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Brain activation in HSAM

Abstract

This is the first study to examine functional bragtivation in a single case of Highly Superior
Autobiographical Memory (HSAM) who shows no sign@ED. While previous work has documented the
existence of HSAM, information about brain area®lwed in this exceptional form of memory for perab
events relies on structural and resting state axiivity data, with mixed results so far. In thissfitask-based
fMRI study of a normal individual with HSAM, dategere presented as cues and two phases were assessed
during memory retrieval, initial access and lataberation. Results showed that initial access weayg fast, did
not activate the hippocampus, and involved activetif predominantly posterior visual areas, inahgdihe
precuneus. These areas typically become activagliater stages of elaboration of personal memoaiter
than during initial access. Elaboration involveldadanced bilateral activation of most of the aidgtaphical
network areas, rather than the more typical sbiftserved in people without HSAM. Overall, the pattef
brain activations, which rests on repeated obsemnain a single individual, highlights a strongatvement of
the precuneus and an idiosyncratic initial accegetsonal memory representations. ImplicationsHemature

of personal memories in HSAM are discussed.
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Introduction
Memory for personal events is typically far fronrfeet. Although people can remember personal eemrsss
their lifespan, with a clear increase for youngltthod experiences (reminiscence bump, e.g. Ja&daairkin,
1996), usually only a handful of events are remeaedbé detail for each year of life. Two recentgé@case
reports (Parker et al, 2006; Ally et al, 2013), é&mar group studies (LePort et al, 2012; LePorarist
McGaugh, Stark, 2016; 2017; Santangelo et al, 2Ba@8)ever, have challenged the limits of autobiobieed
memory. The case studies (Parker et al, 2006;&IBl, 2013) described two individuals with theeptional
ability to remember in detail almost every dayhdit life (Parker et al, 2006; Ally et al, 2013hi$ rare ability,
which has been called either hyperthymesia (Pakal, 2006) or highly superior autobiographicalhmey
(HSAM), questions the current thinking about aubgipaphical memory (hereinafter ABM) as being ofited

capacity.

The processes responsible for HSAM are still largelknown, as unknown is whether ABM encoding
and retrieval processes in these individuals fandih a way similar to the normal population. Datebrain
activation can provide valuable information on fisisue as the network of areas involved in autobioigical
memory in the normal population is relatively wallown (e.g McGuire, 2001; Svoboda et al, 2006; &uwva,
Mclintosh, Grady, 2010). Activation data in indivads with HSAM can reveal the extent to which thmea
network of brain areas is involved as found intbemal population or whether new areas, typicatlypart of
the autobiographical memory network are also inedlvn the present study we examine the brain atibiv of
a new case of HSAM who, differently from the tw@wiously published cases, and the individuals erathin
LePort et al (2016; 2017) and Santangelo et al§2bas no form of pathology. The case describedllyyet al
(2013) was an individual who was completely blinahi birth, a condition that might have changed dirop
processes, and determined the reorganization ofriber of brain areas, including those involvedenspnal
memories. Indeed, it is difficult to know whicHférences in brain structure may be due to blindrse®l which
may be accountable by superior memory. The neuohygdggical battery used by Parker et al (2006hanfirst
reported case revealed the presence of a dysexesytidrome, accompanied by a form of Obsessive
Compulsive Disorder (OCD). In addition, the womaasctibed by Parker et al (2006) kept a very detailary
of her entire life, that she constantly rehearsédch by some has been considered the factor resigerfor
her exceptional memory (e.g. Marcus, 2009). Coresetlyy these two case reports offer only limitesigit

