
90 nature neuroscience •  volume 6  no 1  •  january 2003

articles

Humans have an enduring fascination with memory. We are
moved by the devastating effects of Alzheimer’s disease on the one
hand, and are often covetous of superior memory on the other.
A testament to the latter is the interest throughout history in
prodigious individuals renowned for spectacular mnemonic
feats1–3. Despite its popular appeal, however, exceptional memo-
ry is seldom addressed in mainstream research3–5, a fact which
stands in contrast to the voluminous literature on memory loss.
Although our understanding of the functional anatomy of human
memory in the context of brain damage has certainly grown over
the  years, there have been far fewer attempts to explore the other
end of the cognitive spectrum—those with superior memory.

One reason for the lack of interest may be that individuals
with exceptionally good memories are in some way distinct, lim-
iting the inferences that can be made about memory in the gen-
eral population. However, it is equally possible that individuals
with exceptional memory merely make more or better use of
memory capabilities that we all possess, or perhaps they employ
clever mnemonic devices or learning strategies3. Given that the
basis of superior memory is still largely unknown, important
insights into the structure of human memory may be missed by
not exploring better-than-average memorizers as well as those
with memory deficits. Moreover, understanding superior mem-
ory may also inform our efforts to improve memory in the gen-
eral population and the memory-impaired. Some clues about the
nature of superior memory can and have been gleaned from
behavioral testing3. However, documenting the neural under-
pinnings would offer significant insights into the mechanisms of
exceptional memory performance.

Expertise within specific knowledge domains (such as chess6,
calculation7, and cars and birds8) has been examined previously
with functional neuroimaging, but people with more general-
ized superior memory abilities have not been studied. Here we
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Why do some people have superior memory capabilities? We addressed this age-old question by
examining individuals renowned for outstanding memory feats in forums such as the World Memory
Championships. Using neuropsychological measures, as well as structural and functional brain imag-
ing, we found that superior memory was not driven by exceptional intellectual ability or structural
brain differences. Rather, we found that superior memorizers used a spatial learning strategy,
engaging brain regions such as the hippocampus that are critical for memory and for spatial
memory in particular. These results illustrate how functional neuroimaging might prove valuable in
delineating the neural substrates of mnemonic techniques, which could broaden the scope for mem-
ory improvement in the general population and the memory-impaired.

report the neural basis of memory in such individuals. Although
exceptional individuals have been sporadically documented in
the literature, they are more difficult to find than those with
memory problems, who often seek advice. However, the World
Memory Championships—a unique gathering of individuals per-
forming exceptional memory feats across a range of tasks—is
held annually in London3,9. We therefore examined eight partic-
ipants who are or have been placed at the highest levels in the
World Memory Championships, as well as two other individu-
als studied previously for their extraordinary memory accom-
plishments (see reports of TE and TM in ref. 3). The ten superior
memorizers (SMs) were compared with ten matched control sub-
jects who did not report any exceptional memory capabilities.

We set out to address three main questions. First, do SMs dif-
fer from control subjects in other intellectual abilities, which could
drive the apparent superiority in memory functioning? Second,
as there are reports of structural brain differences in groups with
specific skills10,11, are SMs predisposed to superior memory per-
formance by virtue of having structurally different brains com-
pared with control subjects, either innately or by developing their
superior memory10? And finally, using functional magnetic res-
onance imaging (fMRI), we investigated if there were differences
between SMs and controls in the brain areas engaged while pro-
cessing incoming information. The present results show that supe-
rior memory was not due to exceptional intellect or to structural
brain differences. Rather, we found that superior memory was
associated with the preferential engagement of three brain regions
in particular: medial parietal cortex, retrosplenial cortex and the
right posterior hippocampus.

RESULTS
Neuropsychological testing
The superior memorizers were not exceptional in their perfor-
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mance on tests of general cognitive ability; they were in the high-
average range in both general verbal and non-verbal skills, com-
parable to normal controls (Table 1). As expected, the SMs
performed significantly better than control subjects on tests of
working and long-term verbal memory, these tasks being simi-
lar to those commonly featured in memory competitions. The
two groups did not differ on the measure of visual memory, per-
haps owing to the fact that the SMs do not in general practice
recall of visual patterns.

