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Abstract--Three groups of neurosurgical patients with temporal lobe excisions, frontal lobe excisions 
or unilateral amygdalo-hippocampectomy were assessed on a computerized battery of tasks designed 
to investigate visuo-spatial short-term recognition memory and learning. A double dissociation is 
reported between deficits of pattern recognition memory and spatial recognition memory which were 
observed in the two posterior groups and frontal lobe patients, respectively. In addition, both the 
temporal lobe and amygdalo-hippocampectomy patients were also impaired on a delayed matching- 
to-sample paradigm whilst frontal lobe patients performed at an equivalent level to controls. Finally, 
whilst the impaired performance of the three groups was indistinguishable on a test of paired- 
associate learning, quite different patterns of deficit were observed on a test of spatial workiny 
memory. These results are discussed with reference to recent suggestions that visual recognition 
memory is mediated by a neural system which includes, as major components, the inferotemporal 
cortex, the medial temporal lobe structures and particular sectors of the frontal lobe, and are 
compared to previous findings from patients with idiopathic Parkinson's disease and dementia of the 
Alzheimer type. 
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INTRODUCTION 

A plethora of animal studies have now demonstrated that bilateral ablation of the 
inferotemporal cortex or medial temporal lobe structures produces impairments in tests of 
visual recognition memory [5, 32, 35, 36], although more recently particular sectors of the 
orbital and medial prefrontal cortex have also been implicated [2]. In human subjects, 
previous studies have suggested that both recognition and recall of visual patterns or objects 
are particularly sensitive to damage to the right temporal lobe [22, 29, 58]. The dominant left 
temporal lobe, in contrast, appears to play a critical role in the memory for verbal stimuli, but 
does not seem to contribute significantly to memory for non-verbal material [27, 28]. The 
challenge in recent years has been to relate these clinical phenomena to experimental 
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findings, which depends heavily on utilizing a common theoretical, as well as empirical, 
approach to cross-species comparisons. In general, many of the complex neuropsychological 
paradigms commonly used to assess cognitive dysfunction in non-human primates have not 
been applied to human subjects with focal cortical lesions. 

In the present study, spatial working memory, visuo-spatial recognition memory and 
visual-spatial paired-associate learning were assessed in groups of neurosurgical patients 
with unilateral temporal lobe excisions, unilateral or bilateral frontal lobe excisions and in 
patients in whom unilateral amygdalo-hippocampectomy had been performed. The design of 
these tests is based on the principle of bridging the neuropsychological gap that exists 
between man and experimental animals, such that direct comparisons of the cognitive 
deficits observed in brain damaged patients with those observed in animals bearing selective 
neurochemical or neuroanatomical lesions can be made. For example, matching-to-sample 
for complex coloured designs was tested using a procedure with randomly presented 
simultaneous presentation, 0 sec (immediate) presentation and delayed (4 or 12 sec) trials. In 
monkeys, delayed non-matching-to-sample is particularly sensitive to lesions of both the 
inferotemporal cortex [35] and the ventromedial frontal cortex [2]. A paired-associate 
learning task was also included in the present study which, importantly, required both visual 
pattern and visuo-spatial memory. However, this test also has aspects in common with 
delayed response [ 10-I and conditional associative learning [50, 53,1 tasks, both of which are 
known to be impaired in patients and in monkeys [49, 51,1 with frontal lobe damage. Visual 
pattern recognition memory was also tested using a serial recognition task analogous to 
paradigms used by Gaffan [13] and Mishkin [35,1 to test visual memory for lists of objects in 
non-human primates. For comparison, a complementary test of visuo-spatial recognition 
memory was also included in the current study. Thus, several of these tests are designed to 
provide a componential analysis of those cognitive processes comprising particular forms of 
cognitive function; visual-spatial paired-associate learning, for example, requires both visual 
pattern recognition and visuo-spatial recognition which are, therefore, assessed individually 
using analogous paradigms. 

For comparison with previous studies, a self-ordered searching task was also included in 
the current investigation to assess the efficiency of spatial working memory in the three 
patient groups. This task has certain aspects in common with the self-ordered searching tasks 
used previously by Petrides and Milner [57] to assess patients with frontal or temporal lobe 
damage, although importantly, in the current study, subjects were not required to remember 
objects by their specific features, only by their particular locations. Spatial working memory 
deficits have been widely reported, both in monkeys with frontal lobe damage [ 11, 15, 16, 18, 
33, 48] and in rats with damage to hippocampal formation and related structures [1,40, 41, 
60, 61, 71]. In humans, differential patterns of impairment have previously been 
demonstrated using this task, in related, but not identical groups of patients with frontal lobe 
damage [42] and temporal lobe excisions or amygdalo-hippocampectomy [47]. 

Recent progress in defining the neurochemical and neuropathological correlates of 
Parkinson's disease (PD) and dementia of the Alzheimer type (DAT) has given impetus to 
the systematic analysis of the cognitive deficits associated with these neurodegenerative 
diseases. Visual memory and learning deficits have been consistently reported in patients 
with PD [14, 25, 38, 59, 62, 63, 72] although these results are by no means unequivocal. For 
example, several recent studies have reported normal visual recognition memory 
performance in PD patients medicated with L-Dopa and/or anti-cholinergic drugs [9-1, and 
in unmedicated patients with PD [24]. In contrast, the first, and most prominent symptom to 
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occur in patients with DAT is usually deterioration of memory and new learning [3, 4, 26, 
37,1. Substantial impairments in both verbal and non-verbal recognition memory and free 
recall have been reported which may be suggestive of temporal lobe dysfunction in these 
patients [3, 4,1. We have recently assessed groups of medicated and non-medicated patients 
at different stages of PD 1-43, 45-1, and groups of patients with mild [65, 67,1 and moderate 
[67,1 DAT using similar and/or identical versions of the visuo-spatial recognition memory 
and learning tasks included in the current study. The results suggest that there are multiple 
memory impairments in PD which may differentially depend on the clinical severity of the 
disease. In particular, the test of spatial working memory described above was more sensitive 
in detecting deficits in these patients than tests of pattern and spatial recognition, delayed 
matching to sample and a test of visuo-spatial learning, which were relatively preserved in 
medicated and non-medicated patients with mild PD. In contrast, in DAT, profound deficits 
were observed across all the recognition memory tasks, even in the earliest stages of the 
disease [65, 67]. In assessing groups of neurosurgical patients with well documented 
excisions of the frontal and temporal cortices, the present study therefore has considerable 
significance for identifying the likely neural circuitry responsible for mediating these 
dissociable patterns of cognitive impairment in patients with PD and DAT. 

METHOD 
Subjects 

The three groups of neurosurgical patients included in this study were consecutive referrals with frontal lobe, 
temporal lobe or amygdalo-hippocampus excisions, pefforraed 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). Any patient 
with atypical (i.e. right hemisphere or bilateral) speech representation, as demonstrated by preoperative 
intracarotid sodium amobarbital tests was excluded. It was not possible to match the patients according to 
preoperative pathology because the number of patients within each group was limited. Testing was carried out either 
as part of the post-operative neuropsychological evaluation (i.e. within 3 months of surgery) or in long-term follow 
up. As this factor was not statistically related to performance on any of the neuropsychological tests used in the 
present study, it will not be given further consideration in the main analyses of effects. 

Frontal lobe patients. The 16 frontal lobe patients included in this study had all undergone unilateral or bilateral 
frontal lobe surgery and were aetiologically heterogenous. Ten 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 and one 
case of astrocytoma removal. 