into this exceptional condition.
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A study reporting structural brain data on a grofiplindividuals with HSAM (LePort et al, 2012)
used four brain imaging methods to compare braurcsire in HSAM and controls. Local concentratidrgiey
and white matter in any given voxel throughouthih&in was assessed with Voxel Based Morphometry-Gre
Matter (VBM-GM) and Voxel Based Morphometry Whitettta (VBM-WM); Diffusion Tensor Imaging-
Fractional Anisotropy (DTI-FA) assessed differenaéth controls in white-matter microstructure, veénil
differences in shapes of brain regions were examnirsing Tensor Based Morphometry (TBM). Results
identified nine brain regions that, depending antifpe of neuroanatomical analysis used, discritath&dSAM
from control in terms of concentration of grey/vehinatter, shape of the region and white mattet trac
coherence. These regions include the inferior aioldlientemporal gyri and temporal pole (BA 20, 24 &8,
respectively), the anterior insula, the parahippgza gyrus, (BA 36) and the inferior parietal sWcWhite
matter tract coherence was also higher in HSAMigipeints. While these data provide additionalghsinto
potential differences between individuals with HSANMd controls, attributing functional differences t
structural differences can be somewhat problemAtdhe authors themselves recognize “It is notwkmof
course, whether the anatomical differences obsdrvedr analyses are enabling or resulting from IWSA
participants’ memory performance.” (p.16). Theyalscognize that some of these anatomical differenc

might not be linked to HSANper se, rather to OCD, that was observed in more thahdiahe participants.

Very recently, a study (Santangelo et al, 2018yl fMRI data on a group of individuals with
HSAM and a control group. Participants were presgmiith cues that referred to the first or the tase a
specific event happened, for example “The last thoe took a train” or “The first train ride”. Wiilmemory
performance was good among their HSAM patrticipahisy results might be linked to the specific
characteristics of the retrieval processes trighybsethis type of material. These verbal cues mby cefer to
specific events in a person’s life, they alreadytai elements of it. These results provide imptrta
information on brain areas activated in HSAM indivals while trying to remember these ‘first timatalast
time’ specific events. However, what HSAM is chaesized by is extensive retrieval of personal meawin
response to dates. Five more HSAM individuals testeour lab, but not reported here, while beingesior to

the control group also in response to event cuogly, éxcelled only when responding to dates.

We aimed at addressing some of the concerns argdafqgevious studies by examining in a single-
case study a 21 year-old adult, BB, who presentesign of OCD, autism, or other pathological coiodis,

who had no physical impairment, and had a nhormdligb level of intelligence. In response to daif3,was



Brain activation in HSAM

able to remember almost every day of his life frgpproximately age 11. The detailed study of thisegcavhich
includes fMRI data, in addition to describing thpesific characteristics of this individual, mighdrdribute
novel insight into the processes responsible foAMSHis functional brain activation was assessediagt

previous group data examining areas that are aictithee Autobiographical Memory Network.

The Autobiographical Memory Network

Autobiographical memory is in itself a highly coraplsystem involving a large number of cognitive
and non-cognitive components. Cognitive componigriside episodic and semantic processing (Conway &
Pleydell-Pearce, 2000), executive functions (Cakdsgberg, 2000), mental imagery (Ogden, 1993), éomt
(Addis, Moscovith et al, 2004) and self-referenfiedcesses (e.g. D’Argembeau et al, 2010; Gusriaal] e
2001; Craik et al, 1999).

