stimulus
had been located in that particular position. On non-match trials, items from the
memory image were repositioned to previously occupied locations. There were
180 trials total, 60 per stimulus category.
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Patient characteristics. Edu = education in years; MCA = middle cerebral artery; Moya—Moya = a rare cerebrovascular disorder; AVM = arteriovenous malformation,
I =inferior, S =superior

Subject Age Sex Edu Injury date Etiology Lesion location Frontal involvement
592 39 F 13 2001 MCA infarct, Moya—Moya S frontoparietal +

474 47 F 12 1995 MCA infarct I parietal, L caudate —

312 57 F 17 1981 AVM resection S parietal, cerebellar atrophy —

560 60 M 12 2003 MCA infarct I parietal —

564* 73 F 10 2001 Infarct S parietal frontal 2 lesions +

444%* 75 F 12 2002 MCA infarct I temporoparietal —

316 83 F 12 1999 MCA infarct S temporoparietal —

Mean 62.0 6F/1M 12.6

A single ‘*’ demarks patients that were not tested in Experiment 1.

1.7. Analysis

Hit rates (responding “yes” on a match trial) and false alarm rates (respond-
ing “yes” on a non-match trial) were used to calculate corrected recognition
(CR =hits — false alarms) as the dependent measure. Trials were excluded if
no response was registered within two standard deviations of the mean reac-
tion time. Statistical analyses were conducted using SPSS (SPSS, Chicago, IL).
Data were subjected to repeated measures analysis of variance (ANOVA) and
significance was determined using an « level of .05.

2. Experiment 1: VWM for spatial locations
2.1. Results

Performance was collapsed across the three stimulus cate-
gories because this dimension was irrelevant to the task. An
independent groups #-test with group (right PPC, control) found
that right PPC patients had impaired memory for location
(t15=3.39, p=.004); see Fig. 2B and C and Table 2.

Because right PPC damage is associated with a rightward
attentional bias we assessed whether performance followed
a spatial gradient. If patients’ spatial VWM impairment was
due to residual neglect, they would be expected to perform
more poorly for items appearing on the left-most portions
of the grid. This hypothesis was assessed by repeated mea-
sures ANOVA with group and lateral position (outer left,
inner left, inner right, and outer right) of the probe stimu-
lus as factors. Patients exhibited worse spatial VWM than
controls (F1,15=5.59, p=.03). There was a main effect of
the lateral position of the probe item (F345=3.49, p=.02)
following a significant quadratic trend (Fy,15=6.97, p=.02)

Table 2
Performance by task and stimulus category

Experiment ~ Group Location  Stimulus category
Color Shape Tool

1 Controls 5017 - - -

1 Patients 44 (.14) - - -

2 Controls - 53 (.18) A7 (14) 7 (.13)
2 Patients  — 40 (.20) .32(.16) .62 (.22)
3 Controls - .52 (.26) 42 (.23) .58 (.18)
3 Patients  — 33 (.23) .12 (.09) 35(.18)

Means are followed by standard deviations in parentheses.

such that performance on the outer columns was better
than performance on the inner columns, across both groups.
However, there was no significant interaction between lat-
eral position and group (F345=1.16, p=.34) suggesting
that the spatial memory deficits were not due to subtle
neglect.

3. Experiment 2: VWM for objects

Experiment 1 established that right PPC damage impairs spa-
tial VWM. In Experiment 2, we asked whether right PPC damage
impairs object VWM by testing patients and controls on an
object VWM task that minimized spatial memory demands. Poor
performance on the object task would suggest that the right PPC
has a general role in VWM whereas unimpaired performance
would suggest that the right PPC has a role in VWM limited to
spatial VWM.

3.1. Results

A repeated measures ANOVA compared corrected recogni-
tion scores for group (right PPC, control) and stimulus category
(colors, shapes, tools). Right PPC performance was signifi-
cantly poorer than that of controls (F,19=4.51, p=.05). The
main effect of stimulus category was significant (£33 =42.61,
p<.001) due to overall better memory for tools than for col-
ors (p<.001) or shapes (p<.001). The interaction between
group and stimulus category was not statistically reliable
(F38<1, n.s.) suggesting that the patients were similarly
impaired across stimulus categories (see Fig. 2E and F,
Table 2).