Structural brain imaging
Optimized structural MRI images of the brains of SMs and con-
trol subjects were compared for differences in gray matter vol-
ume using whole-brain voxel-based morphometry (VBM)12. For
structural brain analysis, VBM has many advantages over region-
of-interest (ROI) techniques in that it is automated rather than
observer-based, and the whole brain is considered with no a pri-
ori regions of interest. VBM is sensitive to structural hippocam-
pal changes in clinical13 as well as non-clinical10,14 subjects. For
example, structural differences between the hippocampi of Lon-
don taxi drivers and the general population have been report-
ed10. Importantly, the MRI scans of the taxi drivers were not only
analyzed using VBM, but they were also independently analyzed
using the standard ROI approach focusing on the hippocampus.
The findings from the two techniques were completely concor-
dant, confirming the appropriateness of using VBM to study the
hippocampus in non-clinical samples. Another study using VBM
also reports hippocampal differences in a non-clinical context in
relation to gender14.

When the SMs and control subjects were compared, no signif-
icant differences were evident (either at a threshold of P < 0.05
corrected for multiple comparisons, or at the more liberal P < 0.005

uncorrected). Among the SMs, there were no changes in gray mat-
ter volume as a function of the number of years engaged in active-
ly challenging their superior memory, or in relation to performance
on the standard measures (Table 1) or later experimental measures
(see below and Table 2). Although our samples were quite small,
VBM changes have been detected in similar settings10,13. This result
suggests that superior memory in the SMs is not associated with
structural brain differences (that can be detected by VBM).

Functional brain imaging
As neither exceptional intellect nor gross structural brain differ-
ences seemed to relate to superior memory, we then used fMRI to
index neural activity while subjects were learning new informa-
tion. During scanning, the SMs and control subjects learned items
that were presented visually (Fig. 1) and the order in which they
were presented—tasks at which the SMs excel (see Fig. 2 and
Methods for task details). Imaging data were recorded during
learning, and behavioral performance was measured for order
and item recognition memory.

One potential confound with this fMRI protocol, given that
SMs tend to perform better than control subjects, is that differ-
ences in brain activity may reflect the amount of information
being successfully learned rather than the mechanisms underly-
ing the cognitive process. To address this issue, we included three
classes of stimuli in the fMRI study (Fig. 1). Three-digit num-
bers, which are items that the SMs particularly excel at learning,
were expected to elicit a large performance difference between
the two groups. The second stimulus type comprised faces, which
are items that the SMs are excellent at learning but that can also
be well retained by many individuals in the general population, so
less of a difference was expected between the two groups. The
final stimulus type was snowflakes15, which are unusual and dif-

Table 1. Summary scores from standard neuropsychological measures.

Superior memorizers (n = 10) Controls (n = 10)

Measure Mean (s.d.) Range Mean (s.d.) Range
Age (years) 33.90 (9.33) 22–53 33.10 (7.90) 20–46
Laterality quotienta 53.84 (46.11) –68.42–86.67 49.14 (58.23) –64.71–100
Years practicing mnemonics 11.10 (10.45) 3–38.5 – –
NART (verbal IQ)b 111 (8.31) 95–119 112 (5.96) 98–119
Matrix reasoningc 12.90 (1.79) 9–16 12.40 (1.26) 10–14
Reyd figure

copy 35.70 (0.67) 34–36 35.60 (0.52) 35–36
DR 21.60 (3.81) 17–29 22.70 (6.21) 13–33

Storye

IR(**) 50.50 (3.78) 43–55 43.50 (6.47) 34–51
DR(*) 48.50 (7.79) 29–55 42.90 (6.28) 35–54

Digit spanf(***) 16.80 (2.49) 11–19 12 (2.21) 8–15
SMQg(*) 162.3 (22.72) 139–196 145.6 (15.58) 118–173