Major reviews of brain imaging studies of ABM (eMaguire, 2001; Svoboda et al, 2006) have
revealed a core network of areas involved in rem@mb one’s personal past. These areas includeaband
subcortical regions in both hemispheres. Maguif®12, in a review of the first 11 neuroimaging (P&Td
fMRI) studies of retrieval from ABM, identified aetwork of predominantly left lateralized corticaéas which
included retrosplenial/posterior cingulate corteedial temporal regions, the temporoparietal jumgtimedial
prefrontal cortex (Brodmann areas 10,11,9), tempaleo cortex and cerebellum. A more recent metdyaisa
of 24 functional studies of ABM retrieval by Svolzoét al (2006) supported Maguire’s (2001) earliedihgs.
These authors also proposed a distinction betweaneanetwork of structures activated across m@&vA
imaging studies (at least in 10 of the 24 studiesréned) and two other sets of structures thatem®present
(secondary regions) or only rarely present (tertiagions) in the 24 studies. The core networkudet the
medial and lateral temporal cortex, the temporaakjunction, the medial and lateralretrosplepiadterior
cingulate cortex, the cerebellum, and the venteoddtprefrontal cortex. Compared to the patteemiiied by
Maguire (2001), Svoboda et al (2006) observeditesdvement of the temporopolar cortex, and a more
prominent role for the ventrolateral prefrontal daigral temporal cortices, which have been thakiged by
Svoboda et al in the core network. The secondaipmns (those activated in at least five of the igs)dwere
areas in the dorsolateral prefrontal cortex (BR/6, 46), superior medial and superior lateraleoo(BA 6),
anterior cingulate (BA 25, 32, 24), medial orbitoftal, temporopolar and occipital cortex, thalarand
amygdala. Tertiary regions, found in less thanuglists, were the frontal eye fields, motor corterdral
(precuneus) and lateral parietal cortex, fusifogmug, superior and inferior lateral temporal cortesula, basal

ganglia and brainstem.
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While the pattern described above is the typiadiigon of brain activation associated with retrleva
from ABM in normal individuals who can remember sohut certainly not all their past experienced, Igtle
is known, so far, about patterns of activatiomidividuals with HSAM. Assessing the extent to whizkas
activated during retrieval in our HSAM case matoh tore network of areas described by Svoboda(2086)
in their meta-analysis represents then an imposti@qut in understanding this condition.

In this study, functional MRI data were obtainethgsdates as cues and a novel event-related
activation paradigm structured to capture essediffdrences in the time course of ABM retrievaheTmethod
followed closely the procedure by Daselaar et2008). Brain activity was modelled in two wayssfiy when
the memory initially surfaced to mind (initial ass3, and secondly during elaboration, when the mgmvas
fully formed and detailed. In the average indivibligitial access can be relatively fast (<5 sechhie rare cases
of direct retrieval (see Conway & Pleydell-Pea2@00), while the process of retrieving a fully diet
autobiographical memory is a relatively lengthyomrestructive process (e.g. Conway, 2005), makipgsésible
to map the time course of changes in brain activatnd differentiate areas contributing to théahaccess to
a memory from those involved in the subsequentoeldion. Examining brain activation both when meyrisr
accessed and when it is elaborated provides ati@ualiadvantage for modelling, as the variabiiithe time
to access a memory represents an inherent “jitbetween the time of the cue and access to theanem
(Daselaar et al, 2008). While in the scanner, autigipant was asked to indicate when a memoryfinsid
surfaced to mind in response to cues. In our case were individual dates (e.g.".July 2000), as the ability
to respond with memories to dates is a specifikkerasf HSAM. When still in the scanner, our papant was
also asked to indicate again when the memory wsférmed and detailed. Daselaar et al (2008) ththat
initial access (i.e., early stage of retrieval)rtdividual memories recruited thiegght hippocampus as well as
retrosplenial, medial and tlmeght prefrontal cortex, whereas visual areas, includigprecuneus, aneft
prefrontal cortex showed increase in activatioa kter time, during elaboration of individual mems when
more details were added (see also Cabeza & Stdacg07). Ours is the first study of task-baseadhbr
activation in a single HSAM individual with no sigfi OCD, and as such it has mainly an exploratary avith

the potential to show that OCD is not a necessailih determining HSAM.

Method

Participants
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Our HSAM participant, BB, was a healthy male, ag@dat the time of testing. He was a second-year
undergraduate student at a UK University. Inforroedsent was obtained before starting the studysddme
cognitive and neuropsychological tasks, we alstetea control group of 17 individuals of the sarge and
education level of BB (age range 20-21, 9 femal&sjontrol group of 10 adults of the same age ahdtation
level was tested in the scanner to obtain strukctlaa. The study was approved by the Ethics Cotaaitf the
University of Hull, UK, and the local Ethics Comtei¢ at the IRCCS Fondazione Ospedale San Camillo,

Venice, Italy, where scanning took place.