All four patients with left-sided excisions had received unilateral lobectomies for the relief of intractable epilepsy. 
The remaining two patients had undergone bifrontal meningioma removal. In Fig. 1 (i), representative diagrams are 
presented, showing the size and the site of the frontal lobe excision according to the neurosurgeon's drawings at the 
time of the operation. The frontal lobe group were tested on average 5 years, 6 months post-operatively 
(range= 3-240 months). Five were on anti-convulsant medication at the time of testing and all were seen as 
outpatients. 

Temporal lobe patients. The standard "en bloc" resection I-8] involves the removal of between 5.5 and 6.5 cm of the 
temporal lobe measured from the pole and typically includes a variable amount (less than 3 cm) of the hippocampus 
and up to one-half of the amygdala. Since a standard operation was performed, the amount of the medial temporal 
lobe structures affected was relatively constant for all patients. In the dominant hemisphere, only the anterior 
1-2 cm of the superior temporal gyrus is removed to minimize the risk of post-operative speech problems. Two 
typical post-operative temporal lobe resections are presented in Fig. 1 (ii). 

The 20 patients included in this group had all undergone unilateral temporal lobe surgery for the relief of 
intractable epilepsy. There were 11 cases where left-sided surgery had been performed and these included one 4.5 cm 
resection, six 6 cm resections, three 6.5 cm resections and one 7 cm resection (mean =6.09 cm). In nine cases the 
neuropathological examination reported medial temporal sclerosis, in one case hippocampal sclerosis was reported 
and in one case, cortical dysplasia was diagnosed. In seven of these cases the neuropathological report was 
sufficiently detailed to include an estimate of the length of hippocampal removal and the mean value was 17.4 mm 
(range -" 5-28 mm). 
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Fig. 1. (i) Diagrams based on the neurosurgeon's  drawings at the time of surgery showing the extent of 
the frontal lobe excision in several representative cases. 

Among  the nine patients tested after a right temporal lobectomy there was one 5 cm resection, seven 6 cm 
resections and one 6.5 cm resection (mean = 5.94 cm). The mean length of hippocampal removal (reported in four of  
the patients) was 20.75 m m  (range = 20-23 mm).  In six cases medial temporal sclerosis was reported, one case of 
glial malformation was reported and for two patients no firm conclusions regarding the neuropathology were 
reached. The 20 temporal lobe patients were tested on average 35 months  (range = 8-121 months)  after surgery. All 
were seen as outpatients and all were on anti-convulsant medication at the time of testing. 

Amygdalo-hippocampectomy patients. A variant of the "en bloc" temporal resection is the selective amygdalo- 
hippocampectomy 1-74]. This operation is performed in patients who have a known structural lesion in or near the 
medial temporal structures or when other investigations have suggested a medial temporal focus for seizures. In 
most  cases the amygdala  and hippocampus are removed entirely on one side without any permanent  damage to the 
overlying cortical structures. The I 1 patients (seven left-sided, four right-sided) included in this study had all 
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Left temporal lobectomy Right temporal lobeetomy 
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Fig. 1, (ii) A typical left-sided and a typical right-sided temporal lobe resection again based on the 
neurosurgeon's drawings at the time of the operation. The blackened areas define the lesion site. 

undergone unilateral amygdalo-hippocampectomy (A-H) for the relief of intractable epilepsy and were tested on 
average 11.6 months (range= 5-24 months) after surgery. All were seen as outpatients and all were on anti- 
convulsant medication. 

Control subjects. For the tests of visuo-spatial recognition memory and learning, a single group of 44 normal, 
healthy control subjects (control group 1), were chosen to match the three patient groups as closely as possible with 
respect to age and pre-morbid verbal IQ estimated using the National Adult Reading Test (NART) [39]. For the 
spatial working memory task, a slightly smaller group of 37 control subjects (control group 2) were selected using 
the same criteria. Both groups were drawn from a large pool ofcontrol volunteers in London, Cambridge, Harlow 
and at the North East Age Research panel in Newcastle Upon Tyne. Informed consent was obtained from all control 
subjects prior to the neuropsychological testing session. 

Table 1 shows a summary of characteristics for the three patient groups and the two groups of normal controls. 
For the tests of visuo-spatial memory and learning, one-way analysis of variance confirmed that, whilst the four 
groups did not differ significantly in terms of estimated pre-morbid verbal IQ IF (3, 87)= 2.64, P > 0.05], they did 
differ significantly in terms of age IF (3, 87)= 6.64, P<0.001]. Orthonormal contrasts between the four groups 
confirmed that only the frontal lobe patients were significantly older than the group of normal controls 
It (87)=4.24, P<0.001]. Similarly, for the spatial working memory task, the groups differed significantly with 
respect to age IF (3, 77) = 4.19, P < 0.01 ] but not IQ IF (3, 77) = 1.49, P > 0.05]. Contrasts between the groups again 
confirmed that the frontal lobe patients were significantly older than the normal controls It (77) = 2.63, P = 0.01]. In 
a large control study of over 800 normal control volunteers, we have found no relationship between age and any of 
the tests included in the current study in subjects less than 50 years of age [64]. However, to control for any affect of 
age difference in this study, this factor was treated as a covariate throughout all analyses of performance. 

Table 1. Subject characteristics 

N M/F Age Verbal IQ L/R/Bi 

Frontal 16 8/8 46.63(4.52) 108.5(2.89) 4/10/2 
Temporal 20 13/7 33.40(2.13) 106.4(2.50) 11/9 
Amygdalo-hippocampectomy 11 5/6 31.55(1.92) 103.0(2.40) 7/4 
Control group 1 44 21/23 32.32(1.55) 110.7(1.03) 

(Vis-sp memory and learning) 
Control group 2 37 21/16 36.18{2.24) 108.9(I ,34) 

(Spatial working memory) 

M/F =male/female; L/R/Bi = Laterality Left/Right/Bilateral (S.E.M. in brackets). 
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Procedure 

The main testing procedures were taken from the Cambridge Neuropsychological Test Automated Battery 
(CANTAB), a series of computerized paradigms run on an IBM PS/2 Model 30 286 personal computer with a high 
resolution Taxan 770 + colour monitor fitted with a Mellordata touch sensitive screen. Subjects were seated at a 
comfortable height approximately 0.5 m from the monitor. It was explained that they would have to respond to 
stimuli by touching the screen. They were introduced to the apparatus by way of a "motor screening task" in which 
they were asked to respond to a series of I0 flashing crosses on the screen by placing the index finger of their preferred 
hand on the centre point of each cross. After satisfactorily completing the introductory motor screening task, 
subjects were given the following tests in the order described below. 

Pattern recognition [Fig. 20)]. This test was presented in two phases. Initially, subjects were shown a series of 12 
simple, but abstract, coloured visual patterns (set 1 ) appearing one at a time inside a white box located in the centre 
of the screen (presentation phase). The stimuli were not difficult to verbalize [see Fig. 2(i)], although no 
encouragement was given to the subjects to use verbal labels. Each of these "target" patterns was presented for 3 sec, 
the screen was then cleared and the next pattern appeared. In the second (recognition) phase, 12 pairs of coloured 
patterns appeared on the screen (one pair at a time) and the subject was required to respond to each pair by touching 
the pattern they had already seen during the presentation phase. Each of the target patterns was presented in reverse 
order and paired with distractor patterns that differed in form but not in colour from the targets. Each response was 
accompanied by an auditory tone and visual feedback was automatically provided by the computer in the form of 
green ticks (for correct responses) and red crosses (for incorrect responses). This procedure was then repeated with 
12 new patterns (set 2) and the subject's total score (maximum possible = 24) was expressed as a percentage correct. 