aEdinburgh Handedness Inventory33
bNART, the National Adult Reading Test, is an estimate of verbal IQ34; this test was not given to one SM whose native language is not English, contravening a
requirement of the test.
cScaled scores from the Matrix Reasoning subtest from the Wechsler Abbreviated Scale of Intelligence (WASI), a measure of non-verbal fluid reasoning and
general intellectual ability35.
dRey complex figure, a visual reproduction and memory task (max score, 36); delayed recall (DR) was after 30 min36,37.
eStory (verbal recall) from the Adult Memory and Information Processing Battery (AMIPB) (max score, 56); IR, immediate recall; delayed recall (DR) was after
30 min38.
fScaled scores from the digit span subtest of the Wechsler Adult Intelligence Scale Revised (WAIS-R)39.
gSubjective Memory Questionnaire, where a higher score reflects the subjective impression of good memory40,41. 
Significant differences between groups: 
*P < 0.05 one-tailed, **P < 0.01 two-tailed, ***P < 0.001 two-tailed.
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ficult to verbalize; thus we expected little or no difference between
the two subject groups for this stimulus type. This expected range
of performance differences was indeed reflected in the data, with
the greatest difference between groups seen for the digit stimuli,
then faces and finally snowflakes. Thus we could differentiate
brain activity that covaried with performance from activity that
was associated with the learning process itself (irrespective of the
amount of material being learned). The efficacy of learning, as
measured by performance on the item order and recognition
memory tasks, is detailed in Table 2.

fMRI analysis showed that several brain regions were active
for all contrasts in both groups. To verify which brain regions
were active in each subject for each contrast, we did a conjunc-
tion analysis (Methods). Briefly, by calculating the contrast for
each stimulus type minus its control task, we removed low-level
and stimulus-related visuo-perceptual factors. This showed that
several brain regions were active in all subjects during the learn-
ing of all stimulus types. These included bilateral superior
frontal sulcus (Talairach coordinates (x, y, z): –24, 12, 63; 30,
6, 60), left medial superior frontal sulcus (–3, 18, 45), bilateral
caudate (–12, 12, 12; 12, 3, 15), left angular gyrus (–30, –72,
36) and bilateral cerebellum (–33, –57, –33; 33, –63, –33). In
addition, the left middle occipital gyrus (–21, –90, –12) was
active for all subjects for snowflakes only. The left posterior infe-
rior frontal sulcus (–48, 15, 21) was active for both groups,

except during digit learning in the control subjects.
Our main interest was in the difference between the fMRI data

of the SMs and control subjects (Table 3). The two groups were
compared directly, and the resulting differences were of two sorts:
(i) some brain areas, such as the right cerebellum, were active in
both groups for all stimulus types but were more active in the
SMs and (ii) more notably, some areas were active only in the
SMs and not in the controls at the thresholds used. Several brain
regions were active in SMs for all stimulus types, irrespective of
performance: left medial superior parietal gyrus, bilateral retro-
splenial cortex, and right posterior hippocampus. These findings
are summarized in Fig. 3 by showing the results of a conjunction
analysis across the contrasts detailed in Table 3.

In addition to the above differences present for all stimulus
types, areas more active in the SMs for digits were the right cin-
gulate cortex, left fusiform cortex and left posterior inferior
frontal sulcus. According to the probability map of this region16,
this activation is unlikely (probability 5–25%) to be in Broca’s
area (pars opercularis). For faces, the area that was more active
in SMs was in the vicinity of right pallidum; for snowflakes, the
area in the vicinity of left pallidum.

Had the memory performance of SMs and control subjects dif-
fered significantly across all tasks, it would be conceivable that the

Table 2. Summary scores for the order and item memory
tests.

Mean (s.d.)

Measure Digits Faces Snowflakes

Superior memorizers (n = 10)
Order testa

number correct 12.70 (2.75) 13.30 (2.06) 11.70 (2.00)

Recognition testb

number
correct 25.90 (2.85) 27.60 (2.76) 19.70 (1.70)

Recognition testc

correct
& confident 23.40 (4.01) 21.80 (6.44) 8.80 (5.25)

Controls (n = 10)

Order testa

number
correct 11.10 (0.99) 12.30 (2.79) 10.40 (1.76)

Recognition testb

number
correct 18.50 (3.06) 25.70 (3.27) 19.70 (4.67)

Recognition testc

correct
& confident 8.20 (4.52) 19.50 (6.52) 7.30 (5.10)

aFrom the order memory tests performed during scanning, maximum possi-
ble was 15; significant effect of stimulus type (P < 0.01), with the difference
due to better performance on faces than snowflakes.
bFrom the post-scan forced-choice recognition tests, those correctly identi-
fied as seen during scanning, maximum possible was 30; significant effect of
group (P < 0.05), with SMs better than controls, stimulus type (P < 0.01),
with faces better than both digits and snowflakes, and significant interaction
(P < 0.01), with digits better in SMs.
cFrom the post-scan forced-choice recognition tests, those correctly and confi-
dently identified as seen during scanning; significant effect of group (P < 0.01),
with SMs better than controls, stimulus type (P < 0.001), with faces better than
both digits and snowflakes and digits better than snowflakes, and interaction 
(P < 0.001), with digits better in SMs. There were no significant reaction time
differences, and no performance differences between groups for the control
condition (where the range was 87–100% correct across all subjects).