Material and Procedure

An overview of the procedure is presented in FidurBB underwent an initial screening with the Hull
Memory Screening Questionnaire (De Bartolo et @1,6), followed by two additional semi-structured
interviews. He subsequently completed a large hattememory tests (some specifically designedtiis
study, the results of which are reported elsewHae&artolo et al, 2016), and a comprehensive hatter
neuropsychological tests.

The Hull Memory Screening Questionnaire containg|@éstions, asking about frequency, content of
personal memories starting from the first persomanory up to age 18. In addition, for each evédw, t
participant is asked to report retrieval effort aulitional elements about that day. The questioa@dso
includes questions referring to events which hapdem ten famous dates (e.g. 11/09/2001), quesdioost
the use of a mental calendar and the frequencg@btidates as cues for ABM retrieval. Memory styas
were also investigated, as well as OCD and OClist(aig. keeping a diary, collecting objects di)st
guestions were chosen to cover what previouslyridest as the main characteristics of memory in HS@N.
Parker et al, 2006; CBS documentary, online mdjeria

The main memory battery included visual and veldnad-term and short-term memory tasks from
WAIS Il and WAIS R; WMS-R; CVLT; REY; Benton. Itlso included RFM and the AMT (lvanoiu, Cooper,
Shanks & Venneri, 2006), a modification of the A{lopelman, Wilson, & Baddeley, 1990).

Ad hoc memory tests examined episodic memory, episodab&graphical memory and memory for
public events. These included the Autobiographi=tes Test, the main memory test used in this sindy
which approximately 500 dates were generated aomnand The Birthday memory test which asked ponte
what happened on 11 birthdays. The control groupalso tested on these tasks (100 dates for thBa#8s

test).
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An extensive battery of neuropsychological testngred a vast array of cognitive functions inclygdin
executive functions, attention and intelligences(¥able 1). The ones for which there are data tlwrcontrol
group are reported in Table 1.

For the fMRI scanning, two sets of 50 dates welecsed three months before the scanning which took
place in June 2012, by presenting BB with 288 datb#ch covered the previous 15 years (1996-2011
included), and asking him to mark ‘Yes’ and rephé title and a brief description of the memorytfwat date,
if he had any memory, or to mark ‘No’ if he hadmemory for that date. The 50 ‘Yes’ dates were taken
randomly from the larger pool of ‘“Yes’ responseghwhe constraint that only 5 dates from each gjiyear
were included. The second set of 50 dates compiit@diates. Importantly, the consistency of ‘Yesid ‘No’
dates was verified over several testing occasionsnsure that the most appropriate testing matedald be
chosen for the experimental study. During fMRI sdag, ‘Yes' and ‘No’ dates (date/month/year) were

randomly intermixed.

Procedure- Screening and Behavioral examination

BB contacted the first author via email, expressingnterest in being tested in response to media
advertisements (articles in newspapers, and r&B&( UK) interviews) soliciting individuals with an
exceptional memory for personal events to conteefitst author. He stated that his friends claiedad an
exceptional memory for personal events, althougtitieot consider his memory really exceptionalt GfuL5
individuals who initially responded to the ads, BBs the only one who successfully completed theesing
and the two subsequent semi-structured phone iatesvon 20 dates chosen at random by the exper@ment
The participant was asked to report in detail amynory associated with each specific date.
Neuropsychological tests along with the initialtbat of memory tests were administered in two saear
sessions, held two weeks apart (2 months aftentti@l screening and one month after the phoneringws).
Testing order was scheduled to avoid interferescess tests. In addition to several planned bresdch
testing session could be interrupted any time Hrégipant requested to do so. Additional memosyibg using
300 out of the 500 initial dates was done overptene after these two sessions, at different pairtisne, with
intervals ranging between 1 and 3 months betweeln ether, in order to assess test-retest religb#itsubset
of the dates (100) was presented on two additiooedsions, with a two-month interval between each
presentation. Consistency in the reports was asgdédgstwo independent raters, who segmented egointriato