Because there is some evidence of PPC involvement in tem-
poral as well as spatial attention (Husain, Shapiro, Martin, &
Kennard, 1997; Malcolm & Barton, 2007) we assessed whether
VWM impairments in the right PPC group would be clearer
when temporal order of stimuli was taken into account. Per-
formance was analyzed by temporal position (1st to 4th) of
the target item, collapsing across stimulus category to increase
power. Corrected recognition was calculated by first subtracting
the false alarm rate from the hit rate of each of the four temporal
positions.
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Fig. 1. Patient lesions. Lesions were traced from either standard or flair MRI images on a standardized brain by a neurologist using MRIcro software. Talairach-z
coordinates are indicated at the top of the figure Images follow radiological convention (right on the left).

A repeated measures ANOVA compared performance accu-
racy for group (patient, control) and temporal position (1st,
2nd, 3rd, and 4th) collapsing across stimulus category. Right
PPC patients performed worse than controls (F719=5.21,
p=.03) and the effect of temporal position was highly
significant (F357=8.69, p<.001), due to a recency effect
across groups. Of interest, the interaction between group
and temporal position did not reach significance (F3s57=1.51,
p=.22).

4. Experiment 3: VWM for object/spatial conjunctions

The previous results suggest that right PPC damage leads
to both spatial and object VWM deficits. Does VWM perfor-
mance worsen when both spatial and object feature information
are probed? Patients with medial temporal lobe damage are dis-
proportionately impaired at remembering conjunction stimuli,
even at short delays (Olson, Moore, Stark, & Chatterjee, 20006).
In Experiment 3, we asked whether VWM deficits would be
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Fig. 2. Task diagrams and performance. (A) Schematic depiction of the spatial VWM task (Experiment 1). Four individual items appeared sequentially in different
locations in a visible matrix. Following a masked delay, the probe stimulus appeared and subjects responded whether that location had been previously occupied or
whether it was a new location. (B) Spatial VWM task performance of controls and right PPC patients. Corrected recognition scores collapsed across stimulus category
by group. (C) Spatial VWM task performance as a function of column location of the probe item. (D) Schematic depiction of the object VWM task (Experiment 2).
Following a fixation cross, four objects were presented sequentially at fixation. Following mask delay, a probe image appeared until an old/new response was made.
(E) Corrected recognition by group (controls and right PPC patients) and stimulus category (color, shape, and tool). (F) Object VWM performance by the temporal
position (st to 4th item) of the target in the trial sequence. (G) Schematic depiction of the object/spatial conjunction VWM task (Experiment 3). Following a fixation
cross, four items were presented simultaneously within a visible matrix. After a masked delay, a probe image appeared. Subjects responded whether the probe image
contained a previously viewed item in the same position as in the test display. (H) Corrected recognition by group (controls and right PPC patients) and stimulus
category (color, shape, and tool). (I) Conjunction memory performance as a function of the spatial location of the target. All error bars represent the standard error
of the mean.

modulated by the requirement to remember the conjunction of  column position in an ANOVA with group and target position as

object location and object identity. factors. Patients exhibited worse VWM performance than con-
trols (F1,19=10.58, p=.004; control M =.50, patient M =.24).
4.1. Results However, target position had no overall affect on performance

(F3 57 < 1,n.s.) nor was there any specific effect of target position

A repeated measures ANOVA with group (right PPC, con-  on the performance of patients (F357=1.62, p=.20). Patients
trol) and stimulus type (color, shape, and tool) as factors found ~ exhibited a slight trend towards rightward impairment, the oppo-
that patients exhibited worse VWM than controls (F 19 =8.24, site of what would be expected if there were residual symptoms
p=.01). There was also a main effect of stimulus category  of contralesional neglect.
(F2,38=11.93, p<.001) due to generally worse memory for
shapes than tools (p =.001) or colors (p =.02). Although patients 5. Additional analyses
showed a larger numerical deficit for the shape stimuli, the
interaction of group and stimulus type failed to reach statistical 5.1. Effects of stimulus complexity/similarity
significance (F233 <1, p=n.s.; see Fig. 2H and I, Table 2).

As in Experiment 1, we assessed whether performance fol- Stimulus complexity/similarity strongly affects VWM per-
lowed a spatial gradient by evaluating performance based on the formance and capacity measures. When required to remember
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items that are drawn from a stimulus set with a high degree of
feature overlap, such as abstract shapes, Chinese characters, or
faces, fewer items can be remembered (Alvarez & Cavanagh,
2004; Awh et al., 2007; Eng et al., 2005; Olson & Jiang, 2002;
Olsson & Poom, 2005). Behavioral findings have been linked
to changes in neural activity in portions of the parietal lobe.
These findings predict that parietal lobe damage should differ-
entially impair VWM for highly similar stimuli as compared to
dissimilar stimuli (Xu & Chun, 2006; Yago & Ishai, 2006).