Fig. 1. Examples of the stimuli. (a) Three-digit numbers were pre-
sented in black font in bold at a point size of 280. (b) Faces comprised
black and white photographs of a face including hair; all were male,
facing forward with neutral emotional expressions. (c) Snowflakes
were white on a black background, taken from Bentley and
Humphreys15 and digitized (snowflakes reproduced with permission,
Dover Publications Inc., New York).
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fMRI activation differences detailed in Table 3 and summarized
in Fig. 3 might merely reflect this difference in performance. How-
ever, our experimental design ensured a range of performance, from
the SMs being much better than controls (digits) to both groups
performing similarly (snowflakes). The main findings (Fig. 3) hold,
irrespective of performance differences, showing that these regions
were involved in the learning process per se and not merely in the
efficacy of encoding. We did, however, also test for changes in activ-
ity associated with level of performance, and compared the SMs
and control subjects directly. When performance scores were
entered as covariates, the only difference to emerge between the
groups was in the order test for digits, where bilateral ventral puta-
men was more active in the SMs (–21, –3, –3; 21, –3, –6).

DISCUSSION
We conclude that the increased activity in the medial parietal cor-
tex, retrosplenial cortex and right posterior hippocampus of the
SMs was not a function of better performance, as these differ-
ences pertained even when performance between the SMs and
controls was matched, as in the snowflakes task. These brain
regions are known to be important for memory, and are impli-

cated in spatial memory and navigation17–20. Debriefing of sub-
jects after scanning revealed that all of the SMs used mnemon-
ics during the learning phase. Mnemonics are strategies for
encoding information with the sole purpose of making it more
memorable21. Nine out of the ten SMs used the mnemonic
known as the ‘method of loci’ for some or all of the tasks. The
origin of this ancient method, sometimes called the ‘journey’ or
‘mental walk’ technique22, is attributed to the Greek poet
Simonides of Ceos in 477 BC1, who describes using routes and
visualizing to-be-remembered items at salient points along the
routes, and then mentally retracing those routes during recall.
The efficacy of the method of loci is reflected in its continued use
over two and a half millennia in virtually unchanged form. It is
interesting to note that, although very proficient in the use of this
spatial mnemonic, no structural brain changes were detected in
the right posterior hippocampus of the SMs, as have been found
in London taxi drivers10. This may be because taxi drivers store a
large and complex spatial representation of London, whereas the
SMs use and re-use a more constrained set of routes.

The distinctive activations of SMs may simply reflect differ-
ences between the two groups in the engagement of associative
memory. However, debriefing of the subjects revealed striking
similarities between the two groups in their use of feature selec-
tion and association. During the encoding of faces, both SMs and
controls reported noting significant features (hair, eyes) or asso-
ciating each face with a person they knew or with a personality
trait. For the snowflakes, the main strategy for both groups was to
select significant features and associate them with objects. Only
the SMs associated the digit stimuli with images (in one case
words and then images) of people, animals or objects. None of
the control subjects reported such associations. In all cases, except
the control subjects during digit learning, the left posterior infe-
rior frontal sulcus, which is an area previously reported to be
involved in learning associations, was active23,24. Direct com-

Fig. 2. Graphic representation of the structure of a sample learning and
control trial during scanning (see Methods for details). Briefly, subjects
learned sequences of items (in this example, snowflakes). They were
tested after each sequence on their memory for the order of items
(order test) and were also advised they would be tested after scanning
for item recognition. For the non-learning control trials, two stimuli
were alternated in presentation, and the task was to be alert to an obvi-
ous visual blurring of one of the pictures (this occurred very rarely and
is not shown in this example).