meaningful units (see Fotopoulou (2005). Consistexaaild be scored as a 3 (same unit in all thrperts), as
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a 2 (present in 2 reports), and 1 (present in epert). Consistency in personal memory reportsales
assessed for the day of the week, across two tigpstof 24 dates which were randomly selected ftioen
dates reported as ‘remembered’ in the scanner.

All tests were administered in person by the se@ntor.

Testing of the control groups followed. Consistem@s not assessed. All tests were administered by
the first, second and fifth authors.
MRI acquisition, pre-processing and analysis

Brain scanning for this study took place at the @8Jondazione Ospedale San Camillo in Venice,,ltaly
for both BB and, separately, a control group fonctural scanning only. Scanning took place thmeaths
after the dates for the scanner were received BBmScans were acquired on a 1.5 T Philips AchMt
system, fitted with a Sense head coil. The scanpintpcol included the acquisition of a T1-weighstdictural
scan, five functional scans, a T2-weighted axiahs@and a fluid attenuated inversion recovery (FR)Adcan.

To address the experimental question, echo plamglesshot T2* weighted MRI images were acquire® @ 2
s, TE =50 ms, flip angle = 90°, voxel dimensior33x 3.28 x 5.00 mm, field of view 230 mm). Twanldved
and forty volumes of 20 contiguous axial slicesevacquired in ascending order in each run. Eachvam
preceded by 20 seconds of dummy scans to allowddener to reach equilibrium, for a total scantimg of
eight minutes and 20 seconds. Five runs were aajultotal imaging time, including localisation astductural
image acquisitions, was approximately fifty-fivemates. In addition, the T1-weighted image was aksd to
test for the presence of significant volumetrigtérar his image was a Turbo Field Echo acquirecttam the
following specifications: voxel dimensions 1.1 2 k 0.6 mm, field of view 250 mm, matrix size 25@5%6 x
124, TR=7.4 ms, TE = 3.4 ms, flip angle = 8°.

Imaging data were analyzed using Statistical Patrgardapping (SPM) 8 image analysis software (The
Wellcome Centre for Human Neuroimaging, London, UR)e T1-weighted image was processed together
with the T1 image of 10 male adults of comparalgle and educational attainment as BB with normal orgm
Images were initially segmented to separate magseyfand white matter from cerebrospinal fluid.pdaf
grey and white matter were normalised based oSHd 8 anatomical template, and smoothed with amB8 m
full-width at half maximum Gaussian kernel. Funoibimages were instead slice-time corrected aen &l
volumes were realigned after creating a mean aseete and re-sliced usin Begree B-Spline interpolation
methods to adjust for residual motion related dighanges. Volumes were then spatially normalipeithé

standard EPI template available in SPM 8 using lm@ar estimation of parameters. Normalized imagee
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then spatially smoothed with a 9 x 9 x 9 mm widthalf maximum isotropic Gaussian kernel to compéms
for any residual variability after spatial normalion.
Functional MRI paradigm