Spatial recognition [Fig. 2(ii)]. This procedure was also presented in two phases. In the presentation phase, 
subjects were shown a series of 5 unfilled 1 in. white squares, appearing one at a time, at different locations on the 
screen. Each square was presented for 3 sec before the screen was cleared and the next square appeared, In the 
second (recognition) phase, two squares appeared simultaneously on the screen and the subject had to select which 
location had been used before in the presentation phase. The target squares were presented in reverse order and 
paired with distractor squares which appeared in novel locations which had never been used as target locations. 
Again, each response was accompanied by an auditory tone and visual feedback was provided in the form of green 
ticks and red crosses. This procedure was then repeated three more times using new target and distractor locations 
on each occasion. The subject's total score (maximum possible=20) was expressed as a percentage correct. 

Simultaneous and delayed matching to sample [Fig. 2(iii)]. At the beginning of each trial, a complex abstract 
(sample) pattern consisting of four quadrants, each differing in colour and form, appeared in the centre of the screen 
for a presentation period of 4.5 sec. Subjects were told to study the pattern, since they would later be required to 

(i) (ii) 

STAGE 1: Pattern pr--,~,entation STAGE 1: Spatial presontation 

STAGE 2: Pattern recognition 

D 
STAGE 2: Spatial recognition 

Fig. 2. (i) The pattern recognition memory test. (ii) The spatial recognition memory test. 
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identify it from among three "distractor" patterns. In the simultaneous condition, four choice patterns then 
appeared, located under the sample pattern. The subject was required to respond by touching the choice pattern that 
corresponded exactly (in both colour and form) to the sample pattern above. Only one of the choice patterns was 
identical to the sample. One of the other choice patterns was a novel distractor, differing in both colour and form 
from the sample. The remaining two choice patterns were "partial distractors" in that one had the colours of the 
sample but the form of the novel distractor whilst the other was the same shape as the sample but had the colours of 
the novel distractor. In addition, each of the four choice patterns had one (random) quadrant in common to 
discourage mnemonic strategies based on remembering the colour and shape of a single quadrant [see Fig. 2(iii)]. 
The subject's response was accompanied by an auditory tone and visual feedback was provided in the form of green 
ticks and red crosses, After an incorrect response, the subject had to continue to choose until the correct (target) 
stimulus had been touched. 

The delay condition was identical to the simultaneous condition in every way except that after the initial 4.5 sec 
presentation period, the sample stimulus disappeared from the screen. There then followed a 0 sec, 4 sec or 12 sec 
delay before the four choice stimuli appeared and the subject was required to make their selection. Following three 
practice trials (one each of simultaneous, 0 sec and 12 sec), there were a total of 10 test trials in each of the four 
conditions presented in a pseudo random order (total test trials---40). 

Each subject was scored according to the number of trials correct on the first choice in each of the simultaneous 
and delay conditions. In addition, mean response latencies in each condition were also calculated, including only 
those trials in which the first choice was the correct one. 

Paired-associate learning [Fig. 2(iv)]. In this test, subjects were required to remember up to eight 
pattern-location associations. Initially, six white boxes were presented around the screen [see Fig. 2(iv)] and 
subjects were told that each of them would "open up" in turn, showing them what was inside. Their task was to look 
for coloured patterns in the boxes and to remember which pattern belonged in which box. Each of the boxes opened 
up (i.e. became "unfilled") for 3 sec and then closed again in a randomized sequence. In the first trial, only one of the 
boxes contained a coloured pattern. Immediately after the last box had opened, this pattern was presented in the 
centre of the screen and the subject was required to respond by touching the box in which it had appeared. Feedback 
was not provided after each response although if the choice was correct, the words "ALL CORRECT" appeared in 
the centre of the screen and the subject proceeded to the next trial. If the choice was incorrect, the boxes were 
successively reopened (reminding phase) for 2 sec each, and the subject was then given a second attempt to locate the 

(iii) 

STAGE 1: Pattern presentation 

(iv) 

STAGE 1: Presentation of pattern location 

STAGE 2: Simultaneous matching to sample 

m 

II 

II 

m 

STAGE 2: Recall of pattern location 

II 

II 

II 

II 
Fig. 2. (iii) Simultaneous and delayed matching to sample. (iv) Paired-associate learning. 

II 
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pattern correctly. On each trial, the subject was allowed up to nine reminding phases, making 10 attempts in all, 
before the test was terminated. After the initial trial with one pattern, there was one more trial with a single pattern, 
then two trials with two patterns each, two trials with three patterns each and then one trial with six (one in every 
box) patterns to locate. Finally, two extra boxes were added to the array on the screen and the subject was required 
to locate a total of eight patterns correctly. The subject automatically moved from one trial to the next by locating all 
of the patterns correctly, either after the initial presentation phase or after one of the nine reminding phases. 
Performance was assessed according to three main measures. (i) Trials represented the total number of presentations 
required (maximum score = I 0 presentations per trial) to locate all the patterns correctly, summed across each of the 
eight trials. Subjects were assigned the maximum score of 10 for trials not attempted due to failure at an earlier stage. 
(ii) Errors represented the total number of errors (incorrect placements) summed across the eight trials. Subjects not 
reaching a particular set, were assigned the worst score obtained by a subject actually attempting that set. (iii) The 
memory score was calculated according to the total number of patterns located correctly after the first presentation, 
summed across the eight trials (range=0 to 26). 

Spatial working memory. This test has been described in detail elsewhere [42, 43]. Subjects were required to 
"search through" a number of boxes presented on the screen in order to collect "blue tokens" hidden inside. At any 
one time, there would be a single token hidden inside one of the boxes and subjects were to search until they found it, 
at which point the next token would be hidden. The key instruction was, that once a blue token had been found 
within a particular box, then that box would never be used again to hide a token. On each trial, every box was used 
once to hide a token such that the total number of blue tokens to be found corresponded to the number of boxes on 
the screen. Errors were scored according to the number of occasions on which a subject returned to open a box in 
which a blue counter had already been found. After four practice trials with three boxes, there were four test trials 
with each of four, six and eight boxes making a total of 12 test trials in all. 

The relevance of repetitive searching strategies on this test has previously been investigated in patients with 
frontal lobe damage [42]. An efficient strategy for completing this task is to follow a predetermined search sequence, 
beginning with a particular box and then returning to start each new sequence with that same box as soon as a token 
has been found. The extent to which this repetitive searching pattern was used as a strategy for approaching the 
problem was estimated from the number of search sequences starting with the same box, within each of the more 
difficult six and eight box problems. The total of these scores provided a single measure of strategy for each subject, 
~vith a high score (many sequences beginning with a different box) representing low use of the strategy and a low 
score (many sequences starting with the same box) representing more extensive usage. 