Our results provide no evidence in support of this predic-
tion since there were no significant interactions of stimulus type
and group. However, it is possible that more careful scrutiny
would reveal such an association. We performed two additional
analyses to evaluate this possibility. First, we calculated differ-
ence scores for the right PPC group by subtracting individual
scores from Experiments 2 and 3 from the mean of the con-
trol group. These values were subjected to repeated measures
ANOVA examining each stimulus category (color, shape, and
tool), group (right PPC, control) and task (object, conjunc-
tion). Although the main effect of group reached significance
(F1,19=5.99, p=.02), there was no significant main effect of
task (F238 <1, p=n.s.), stimulus category (F233 = 1.24, p=.30)
or interaction of stimulus category and group (238 <1, p=n.s.)
or stimulus category and task (£33 =2.23, p=.12).

One explanation for this null result is that we collapsed across
patients, whereas the effects of stimulus similarity in VWM
would only be apparent in patients with superior parietal lobe
damage. This explanation rests on the results of Xu and Chun
(2006) who showed that BOLD activity titrates with stimulus
similarity in portions of the superior parietal lobe, but not infe-
rior parietal lobe, and that there was no difference between
left and right hemispheres of the parietal lobe. To assess this,
we split the patients into an inferior lesion group (N=3) and
a superior lesion group (N=4; see Table 1).! Then we reana-
lyzed the results of the object and conjunction memory tasks.
An ANOVA with lesion location and stimulus category as factors
was conducted for each experiment. In Experiment 2, there was
no effect of lesion location for any stimulus category (p’s >.10).
In Experiment 3, this comparison showed that patients with infe-
rior damage were more impaired at remembering shapes than
were patients with superior damage (p =.03). There was no dif-
ference between inferior and superior patients for colors or tools
(p’s>.62). These results fail to support the hypothesis that PPC
damage disproportionately impairs VWM for complex/highly
similar items. However, it is possible that with increased power,
differential deficits will be observed.

6. General discussion

Neuroimaging studies predict that parietal damage should
impair VWM for both object and spatial information. In the
present study we tested this hypothesis by assessing VWM
performance across three tasks and three stimulus categories

! This analysis was not conducted for Experiment 1 because fewer patients
were tested.

in patients with right PPC damage, but without neglect. In
Experiment 1, subjects were asked where items appeared, in
Experiment 2, subjects were asked what items appeared, and
in Experiment 3, subjects were asked where a particular item
appeared. The VWM performance of right PPC patients was
universally impaired.

Additional analyses show that patient performance was not
modulated by stimulus similarity/complexity. This analysis was
predicated on findings showing a performance cost for remem-
bering items drawn from a stimulus set with high levels of
inter-item similarity compared to items drawn from a stimulus
set with low levels of inter-item similarity (Alvarez & Cavanagh,
2004; Awh et al., 2007; Olson & Jiang, 2002). This performance
cost has been associated with BOLD activity in superior portions
of the parietal lobe (Xu & Chun, 2006). Our results suggest that
the PPC is not necessary for this function, and that patients with
superior PPC damage perform no differently than patients with
inferior PPC damage. Alternatively, it is possible that the parietal
lobe does have some critical role in this process, but our statis-
tical power was too weak to detect an effect. Even if this is true,
it must be the case that such effects are of a small magnitude.

6.1. Alternative explanations

We conducted several analyses to rule out alternative expla-
nations for the findings presented here. The most worrisome
explanations — that perceptual or attentional problems account
for the observed VWM deficits — can be ruled out. The patients
performed normally in a perceptual matching task that required
reading the name of an object and matching it to a color photo-
graph of the correct object from a set of four pictures. This task
ensured that all subjects could perceive and match color and
objects. Furthermore, these patients are unimpaired at mapping
a word or picture to a diagrammatic representation, for exam-
ple mapping a picture of a spoon inside a mug to a schematic
line drawing representing the preposition ‘in’ (Amorapanth et
al., 2007). This suggests that these patients do not have a global
cognitive deficit.

It is also clear that the observed VWM deficits are not due
to an uneven distribution of spatial attention. The patients’ per-
formed normally on neuropsychological evaluations of neglect
and extinction. Their performance on VWM tasks with a spa-
tial component was no worse when items appeared on the left
as compared to the right (Experiments 1 and 3). In Experiment
2 stimuli appeared at fixation, thereby eliminating any spatial
component, and performance remained impaired. This pattern of
data is difficult to reconcile with a spatial attention explanation.

Although temporal attention did not receive the same degree
of scrutiny, it provides little explanatory power. When items were
presented sequentially in Experiment 2, there was no interaction
of group and temporal position. At longer timescales, patient
performance did not decrease across the duration of the testing
session.