The fMRI paradigm followed a slow event relatedigesnd was an adaptation to HSAM of the
procedure used by Daselaar et al (2008). There tmerenajor differences. First, cues were dateseratian
words, as in HSAM dates are the most reliable émeABM retrieval (Parker et al, 2006). Secondnnoey
events were compared with no memory events arclia§ were presented visually. ‘No’ and ‘Yes' datese
presented in random order on a light-grey backgitaamd projected via the Nordic Neurolab visual pnégtion
device mounted over the scanner head coil. Therempst started with instructions which were presdrfor
10 seconds, then stimuli (dates) were presentdtkr presentation of the date BB had up to 24 sgésdn
produce his initial response to appearance of mgimod then his second response for elaboration.
Interstimulus interval was 4 s. BB was instructeddtrieve a memory of a specific event of his fifat
occurred on that specific date as soon as the atgeagppeared on screen. He was asked to presspanse
button on the Celeritas fiber optic response uréipped to his wrist, first as soon as the memay alearly
retrieved (access time), but to keep thinking alloat memory, as at times additional informatioruldocome
to mind. He was asked to press the response baitenond time (elaboration time) when he felt that
memory was fully formed and complete. For thosesl#tat did not elicit any memories at the timsaznning,
BB was instructed to respond by pressing the siregponse button only once, as soon as he redhaedo
memory was accessible. All response times werededo The content of each memory was collected afte
scanning took place. The same dates were presientaddom order also one week as well as two maatties

scanning, to assess consistency between the twofsabswers in response to the same dates.

Sructural Data Modelling

The comparison between BB’s maps of grey and whéter and those of the group of ten young
adults was carried out as a modified two-sampdst. Age and years of education were added awietes and
both contrasts (BB > controls; controls > BB) wiasted. The analyses were thresholded at a sdt-leve
uncorrecteg < 0.05 (further reduced to 0.025 to correct fer tlumber of models: two models, gray and white
matter) and only clusters surviving cluster-levahily Wise Error (FWE)-correctgu< 0.05 were retained as

significant.
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Functional Data Modelling

A general linear model was designed for statisfit@rence of activation maps. Variability in the
BOLD signal within the five runs was modelled asiaction of three event-related variables, corresiig to
the timepoints when BB pressed the response buftmnthree events included were as follows:
acknowledgment of a date devoid of autobiographeaory, acknowledgment of a date associated with
memory access, and acknowledgment of a succesefabny elaboration. Events for which a memory access

had been acknowledged but no elaboration had heéreguently flagged were discarded.

A synthetic haemodynamic response function (HRF used as the reference waveform. Proportional
scaling was applied to remove any within subjeffecénce in blood flow. Image data were high-palssréd
with a set of discrete cosine basis functions wittut-off period of 128 s. Although head motion Jess than 2
mm, movement parameters were, however, includedgressors in the analysis. Height threshold whaatge
< 0.05 FWE-corrected at a set level, to maximigedbnservativeness of the outcome. Additionallspatial
threshold was set at 5 contiguous voxels. Theiolig linear contrasts were tested: recall vs. n@amory,
elaboration vs. non memory, recall vs. elaboratiaboration vs. recall and the conjunct effeatecfall vs. non
memory and elaboration vs. non memory contrasts.XTly, z coordinates of significant areas obtaiinedh the

analyses were first converted into Talairach comtdis using the Matlab function mni2tal (http://gimey.mrc-

cbu.cam.ac.uk/downloads/MNI2tal/mni2tal.m) and tieEmtified using the Talairach Daemon Client

(http://www.talairach.org/).

Results

Behavioral results

Autobiographical memory tests. Clear evidence of BB’s exceptional ability to renieer personal events was
found in the tests which examined personal memariggered by dates. BB was able to report at least
detailed memory for 88.4% of the dates presentkd.cbntrol group reported an average of 0.03% miesor
for the dates presented. In the few instances iohw¢ontrols could retrieve a memory in responsadies,
retrieval time was 11.52 sec. In BB, consisten@lysis showed that the same day of the week wastezpon
92% of the dates across repetitions. Of all 65%woficontent examined in the 100 memories tesgdral

times, 618 (94%) received a consistency score 8035%) a score of 2 and 9 (<1%) a score of 1.

11
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Additionally, the reality of factual elements refesl in the autobiographical memories elicited Hy t
dates (e.g. the names of shops and commercial setalevision programs and their contents, the egain
that specific date) was assessed with multiple sidarBB accuracy was 98%.