R E S U L T S  

Pattern and spatial recognition 

M e a n  va lues  a n d  c o r r e s p o n d i n g  s t a n d a r d  e r ro r s  for  the  p a t t e r n  a n d  spa t ia l  r e c o g n i t i o n  

tests a re  s h o w n  in Fig .  3 for  the  th ree  pa t i en t  g r o u p s  a n d  the  g r o u p  o f  con t ro l s .  O n e - w a y  

ana lyses  o f  v a r i a n c e  s h o w e d  t h a t  the re  was  a s ta t i s t ica l ly  s igni f icant  d i f ference  b e t w e e n  the  

f o u r  g r o u p s  on  b o t h  the  p a t t e r n  r e c o g n i t i o n  m e m o r y  I F ( 3 ,  8 6 ) = 4 . 2 9 ,  P < 0 . 0 I ]  a n d  the  

spa t ia l  r e c o g n i t i o n  m e m o r y  I F  (3, 8 6 ) - - 2 . 9 4 ,  P < 0 . 0 5 ]  tasks.  A b e t w e e n  g r o u p ,  o r t h o -  

n o r m a l  c o n t r a s t  ana lys i s  c o n f i r m e d  t h a t  b o t h  the  t e m p o r a l  l o b e  pa t en t s  [ t  ( 8 6 ) = 3 . 1 9 ,  

P < 0 . 0 1 ]  a n d  the  a m y g d a l o - h i p p o c a m p e c t o m y  g r o u p  [ t ( 8 6 ) = 2 . 3 9 ,  P < 0 . 0 5 ]  were  

s ign i f ican t ly  i m p a i r e d  on  the  p a t t e r n  r e c o g n i t i o n  m e m o r y  task  bu t  ne i the r  g r o u p  was  

i m p a i r e d  on  the  spa t ia l  r e c o g n i t i o n  m e m o r y  t a sk  I t  ( 8 6 ) =  1.8, P > 0 . 0 5  a n d  0.46, P > 0 . 0 5 ,  

r e spec t ive ly ] .  In  c o n t r a s t ,  the  f ron ta l  l o b e  g r o u p  was  severe ly  i m p a i r e d  on  the  spa t ia l  

r e c o g n i t i o n  m e m o r y  task  I t  ( 8 6 ) =  2.74, P <  0.01] ,  whi ls t  p a t t e r n  r e c o g n i t i o n  m e m o r y  was  

re la t ive ly  p r e s e r v e d  I t  (86) = 1.2, P >  0.05].  

Simultaneous and delayed matching to sample 

D a t a  for  this test  were  a n a l y s e d  sepa ra t e ly  for  the  s i m u l t a n e o u s  a n d  de l ayed  m a t c h i n g  

cond i t i ons .  S ince  p e r f o r m a n c e  a c c u r a c y  was  expres sed  as a p r o p o r t i o n  co r r ec t  score  

( m a x i m u m  poss ib le  in each  c o n d i t i o n =  10), an  a rcs in  t r a n s f o r m a t i o n  o f  the  d a t a  was  

p e r f o r m e d  be fo re  one -  a n d  t w o - w a y  ana lyses  o f  v a r i a n c e  were  c o n d u c t e d .  T h e  ( t r a n s f o r m e d )  

p r o p o r t i o n  co r r ec t  scores  for  the  th ree  pa t i en t  g r o u p s  a n d  the  c o m b i n e d  c o n t r o l  g r o u p  
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Fig. 3. The mean percentage correct scores for the pattern and spatial recognition memory tests. Bars 
represent standard errors. 

within each of the four conditions are presented in Fig. 4. In general, control performance 
was high with normal subjects scoring above 85% correct at all levels of difficulty. 

There was no significant difference between the patient and control groups when the 
stimuli were presented simultaneously IF (3, 84)= 0.43, P>  0.051. In the delay conditions 
however, there was an overall effect of group [F(3,84)=4.42, P<0.01] and delay 
IF(2, 170)= 11.11, P<0.0001] but no significant interaction between the two factors 
IF (6, 170)= 1.29, P >  0.05]. Thus, whilst these main effects indicated a significant overall 
impairment in one or more of the patient groups, the non-significant interaction confirmed 
that this deficit was not related to the length of the delay within the range tested. An 
orthonormal contrast analysis of these effects confirmed that both the temporal lobe patients 
[t (84)=3.36, P<0.001] and the amygdalo-hippocampectomy patients [t(84)=2.43, 
P<0.025] were significantly impaired, whilst no significant deficit was observed in the 
patients with frontal lobe damage It (84)= 1.47, P=0.14]. 

Response latencies for the simultaneous and delayed conditions were also analysed using 
separate one and two-way analyses of variance (Fig. 4). In all cases, latencies were recorded 
in milliseconds and then transformed into logarithms (Base 10) to reduce skewness in the 
distribution. There was a highly significant main effect across the patient and control groups 
in the simultaneous matching condition I-F(3,84)=7.79, P<0.0001]. Orthonormal 
contrasts revealed that both the temporal lobe patients It (84) = 3.62, P < 0.001 ] and frontal 
lobe group It (84)=4.06, P<0.0001] were significantly slower than controls in this 
condition, although this effect only approached significance in the amygdalo-hippocampec- 
tomy group [t (84)= 1.91, P=0.06]. 

In contrast, across delay conditions, the main effect of group did not reach significance 
IF (3, 83)= 2.43, P > 0.05] and there was no significant interaction between the group and 
delay factors IF (6, 168) = 1.24, P >  0.05]. There was however, a highly significant main effect 
of delay IF (2, 168)=66.17 P<0.0001]. 

A comprehensive analysis of error types was undertaken in order to ascertain whether any 
particular type of error was associated with poor performance on this task. The three patient 
and control groups were compared in terms of the proportion of errors that were "colour 
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errors" (e.g. selecting the shape which was the same colour as the target but the wrong form), 
"form errors" (e.g. selecting the shape which was the same form as the target but the wrong 
colour) or "distractor errors" (incorrect colour and form). In general, the subject groups 
made more errors of"colour" (55-83 % of total errors) than of either "form" (13-28 % of total 
errors) or "distractor" (3-9%). However, no significant differences were observed between 
the groups. 

Together, these results confirm that whilst none of the three patient groups were impaired 
in the simultaneous matching to sample task, in terms of their accuracy of performance, all 
three groups were generally slower to respond in this condition. In the delayed matching to 
sample task, there were no significant delay-dependent deficits although overall, both the 
temporal lobe group and the amygdalo-hippocampectomy patients were significantly less 
accurate than controls. Latencies were, in general, not significantly increased in the patient 
groups across the three delayed matching conditions. Impaired accuracy of performance in 
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the two posterior patient groups did not appear to be related to a relative increase in any 
particular type of selection error. 

Paired-associate learnino 

The three patient groups and their respective control groups were compared in terms of 
three indices of learning and memory; total trials to criterion, total errors committed and 
total number of patterns correctly located after a single presentation (memory score). The 
data are presented in Fig. 5. 
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Fig. 5. The paired-associate pattern-location learning task. Bars represent standard errors. 

In terms of the total number of trials required to reach criterion, there was a highly 
significant difference between the four groups I-F (3, 85) = 8.00, P < 0.0001 ]. Orthonormal 
contrasts were performed and confirmed that compared to controls, the temporal lobe 
patients It (85) = 3.71, P < 0.0001], the amygdalo-hippocampectomy patients [t (85)= 3.27, 
P <  0.01] and the frontal lobe patients It (85)= 3.37, P---0.001] required significantly more 
trials to complete the task. A similar group main effect was found for total number of errors 
IF(3,  85)=8.45, P<0.0001] and again, all three groups were impaired It (85)=4.05, 
P<0.0001, t (85)=2.60, P<0.025 and t (85)=3.79, P<0.0001, respectively]. Similarly, a 
significant group effect was found for memory score I-F (3, 85)= 4.92, P < 0.005] and again, 
all three groups were impaired [t(85)=2.97, P<0.005, t(85)=2.06, P<0.05 and 
t (85) = 2.98, P < 0.005, respectively]. 

In summary, deficits in visuo-spatial paired-associate learning were clearly evident in all 
three patient groups although it was not possible to dissociate the patients on any particular 
measure of performance. 