Table 3. Direct fMRI comparisons between the SMs and
control subjects (where SMs > controls)a

Digits Faces Snowflakes

Brain region Talairach coordinates (x, y, z) of peaks

Right posterior
hippocampus 31, –32, –6 32, –26, –9 27, –30, –7
Left retrosplenial
cortex –12, –51, 18 –9, –60, 12 –9, –57, 9
Right retrosplenial
cortex 15, –54, 18 15, –57, 12 21, –54, 9
Right cerebellum 18, –78, –36 21, –75, –39 21, –69, –30
Left medial superior
parietal cortex –9, –48, 57 –12, –75, 54 –3, –60, 60
Right cingulate
cortex 18, –42, 42
Left fusiform
cortex –42, –48, –21
Left posterior
inferior
frontal sulcus –42, 6, 27
Vicinity of right
pallidum 18, –6, –3
Vicinity of
left pallidum –21, –9, 9

aThere were no brain regions that were more active in control subjects, or
regions only active in controls and not in SMs. There were no time × condi-
tion (stimulus type) interactions evident in either group.
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parison between the two groups confirmed this area to be more
active in SMs for digit learning (Table 3). Along with other acti-
vations such as those in the caudate nucleus23, the posterior infe-
rior frontal area may reflect the associative aspects of these
learning tasks. Crucially, only the SMs proceeded to use their
newly-associated stimuli in the route strategy. None of the control
subjects reported using any standard mnemonic techniques.

We therefore believe that the parietal, retrosplenial and right
posterior hippocampal activations in the SMs reflected the use of
the route strategy, either in learning the new items on the routes
and/or in retrieving the routes themselves, which were typically
real and familiar. There are other possible interpretations; for
example, the SMs were well-practiced in using mnemonics (on
average, for more than eleven years; Table 1), and the observed
pattern of activations may instead or in addition reflect the dura-
tion of use of the method of loci. Alternatively, it may be that the
fMRI group differences relate to a special facility on the part of
SMs for using this mnemonic. The examination of a control group
of subjects newly instructed in the method of loci will be an
important element of future studies to further clarify this issue.

Memory superiority has mainly been attributed to mnemon-
ics3,25. Mnemonic devices are often regarded as overly compli-
cated, requiring explicit effort to use, and thus limited in their
relevance for everyday memory. In some situations, however,
such devices are very effective, and it has been argued that
mnemonics such as the method of loci do indeed organize infor-
mation in a manner that is relevant our daily lives21. These strate-
gies may simply be more efficient variations of normal memory
functions26, systematizing the natural process. Mnemonics are
reported to be effective in memory remediation in elderly27 and

special needs28 populations. The value of mnemonics in the con-
text of acquired brain injury and disease is less clear29,30, although
there is little knowledge of the precise brain areas engaged by dif-
ferent mnemonic strategies. The aim of the current study was
not to examine mnemonics specifically or the method of loci,
but rather to compare SMs and control subjects. Our findings
do, however, indicate that fMRI could prove valuable in delin-
eating the neural substrates of mnemonic techniques. This may
extend the horizon for effective memory improvement in the
general population and facilitate rational and focused rehabili-
tative interventions in patients.

In summary, we have addressed the long-standing question of
why some people have superior memories compared with those of
others. We found that those with superior memory use a spatial
learning strategy and engage brain regions that are critical for spa-
tial memory. The longevity and success of the method of loci in
particular may point to a natural human proclivity to use spatial
context—and its instantiation in the right hippocampus—as one
of the most effective means to learn and recall information.

METHODS
Subjects. All participants gave informed written consent in accordance
with the local research ethics committee. Data from 10 SMs are report-
ed; all were male and one was left-handed (Table 1). Eight of the SMs
are or have been placed at the highest levels in the World Memory
Championships. All gave explicit consent for disclosure of this infor-
mation. The remaining two SMs had both been studied previously,
and their extraordinary memory feats are documented elsewhere3. Ten
control subjects also participated. All were male, and each was matched
with a SM according to age and handedness (Table 1). All participants
were healthy at the time of scanning. For one SM, there was a query
of dyslexia as a child in the early 1960s, but he has had no difficulties
in adulthood; one was reported to have had seizures in childhood that
resolved at puberty without recurrence.

Materials and procedure. During the fMRI scan, subjects were asked to
learn items that were presented visually and to learn the order (sequence)
in which they occurred. There were three types of stimuli: three-digit
numbers, faces and snowflakes (Fig. 1). Different stimulus types were not
mixed within a sequence. There were six items per sequence and five
sequences of each stimulus type. The order of stimulus types was pseudo-
random. Each item in a sequence was presented alone on the screen for
4 s (Fig. 2). After a sequence was presented, the subject then saw pairs of
stimuli from that sequence and indicated by key press which of the two
items came earlier in the sequence (note that the items could have been
from any point in the sequence). There were three such pairs; thus sub-
jects saw each item once more during this order recognition task. Each
pair was on screen for 5 s, and the subject had to respond within this time.
This retrieval task was included to provide an online assessment of order
memory and to encourage subjects to actively engage in the learning tasks;
although modeled, it was not the primary interest of the fMRI study.