There are several concerns regarding the specific PPC patient
population. First, this group varied widely in age and age pre-
dicts memory performance. We do not believe that this explains
our findings, because we compared performance with an age-
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matched control group. A second concern relates to the inclusion
of two patients with additional frontal pathology. These two
patients did not demonstrate significantly different performance
when compared to the other patients, however it is possible that
more power would reveal that frontal pathology exacerbates the
effects of parietal damage on VWM performance.

6.2. Laterality differences

Hemispheric differences in parietal activations have been
observed in working memory tasks. For example, a number
of behavioral and PET studies employing n-back tasks report
left-lateralized activity for verbal working memory and right-
lateralized activity for spatial working memory (reviewed in
Smith & Jonides, 1998). In contrast, more recent MRI studies
of VWM observe bilateral parietal activity (see Todd & Marois,
2004; Todd, Fougnie, & Marois, 2005; reviewed in Naghavi &
Nyberg, 2005; Owen, McMillan, Laird, & Bullmore, 2005) or
have examined bilateral regions of interest (Song & Jiang, 2006;
Xu & Chun, 2006). Prior neuropsychological studies have also
shown that left parietal damage can impair verbal short-term
memory (Warrington, Logue, & Pratt, 1971; for a meta-analysis
see Vallar & Papagno, 2002) while our results and those of oth-
ers (De Renzi et al., 1977; Husain et al., 2001; Malhotra et al.,
2005; Pisella et al., 2004; Ravizza et al., 2005; van Asselen et al.,
2006) show right PPC involvement in spatial short-term mem-
ory. Our study additionally shows that the right PPC is necessary
for accurate object short-term memory.

We acknowledge that a weakness of the present study is that
left PPC patients were not tested. We speculate that the left
PPC does not have an important role in VWM. Our review of
the literature shows that left PPC damage is rarely associated
with visual perceptual, attentional, or mnemonic deficits. For
instance, Haramati et al. (2008) conducted a careful study of
patients with unilateral left or right PPC damage and found that
the left PPC patients exhibited intact visual long-term recogni-
tion memory. In addition, we have preliminary data showing that
left PPC damage does not cause VWM deficits. Three left PPC
patients without neglect or aphasia were tested in the VWM
tasks described here. Two of the patients performed as well
as control subjects on all tasks across all stimulus categories.
One patient performed normally with the color and tool stim-
uli, but had impoverished memory for novel shapes. Although
these data are preliminary, they suggest that left parietal dam-
age does not produce the same general VWM deficits as those
observed in the right PPC patients. A more conclusive statement
awaits additional data collection. Data describing the effects of
bilateral PPC damage on VWM performance can be found in an
accompanying article (Berryhill & Olson, 2008).

6.3. Memory retrieval

In the present study we identified VWM deficits in a series of
tasks. However, we did not vary the recall task, raising the ques-
tion of whether parietal lobe damage impairs VWM regardless
of how memory is probed. There is evidence that some neural
areas, for instance the hippocampus, are more heavily recruited

for recall as compared to recognition (Aggleton & Shaw, 1996;
Yonelinas, 2002, but see Wixted & Squire, 2004). Although it is
tempting to assume that the parietal lobe is generally required
for accurate VWM, and is not sensitive to processes engaged by
different recollection tasks, there is little evidence that directly
addresses this question given that neuroimaging (Song & Jiang,
2006; Todd & Marois, 2004, 2005; Xu & Chun, 2006) and neu-
ropsychological (Finke et al., 2006; Pisella et al., 2004) studies
of VWM overwhelmingly test memory with old/new recogni-
tion. In a forthcoming Neuropsychologia paper (Berryhill &
Olson, 2008), we present evidence that PPC damage differen-
tially affects old/new recognition as compared to recall, using
tasks and stimuli similar to those tested here. These findings sug-
gest that the role of the PPC in VWM is associated with retrieval
processes.

7. Conclusions

Our results demonstrate that damage to the right PPC leads
to a generalized deficit in VWM across a range of stimuli
and encoding tasks. This finding provides neuropsychological
evidence that supports neuroimaging reports. While neuropsy-
chological studies are challenging to conduct due to difficulties
in identifying suitable patients, they provide causal corrobora-
tion for the correlational neuroimaging data. The importance
of this corroboration cannot be overstated. Future neuropsycho-
logical studies should aim to determine more precisely which
portions of right parietal cortex are involved in VWM process-
ing, the level involvement of left parietal cortex, and the degree
to which parietal damage is sensitive to retrieval demands.
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