Spatial workin9 memory 

The mean number of errors at each level of the spatial working memory test are shown in 
Fig. 6 for the three patient groups and the group of normal controls. Two-way analyses of 
variance conducted across the three difficulty conditions revealed a significant group 
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difference 1,F (3, 76)= 10.71, P<0.0001],  a significant effect of task difficulty 1,F (2, 154)= 
204.19, P < 0.0001 ] and a highly significant interaction between the two factors IF  (6, 154)= 
6.01, P < 0.0001]. An orthonormal contrast analysis confirmed that although the temporal 
lobe group was not impaired overall 1,t (76)= 1.82, P > 0.05] deficits were observed in both 
the frontal lobe group [t(76)=5.40,  P<0.01] ,  and the patients with amygdalo- 
hippocampectomy excisions [t (76)= 2.81, P<0.01].  Among temporal lobe patients, the 
interaction between the group and difficulty factors also just failed to reach significance 
[t (154) = 1.87, P = 0.064] although significant interactions were observed in both the frontal 
[ t(154)=4.5,  P<0.0001] and amygdalo-hippocampectomy groups [t(154)=2.44, 
P < 0.025]. For these two groups, simple main effects were therefore, calculated. Compared 
to the control group, the frontal lobe patients made significantly more errors at the easiest 
four box level of task difficulty 1,t (76)= 3.47, P=0.001] as well as at the more difficult six 
It (76)=4.76, P<0.0001] and eight box levels It (76)= 15.78, P<0.0001]. In contrast, the 
amygdalo-hippocampectomy group was only significantly impaired at the most difficult, 
eight box level of difficulty I-t (76)= 2.77, P<0.01].  
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Fig. 6. Search errors in the spatial working memory test. Bars represent standard errors. 

The estimate of strategy employed in this task was scored on a scale of 1-37 with lower 
scores representing more extensive use of the strategy. The best possible score of 1 was 
obtained when, within each of the more difficult six and eight problems, the same box was 
used to initiate each search sequence. Conversely, if every search within each of these 
problems started with a different box, the maximum score of 37 was obtained. This particular 
strategy is known to improve performance on this task 1,42] and has been discussed in detail 
by Owen et al. 1,47]. The mean spatial "strategy scores" (_  S.E.M.) for the temporal lobe 
patients, the amygdalo-hippocampectomy patients, the frontal lobe patients and the group 
of normal control subjects were 14.67(1.25), 15.9(0.96), 17.81(1.44) and 12.73(0.83), 
respectively. There was a significant difference between the groups 1,F (3, 76)= 0.05] in the 
extent to which this strategy was adopted. Orthonormal contrasts confirmed that, according 
to this measure, the frontal lobe group approached this task in a less systematic way than 
the controls It (76) = 2.56, P < 0.025] although no significant deficits were observed in either 
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the temporal lobe patients [t (76)= 1.30, P > 0.05] or the patients with amygdalo-hippo- 
campectomy excisions It (76)= 1.72, P >  0.05]. 

In summary, these results demonstrate qualitatively and quantitatively different patterns 
of impaired spatial working memory in sub-groups of neurosurgical patients. In the frontal 
lobe group, profound deficits were observed even at the simplest level of task difficulty. 
Furthermore, this deficit was found to relate to the inappropriate use of a repetitive searching 
strategy shown to improve performance in all of the patient and control groups tested. In 
contrast, in the amygdalo-hippocampectomy group, deficits were only observed at the most 
challenging level of difficulty and these patients were unimpaired in terms of their strategy for 
approaching the task. The temporal lobe group were not significantly impaired (P= 0.064) 
compared to the control group according to either measure although examination of Fig. 6 
suggests some impairment in this patient group at the most difficult, eight box level. 

Interrelationships among cognitive tests 

To test the general relationships among the five tests described here, Pearson's product 
moment correlation coefficients were calculated between several indices of performance, 
derived from the main variables described above. Specifically, pattern recognition, spatial 
recognition, simultaneous matching, total delayed matching, total spatial working memory 
errors and paired-associate, total trials and memory score were intercorrelated. As the 
pattern of deficits in the temporal lobe and amygdalo-hippocampectomy groups was 
identical across tasks and since the number of patients in the latter group was small, they 
were collapsed into a single patient group for the purposes of this correlational analysis. 

Among control subjects, total trials score on the paired-associate learning test correlated 
significantly with pattern recognition [r (43)=-0.49,  P<0.001] and less so with spatial 
recognition memory score [r (43)=-0.29,  P<0.05]. Memory score did not correlate 
significantly with either test. In the temporal lobe/amygdalo-hippocampectomy group, the 
paired-associate task, trials score was most closely associated with the pattern recognition 
memory task [r (31)=-0.53,  P=0.001], whilst the relationship between the paired- 
associate task and spatial recognition memory only approached significance 
[r (31)=-0.28,  P=0.06].  In this group, the memory score also correlated highly with 
performance on the pattern recognition task [r (3 I )= 0.50, P < 0.005], but not the spatial 
recognition memory task [r (31 ) = 0. l, P = 0.28]. In contrast, in the frontal lobe group both 
pattern recognition memory [r (16)=-0.73,  P=0.001 and r (16)=0.55, P<0.025] and 
spatial recognition memory [r (16)= -0.63, P=0.005 and r (16)=0.54, P<0.025] corre- 
lated with the trials and memory scores from the paired-associate learning task. 

Finally, spatial working memory score among frontal lobe patients correlated with 
performance on the spatial recognition memory test [r 06 )=  -0.69, P<0.0025], but did 
not among the other patient groups [r (27)=-0.008,  P=0.48] or among the control 
subjects [r (18)= -0.162, P=0.26]. 

Effects of laterality 

In the current study, the initial analysis combined left, right and bilateral frontal lobe 
patients into a single group. A supplementary examination of the data was performed 
therefore, to look at the possible effects of laterality of lesion in this patient group. Our own 
previous studies, have revealed no significant differences relating to the side of the excision in 
slightly larger groups of frontal lobe patients on tests of spatial working memory, planning 
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[42] and attentional set-shifting [44, 46]. In the present study, there were clearly no 

differences between the patients with left- and right-sided excisions although the small 
sample size in the former group (N=4)  precluded any formal statistical analysis of this 
comparison. Notably however, the performance of the two bilateral frontal lobe patients was 
particularly poor, although only in terms of certain performance measures. For example, in 
the test of pattern recognition memory, the bilateral patients scored 69% correct, compared 
with 82 and 84% in the left- and right-sided cases. This dissociation was not  evident however, 
in the complementary test of spatial recognition memory. Thus, the bilateral patients scored 
75% which is well above chance levels and compares very favourably with the 71 and 73% 
scores of the left- and right-sided unilateral groups. In the simultaneous matching to sample 
task, the bilateral patients performed well (95%) although their score with just 0 sec delay 
was dramatically inferior (both patients attained only 60% correct) to that observed in a n y  of 
the other patient groups. Importantly however, this impairment was not exacerbated at 
longer delays and these patients scored at the same level, or better, than other groups at both 
4 sec (75%) and 12 sec (75%). In the paired-associate learning task, the two bilateral patients 
were somewhat worse than either the left or right frontal lobe groups in terms of both 
measures of learning (trials = 22.23, errors = 56.9) but were not correspondingly poor in 
terms of their mean memory score (15.4). Finally, at all levels of task difficulty, performance 
on the spatial working memory task was equivalent or better to that of either of the unilateral 
frontal lobe groups. 

These results confirm that the deficits observed in tests of spatial working memory, visuo- 
spatial memory and learning in frontal lobe patients are not disproportionately related to 
damage to one or other hemisphere. However, the pattern of performance observed in two 
patients suggests that certain aspects of visuo-spatial memory and learning may depend 
critically on bilateral damage to the prefrontal cortex. 