There was a control task for each stimulus type. As in the learning tasks,
stimuli appeared one at a time for 4 s each, but there were only two stim-
uli for control trials, and they were repeated alternately three times. Thus
there was minimal memory load, and subjects paid attention for any change
in the appearance of an item. In the case of the faces or snowflakes, this
change was in the form of blurring of the image, and a change in the font
used for the digits. The changes occurred only very rarely (once for each
stimulus type in the scanning session). Subjects responded by key press to
a visually presented question as to whether they had noted a change or not
after the presentation of the control stimuli in a trial was complete. Thus,
the learning and control tasks were comparable with respect to visual and
perceptual inputs and (absence of) motor demands. All stimuli were pre-
sented on an off-white background and shown centrally.

After scanning, each subject performed forced-choice recognition
memory tests for each stimulus type (outside of the scanner). Each test
comprised items seen during scanning and an equal number of foils. The
subject saw two items at a time on the screen for 4 s and responded by

Fig. 3. Functional MRI results showing differences between the SMs and
controls. Activations are shown on the Montreal Neurological Institute
(MNI) structural MRI template. Activations are the result of a conjunc-
tion analysis of the contrasts presented in Table 3, and therefore show
the group differences that were apparent for all stimulus types. (a) Areas
more active for the SMs for all tasks: right cerebellum (18, –78, –39).
(b) Areas active only in the SMs, commonly for all tasks: left medial supe-
rior parietal gyrus (–6, –69, 60), bilateral retrosplenial cortex (–12, –54,
18; 18, –57, 12) and (c) right posterior hippocampus (33, –33, –6).
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key press to identify which one of each pair was seen during scanning.
Subjects then indicated by key press whether or not they were confident
in their response. Each subject was debriefed about how he had per-
formed the tasks during scanning and the strategies, if any, he had used.
In addition, a number of standard general abilities tests were also admin-
istered to assess whether SMs and control subjects were comparable in
their basic intellectual, verbal and visual abilities.

Image acquisition and data analysis. Data were acquired using a 2-tesla
Magnetom VISION (Siemens GmbH, Erlangen, Germany) MRI system.
Contiguous multi-slice T2*-weighted fMRI images were obtained with
echo-planar imaging (echo time (TE), 40 ms; whole head: 32 slices, each
3 mm thick, 3 s per volume). For each subject, high-resolution volu-
metric MR images were acquired using an optimized MPRAGE sequence
affording enhanced gray/white matter contrast and segmentation31. Func-
tional images were processed and analyzed using Statistical Parametric
Mapping (SPM99, Wellcome Department of Imaging Neuroscience, Lon-
don, UK) in a standard manner as described elsewhere32, with a smooth-
ing kernel of 8 mm full-width half maximum (FWHM).

The standard boxcar model was used to characterize fMRI activation
effects. Each contrast (functional data for each stimulus minus those for
its control task) was calculated for each subject and then brought to the
second level in the standard manner using SPM99. The findings for each
group (SMs and controls) were then calculated using a random effects
analysis. Commonalities across all subjects were also calculated in a stan-
dard manner with SPM99, using contrasts from each subject. As these
were all orthogonal, it was possible to ascertain which areas were com-
monly active across subjects for a given contrast. The main aim of the
experiment was to consider any possible differences between SMs and
control subjects. To examine this, the two groups were directly compared
in SPM99 at the random effects level. Only those fMRI activations sur-
viving a threshold of P < 0.05 corrected for multiple comparisons were
considered; this applied throughout, for group effects, conjunction analy-
ses and group differences. For two areas of particular interest specified
in advance—the hippocampus and prefrontal cortex—we used a thresh-
old of P < 0.001 uncorrected, although the majority of activations in
these areas also survived the P < 0.05 corrected threshold.

Structural MRI data were analyzed using an optimized method of
whole-brain voxel-based morphometry (VBM12) implemented in
SPM99, using a smoothing kernel of 10 mm FWHM. Regionally specif-
ic differences in gray matter density between subject groups were assessed.
The significance threshold was set at P < 0.05 (corrected).
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