For the Birthday memory test, BB had no recallh&f first two birthdays, but was able to report
detailed memories for all the remaining birthdajdemories for a subset of birthdays (5) was asseas=cond
time, and accuracy was 100%. The control grougerebered an average of 2.6 birthdays.

Phenomenological characteristics of the memories. Retrieval time in response to dates was very fast
(1.8 sec in average). Only for a minority of dai@B,needed to think for more than a few secondsl émly in
two cases he needed to spend more than 20 semogowith a memory. These latter instances rasbirte
vague reports, with minimal or almost no detailst B most of these cases he could afterwardsIgwéport
complete events that happened on a day closettddba For retrieved memories, he commented higgt t
‘popped-up’ as a date was mentioned, effortlesslg, visual and very vivid form. Some details, nhpstsual,
were already present in the initial memory, andtated he could ‘see’ more details by ‘zooming thi
memory’. Weather conditions, people and locatwase present during access. The process of ‘zooming
not only allowed him to ‘see’ more details for tloaty, but also to move forwards and backwardsie tiand
‘see’ days nearby, which could be in turn also fped-in’ to see their respective details. His repestidence
the visual nature of his memories, and the presefisematosensory information, whereas other se(ssasll,
taste) seemed to be of lesser importance. A ssenge of recollection accompanied all the completmories
reported. He was also able to state the exact fidye aveek for nearly every date mentioned, andlaiened
that the day of the week ‘came’ with the date. Thisvever, seemed more the result of a perfectactipe (as
in some savants, e.g. De Marco, lavarone, San@adomagno, 2016), since he was able to explaipatern
of date-to-day correspondence across the yeardelitide day of the week for dates that precedsd h

exceptional memory as well as future dates.

Neuropsychological tests

Intelligence. The results of all neuropsychological tests aremel in Table 1. BB's 1Q was above the norm, in
the top 98 percentile. He achieved top scores in object asemlock design, picture completion tests
(WAIS-11I performance), and in the Symbol Searcéktéscaled score 19 out of max 19). Performance was
above average (12/19) in Information and Letter-anmsequencing, while it was average for Picture

Arrangement (50 percentile) and low (Z5percentile) in the Digit Symbol task.
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Sandardized memory tests. BB achieved top scores in the Figural Memory {&8KS-R), in the Long Delay
Yes-No Recognition and the Long Delay Forced Rettimgntasks of the CVLTII. His scores were withhret

99" percentile on both immediate and delayed VisugirBguction (WMS-R) and verbal working memory
tasks (forward digit span, WMS-R). They were in tiye 9" percentile for the verbal backward digit span and
the visual forward span (WMS-R). Performance wasvataverage both in the Copy (36/36) of the RE\irigy
and in the Rey memory task (27/36) and in the Betest (recognition of unknown faces, 88"®ercentile).
However, scores were only in the™78ercentile in the visual backward span (WMS-R} amthe 75 and 66’
percentile respectively on the WMS-R Logical Memband Il tasks. Notably, BB’s performance was ager

in most tasks of the CVLT-II, in which his recatises were between the 50% and 75% of the higlossilge

score, with an average of 61.25% (see Table 1).

Executive tasks. Performance was very high in many executive tagisgcore in Mental Control, no errors in
the Trail Making and Stroop tasks). However, ollgrarformance on the Stroop task was average.sttise
on the Trail Making test fell within the 8(ercentile, both for tests A and B, and scoreghtly above average

in the D-KEFS tests. In general speed was very imghost tasks.