For the purposes of the initial analysis, the left and right temporal lobe patients and the left 
and right amygdalo-hippocampectomy patients were also combined to form two composite 
groups. However, because previous evidence has suggested that visuo-spatial recognition 
memory may be particularly susceptible to damage in the non-dominant hemisphere 
[22, 29] a supplementary analysis was performed, to look at the possible effects of laterality 
of lesion in these patient groups. As the pattern of deficits in the temporal lobe and amygdalo- 
hippocampectomy groups was similar across tasks and because the number of patients in the 
latter group was small, they were collapsed into a single patient group and then split 
according to the side of the removal. The left (N= 18), and right (N= 13), temporal/ 
amygdalo-hippocampectomy sub-groups were indistinguishable on every single measure of 
performance across each of the spatial working memory, visuo-spatial memory and learning 
tasks. For example, visual pattern recognition scores were 78% (left) and 79% (right), whilst 
corresponding scores in the spatial recognition memory task were 79% and 79%. Across 
delays, overall matching to sample performance was also equivalent for left (78 %)- and right 
(80%o)-sided cases and a similar pattern was found in the paired-associate learning task 
(memory score= 17.0 and 16.94, respectively). Finally, the groups did not differ in terms of 
their performance on the spatial working memory test, a pattern similar, in fact, to that 
reported in much larger groups of temporal lobe and amygdalo-hippocampectomy patients 
[47]. 

These results unequivocally suggest that impaired performance on these test of visuo- 
spatial recognition memory and learning in patients with temporal lobe or amygdalo- 
hippocampectomy excisions is unrelated to the side of the removal. 
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Visuo-spatial recognition memory: Comparisons with other neuropsychological tests 

The frontal lobe group included in this investigation were drawn from a larger sample of 
neurosurgical patients with prefrontal excisions who have been studied, in detail, in related 
papers 1-42, 44, 46, 47]. It is however, important to consider the deficits observed in the 
temporal lobe and amygdalo-hippocampectomy groups in terms of their performance on 
tasks not generally associated with the temporal lobe region. For example, these same 
patients have been assessed on the computerized version of the Tower of London test of 
planning [42, 69]. The number of moves (above the minimum) required by the temporal lobe 
patients to complete the 2, 3, 4 and 5 move Tower of London problems were 0.0(0.0), 
0.08(0.04), 1.01(0.19) and 1.33(0.34), respectively. For the amygdalo-hippocampectomy 
group, the corresponding figures were 0.0(0.0), 0.09(0.02), 1.63(0.24) and 1.84(0.39). In all 
cases, these scores are similar or better than those of a control group described previously by 
Owen et al. [42] and considerably better than the group of frontal lobe patients, included in 
that study. Similar patterns were observed for the other measures of performance on the 
Tower of London task. Thus, initial thinking or "planning" times in the temporal lobe and 
amygdalo-hippocampectomy groups varied in the range 3.52(1.94)-12.59(2.64)sec and 
1.98(0.57)-15.69(2.3) sec, respectively. Like the frontal lobe patients reported by Owen et al., 
[42], these scores are within the normal range. In terms of subsequent thinking time, which 
was impaired in the frontal lobe group, scores varied in the range 0.96(0.21 )-2.03 (0.1) sec, for 
the temporal lobe patients and 0.92(0.31)-2.32(0.13)sec for the amygdalo-hippo- 
campectomy group, which are again, comparable with normal control scores. On a 
computerized test of short-term spatial span based on the block tapping task devised by 
Corsi [30], the mean scores for the temporal lobe and amygdalo-hippocampectomy patients 
included in the present study were 5.72(0.27) and 5.0(0.26), respectively. Again, these scores 
are within the normal range [42]. 

DISCUSSION 

In this study, three groups of neurosurgical patients with temporal lobe excisions, frontal 
lobe excisions or unilateral amygdalo-hippocampectomy were assessed on a computerized 
battery of tasks designed to investigate visuo-spatial short-term recognition memory and 
learning. Double dissociations were observed between the temporal lobe and amygdalo- 
hippocampectomy groups and the patients with frontal lobe damage on tests of pattern and 
spatial recognition memory. Specifically, whilst pattern recognition memory was impaired in 
the two posterior groups, deficits in spatial recognition memory were only observed in the 
frontal lobe patients. 

Whilst all three patient groups performed accurately in a test of simultaneous matching to 
sample, both the temporal lobe and amygdalo-hippocampectomy patients were significantly 
impaired when a short delay was introduced. In contrast, in a test of paired-associate 
learning, requiring both visual pattern and visuo-spatial memory, impairments of learning 
and memory were evident in all three patient groups. The performance of the three groups 
was however, clearly dissociable on a self-ordered searching task designed to assess spatial 
working memory. Specifically, a highly significant deficit was observed in the frontal lobe 
group at all levels 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 were only observed in the amygdalo-hippocampectomy and (non- 
significantly) in the temporal lobe group at the most challenging level of task difficulty and in 
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neither group could the deficit be related to the inefficient use of any particular searching 
strategy. 

Taken together, these results suggest that tests of pattern recognition memory and delayed 
matching to sample are more sensitive to deficit in patients with temporal lobe or amygdalo- 
hippocampectomy damage than in patients with frontal lobe excisions. In contrast, tests of 
spatial recognition memory and spatial working memory were more affected by frontal lobe 
damage than by lesions of the temporal lobe structures although spatial working memory 
deficits were evident in the posterior groups. Finally, visuo-spatial paired associate learning 
appears to involve contributions from both frontal and temporal lobe regions since the 
performance of the three patient groups was indistinguishable on this task. 

The test of visual pattern recognition memory employed in this study is analogous to the 
types of serial recognition test used by Gaffan [13] and Mishkin [35] for testing visual 
memory for lists of objects in non-human primates. In those studies, performance was 
disrupted by lesions of both the inferotemporal cortex [35] and the structures of the mesial 
temporal lobe [13, 34, 70]. The present findings concur with these experimental findings and 
demonstrate that recognition memory for serially presented, complex visual designs may be 
similarly disrupted by both temporal lobe or the selective amygdalo-hippocampectomy in 
either hemisphere. The task also has certain aspects in common with the recurring 
"nonsense" figures test described by Kimura [22]. In that study, impairments were most 
evident in a group of neurosurgical patients with right temporal lobe removals although like 
the current study, no clear differences were found between the left- and right-sided groups. 
This may be due, at least in part, to the fact that the stimuli used in both studies, although 
formally visual, are not difficult to label verbally. Thus, both verbal and non-verbal 
mnemonic mechanisms may contribute to performance on this task. The findings from the 
test of spatial recognition memory fully concur with recent evidence from positron emission 
tomography (PET) studies of spatial memory processing in humans (e.g. [20]). In that PET 
study, subjects were required to remember the location of three dots presented 
simultaneously on a computer screen for a delay period of 3 sec and then to decide whether or 
not a probe circle was presented in one of those same three locations. Significant areas of 
activation were reported in the right prefrontal, occipital, parietal and premotor cortices but 
not in the temporal or mesial temporal areas. Both of these tasks were similar to paradigms 
which have been developed recently to examine the neural basis of spatial working memory in 
the primate [11, 12, 15]. Although none of these tasks places the same emphasis on the 
retention and manipulation of spatial material as more traditional tests of spatial working 
memory (e.g. [48] ), they do, nevertheless, require the simultaneous retention of several items 
of spatial information for a short period of time. It is of some interest therefore, that in the 
current study, performance on this test of spatial recognition memory correlated significantly 
with performance on the self-ordered, spatial working memory task among patients with 
frontal lobe damage. The present findings therefore provide further evidence, implicating the 
prefrontal cortex in the maintenance of spatial information for short periods of time, and 
extend research in non-human primates [11, 12, 15, 16, 18, 33]. 

This double dissociation, between impaired performance on the pattern and spatial 
recognition memory tasks in temporal/amygdalo-hippocampectomy patients and patients 
with frontal lobe damage respectively, is interesting given that these two tasks were designed 
to be closely analogous. One possible interpretation is that the frontal lobe patients are 
specifically impaired on tasks which require the manipulation of spatial, rather than visual or 
verbal material. This seems unlikely, however, in view of the many studies which have 
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demonstrated a significant association between the prefrontal cortex and performance on 
tests of non-spatial memory (e.g. [54-57]). Task difficulty would not account for the 
observed double dissociation between the patient groups and is therefore, also unlikely to 
play a significant role. A more parsimonious explanation for the pattern of deficits observed 
concerns subtle differences between the two tasks which may have differentially affected the 
patient groups in ways not directly related to the stimulus modality per  se. For example, in 
the pattern recognition memory task, all the stimuli were clearly distinguishable and in this 
sense, they were truly trial unique. Importantly, dorsolateral prefrontal lesions do not affect 
recognition memory in primates when trial unique stimuli are used [2, 21, 54]. Although the 
stimuli used in the spatial recognition task were also formally trial unique, the extent to 
which they were truly distinguishable was constrained by the physical dimensions of the 
computer screen upon which they were presented. Given that 40 locations were used over 20 
trials (20 correct, 20 incorrect) in this study, it is possible that subjects approached the task as 
though a smaller number of stimuli were being presented repeatedly across trials. It is 
precisely on tasks such as this, in which one has to choose from a small set of repeated items, 
that frontal lobe patients (e.g. [57]) and dorsolateral prefrontal monkeys [54], are impaired. 

The simultaneous and delayed matching to sample task adopted in this study was derived 
directly from paradigms that have been used to define the neural substrates of visual memory 
in the monkey [35]. The monkey tasks used by Mishkin differed from the present ones 
largely in their use of objects rather than two-dimensional stimuli and a non-matching rather 
than a matching rule, but were similar in not including a distractor task during the delay 
interval and in using trial-unique stimuli. In monkeys, visual recognition and delayed 
matching (or non-matching) to sample performance has been disrupted by lesions which 
include damage to the inferotemporal cortex [35, 68], hippocampus, amygdala, various 
combined lesions of these structures and also of structures they innervate, such as the 
anterior thalamic nucleus and the mediodorsal nucleus of the thalamus [35]. These deficits, 
unlike those of the present study, are generally delay-dependent. One possible reason for this 
apparent discrepancy is that, for human neurosurgical subjects with unilateral removals, 
longer delays than those employed in the current study (i.e. 12 sec) may be necessary to elicit 
a delay dependent deficit. There is certainly some, albeit non-significant (P = 0.08), evidence 
from Fig. 4, that the impairment in the amygdalo-hippocampectomy group is relatively 
more severe with increasing delay. Delay dependent deficits have previously been observed 
using this task, in patients with mild DAT [65, 67], although the neuropathological changes 
which characterize this disease are rarely restricted to one or other hemisphere and the 
concurrent deterioration of intellectual function is rather more severe than that observed in 
any of the patient groups included in the present study. The fact that deficits in patients with 
temporal lobe or amygdalo-hippocampectomy damage were no t  evident in the simultaneous 
matching to sample task, confirms that these impairments are mnemonic rather than 
perceptual in nature, a view consistent with the conclusions of previous animal and human 
studies (e.g. [29] ). As it is difficult to label the matching to sample patterns, it is also unlikely 
that an impairment of verbal rehearsal underlies the deficits in the temporal lobe and 
amygdalo-hippocampectomy groups. It was possible to name the four colours used in each 
sample although a "colour distractor" was specifically employed to discourage such 
strategies. In this regard, it is important to note that the proportions of different types of error 
in the impaired patient groups were not significantly different from those of controls. These 
results therefore extend the findings from previous primate studies (e.g. [34]) in several ways. 
First, visuo-spatial recognition memory, assessed using the trial unique, delayed matching to 
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sample procedure, is sensitive to deficits in patients with temporal lobe damage to either 
hemisphere. Importantly however, the present study also demonstrates that a similarly 
striking impairment can be produced in man, by unilateral selective amygdalo-hippo- 
campectomy, a procedure which leaves the overlying cortical structures largely intact [74]. 

Impairments in matching to sample performance using trial unique stimuli, have also been 
reported following lesions of orbital and adjacent medial portions of the frontal cortex [2], 
although, unlike the more posterior lesions, performance is affected, even at short delays [2]. 
In the present study, no significant deficit in accuracy was observed in the frontal lobe group 
in either the simultaneous or the delayed matching conditions. However, examination of 
Fig. 4 clearly suggests some impairment (albeit non-significant) in these patients, although 
this appears to be largely restricted to the longest, 12-sec delay. There are several possible 
reasons for this apparent discrepancy. First, it is plausible that for human subjects, unlike 
primates, 0-4 sec intervals are too brief to elicit the expected deficits at "short" delays. 
However, this explanation seems unlikely since the temporal lobe group were clearly 
impaired at these shorter delays. A second possibility, is that whilst all 16 frontal patients had 
excisions of one, or other, or both frontal lobes, too few had damage to the "critical area" 
required to elicit the expected deficit. This is an important consideration given that damage 
to the dorsolateral prefrontal cortex in primates does not impair (non) matching-to-sample 
using trial unique stimuli [2, 12, 54]. In the current study, no clear relationship was observed 
between the site of excision within the frontal lobe and the precise pattern of impairment 
observed, although post-operative magnetic resonance imaging in these patients, may help 
to clarify this issue. An important finding from this group, however, was the disproportion- 
ately impaired performance of two of the frontal lobe patients with bilateral removals, in the 
shortest, 0 sec delay condition. Both subjects scored only 60% correct which, whilst well 
above chance levels (25 %), was substantially lower than any of the three patient groups. This 
impairment also appears to be relatively specific, since both subjects performed as well, or 
better, than the unilateral frontal lobe groups, both at longer delays (4 and 12 sec) and in the 
spatial recognition memory task. One possible interpretation of this finding, is that the 
relatively specific matching deficits in primates with orbitomedial prefrontal lesions, even at 
short delays [2], may be contingent upon bilateral frontal lobe damage in these animals. 

In the present study, all three patient groups were impaired on a test of paired-associate 
pattern-location learning. Among control subjects, performance on this task correlated 
significantly with performance on the tests of pattern and spatial recognition memory, 
confirming that both visual pattern and visuo-spatial memory are required in this more 
complex, learning task. This pattern of association has, in fact, been confirmed in a much 
larger (N>800) group of healthy control subjects [64]. However, in the combined 
amygdalo-hippocampectomy/temporal lobe group, all aspects of performance (i.e. memory 
and learning) on the paired-associate learning task correlated much more strongly with the 
pattern recognition memory score than with the spatial recognition memory score. This 
finding suggests that in these patients, impaired performance on the paired-associate 
learning task is more likely the result of a more fundamental deficit in pattern recognition 
memory, rather than spatial recognition memory, a conclusion which is of course, consistent 
with the pattern of deficits observed in these tasks. 

Like control subjects, the frontal lobe group's performance on the paired-associate 
learning task, correlated more generally with both pattern and spatial recognition memory a 
finding consistent with the hypothesis of Eacott and Gaffan [7]. However, the learning 
aspect of this task also has a conditional element, since subjects were required to remember 
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and then learn associations between up to eight different visual stimuli and particular 
locations on the screen. Tests of conditional associative learning for stimulus-stimulus 
relationships are known to be impaired in monkeys [49, 51] and in patients [50, 53] with 
frontal lobe damage but not in temporal lobe patients unless there is also extensive damage to 
the hippocampal system. The results of the present study therefore, extend these previous 
investigations to show that tests which require the formation of associations between visual 
stimuli and spatial locations are also sensitive to frontal lobe damage. However, there are 
important procedural differences between the task used in the present study and that 
developed previously by Petrides [50, 53], which may make the tests differentially sensitive 
to frontal or temporal lobe damage. For example, the task used by Petrides [50], was self- 
ordered, in that subjects were required to establish the relationships between stimuli from 
their own responses, whilst in the present study, the stimulus-location associations were 
made explicit to the subject from the outset. 

The results of the present study also suggest that both the frontal lobe and the medial 
temporal lobe structures play important roles in spatial working memory. In general, spatial 
working memory deficits are associated, in primates at least, with bilateral damage to the 
area surrounding the sulcus principalis (e.g. [11, 48]). Importantly, however, it is well 
established that damage to the hippocampus and related structures in rats produces severe 
and long lasting deficits in spatial working memory tasks which are formally similar to the 
paradigm adopted in the current study [1, 40, 41, 60, 61, 71]. In the present study, the 
increase in errors among frontal lobe patients was related to the inefficient use of a searching 
strategy known to improve performance on this task, suggesting deficient organization or 
"executive" input in this patient group. In contrast, the temporal lobe and amygdalo- 
hippocampectomy groups showed normal, systematic searching patterns and in the latter 
group, errors were only made at the most challenging level of task difficulty, possibly 
suggesting a more fundamental disruption of mnemonic processing in these groups. These 
results clearly support the view that spatial working memory involves a network of 
interconnected and functionally related cortical and subcortical areas including, at the very 
least, the prefrontal cortex and the hippocampus [15, 57]. 

In the present study, no consistent relationship was found between the pattern of cognitive 
deficits and laterality of excisions in any of the patient groups although, in certain tasks, more 
profound deficits were observed in those frontal lobe patients with bilateral damage than in 
any patient group with damage restricted to one or other hemisphere. These results concur in 
a general sense, with recent PET studies by Petrides et al. [55, 56]. In those investigations, 
significant increases in regional cerebral blood flow were observed bilaterally using both 
visual and verbal memory tasks. With respect to the more posterior lesion groups, the 
present results suggest that deficits in tests of short-term visuo-spatial recognition memory 
and learning may not be as closely associated with damage to one or other hemisphere as 
other, more traditional, tests of mnemonic function [ 19, 30, 31 ]. Alternatively, it is important 
to emphasize that patients with temporal lobe epilepsy often have tissue removed which may 
have been dysfunctional presurgically. Thus, in these subjects, the contralateral hemisphere 
may have come to subserve functions normally mediated by the damaged hemisphere in the 
normal brain. Accordingly, unilateral resection for epilepsy, as was the case for all subjects in 
the temporal lobe and amygdalo-hippocampectomy groups, may fail to produce asymmetric 
memory failures because these patients have come to develop unilateral memory systems in 
the intact hemisphere which are bilaterally distributed in healthy subjects. In future, this 
question may be resolved, at least in part, by further functional imaging studies which 
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utilize techniques such as PET and functional magnetic resonance imaging (fMRI) to 
identify specific patterns of increased blood flow which are associated with particular 
cognitive functions in normal control subjects. 

In summary, this study has demonstrated that the performance of patients with frontal 
lobe damage and patients with excisions of the temporal lobe/medial temporal lobe 
structures may be clearly dissociated on a novel battery of tests of spatial working memory, 
visual-spatial recognition memory and learning. These tests are based directly on a number 
of existing neuropsychological paradigms commonly used to assess cognitive dysfunction in 
non-human primates (e.g. [2, 13, 35, 48]) with selective neurochemical or neuroanatomical 
lesions and the results are broadly consistent with the findings from those experimental 
studies. Among the frontal lobe patients, deficits were most profound in those tests which 
required the active manipulation of information within memory or the formation and recall 
of associations between spatial and visual representations, a pattern consistent with previous 
studies of identical or similar groups of patients (e.g. [57], see also [42, 44, 46, 47]). It is also 
important to consider the deficits observed in the temporal lobe and amygdalo- 
hippocampectomy groups in this study, in terms of their performance on other tasks which 
do not require recognition memory and learning. For example, the same two groups of 
patients included in the present investigation, perform at least as well as controls on a test of 
attentional set-shifting which is extremely sensitive to deficit in the frontal lobe group [44]. 
Similarly, the same patients have been assessed on a computerized version of the Tower of 
London test of planning [42, 69]. Unlike the frontal lobe group who show deficits in both 
accuracy and latency of planning, the temporal lobe and amygdalo-hippocampectomy 
patients are completely unimpaired (see results section). The requirements of the Tower of 
London task are considerably more complex than either of the tests of pattern recognition 
memory used in the present study. This dissociation clearly demonstrates then, that the 
deficits observed among temporal lobe and amygdalo-hippocampectomy patients on test of 
visual pattern recognition memory, delayed matching to sample and paired-associate 
learning have a considerable degree of psychological specificity. 

The results of this study are also particularly relevant to recent work on the progression of 
cognitive deficits in patients with PD [45, 45] and DAT [65, 67]. For example, in medicated 
and non-medicated patients in the early stages of PD, performance on the same tests of 
pattern and spatial recognition memory employed in the present study, is unaffected, whilst 
impairments are observed in patients with more severe clinical symptoms [45; see also 23, 
65]. Similarly, whilst all three patient groups performed well in a separate test of 
simultaneous visual matching to sample, medicated patients with severe clinical symptoms 
were significantly impaired when a 0-12 sec delay was introduced. In contrast, in the test of 
spatial working memory, significant impairments were found in both groups of medicated 
PD patients and a non-significant trend toward impairment was also observed in the non- 
medicated group. The results of the present study therefore suggest, that the late emergence 
of deficits in delayed matching to sample and pattern recognition memory in PD, may reflect 
a relative sparing of functions associated with temporal lobe structures, early in the course of 
the disease. This sparing contrasts markedly with the susceptibility of these same PD patients 
to tasks sensitive to frontal, but not temporal, lobe damage [43, 47]. 

Patients with both mild [65, 67] and moderate [67] DAT have also been tested on this 
same battery of tests of visuo-spatial recognition memory and learning. Unlike the patients 
with PD, profound deficits in recognition memory functions were observed, even in the 
earliest stages of the disease. In stark contrast, these same patients with mild DAT are 
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un impai red  on  the frontal  lobe test of a t tent ional  set-shifting [66] which has proved to be so 

sensitive to early P D  [6, 43, 46)]. The present findings allow us therefore, to interpret  

previously reported deficits in patients with P D  and  D A T  more precisely, in terms of 
characteristic pat terns  of neuropsychological  degenerat ion.  Thus,  in PD,  the relative sparing 
of pat tern  recogni t ion compared  to spatial recognit ion suggests that  in these patients,  

cognitive deficits emerge and  subsequent ly  progress according to a defined sequence, 
beg inning  with "frontal" type deficits and  only later including more posterior cortical 
funct ions [43, 45]. Moreover ,  the marked  susceptibility of patients with D A T  to delayed 
match ing  to sample deficits is clearly consistent  with the typical progression of regional 
neuropathologica l  signs in the cortex of these patients [17, 73]. 
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