Linguistic abilities. The score on the WAIS-R comprehension test wasmilte 84" percentile, and the scaled
score for the Vocabulary test was 16 (out of a maxn of 19). He scored high in the D-KEFS Verbaldricy

task (14/19 and 19/19), but average on the Bosamihg test (59 percentile).

fMRI Scanning

Behavioral results. BB reported a memory for forty three of the fiftstds for which three months earlier he had
been able to retrieve a memory (‘Yes' dates). lde ahexpectedly reported a memory for fifteen effifty

dates for which three months earlier he could ia’(dates). The average time to retrieve a menveag
1816msec (sd = 1305msec) for the ‘Yes' dates, &@sec (sd = 1253msec) for the fifteen memories fo
‘No’ dates. Time to respond ‘no’ (ho memory) toaawas 2981msec (sd = 3215msec) for ‘No’ dates, an
7633msec (sd = 1303msec) for ‘Yes’ dates for whichmemory was retrieved. This latter difference lban

explained as due to searching unsuccessfully tontemory for dates that felt familiar. The avertige to
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obtain a complete memory (elaboration) was 11726rsb=3750msec) for memories retrieved in resptmse
‘Yes’ dates and 16196msec (sd = 3694msec) for memelicited by ‘No’ dates.

The concordance between raters about the consjsitetite content of these memories was very high
(99%), overall. Out of 590 units, 570 (or 96.6%eawed a score of 2, 12 (or 2%) a score of 1 a(dB%) a
score of zero. Consistency was very high in both gEmemories. Four hundred and forty (or 98%#hef
‘Yes’ dates (449) received a score of 2; 6 (1.3%¢@e of 1 and 3 (<1%) a score of zero. Of ‘Nated (141),

134 (95%) received a score of 2, 4 (3%) a scofg ahd 3 (2%) a score of zero.

Functional activation data

fMRI events were determined by BB'’s response tibwh for ‘Yes’ and 'No’ dates. Results are
reported separately for initial access and for@lation, comparing memory to no memory events. As@nd
elaboration were also directly contrasted. Tabiet2 regions recruited during memory access daiobeation.
All major findings are illustrated in Figure 2A-C.

Memory access. Activation was observed primarily in the cerebellibifaterally, as well as in left
posterior visual association areas (mainly theuymmeas and the cuneus). Significant activation vies seen
bilaterally in associative occipital areas (BA I#ld 9), and ventrolateral prefrontal areas (rig#:45 and 47;
left: BA 11 and 46). Additional activation was obsed in the left amygdala, the temporoparietal fiomcand
the posterior cingulate. Activation was also prégeihe left parahippocampus, only when a lesagnt
significance threshold was used (p<.001 uncorrégcted

Memory elaboration: Activation was observed primarily in the tempomriptal junction (areas 39 and
40) bilaterally, and prefrontal areas, also bilaltgr(mainly BA 9, 10, 11, 46 and 47). Activatiaras also
observed in visual areas (precuneus and occipiaka bilaterally, as well as in temporal areasthad
cerebellum, again bilaterally. The left parahippopas and amygdala were not active in this phase.

Access vs elaboration. A direct comparison of access and elaborationaledea marginally greater
activation during access in left areas, and a greaatgagement of occipital visual regions, maihby left
lingual gyrus and the right cuneus, plus bilatgrdie precuneus (left PC: -8 -70 37; right PC: 46 39).
Greater activation in access than in elaboratios also observed in prefrontal areas (BA areas %$and
bilaterally, as well as in the right posterior ditefe and in the cerebellum.

Elaboration vs access. Elaboration showed a bilateral pattern of activaeross a larger number of

areas, with greater recruitment primarily in tengd@reas (BA 39 and 22), but also in parietal (idoig, but
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not limited to the precuneus, right PC: 4 -70 1éf;PC: 0 -65 25) and in a large number of pmetfal areas
(BA 4,6, 8, 9,10,11,46 and 47). Activation was albserved in the anterior cingulate bilaterallghtiinsula,
right cingulate, right claustrum.

Conjunction analysis revealed that the areas imncomto the two phases of retrieval were located in
the left hemisphere, with the exception of the trigiddle temporal gyrus in the occipital lobe (B8)1They
included foremost the precuneus, as well as vid@ial19), temporal (BA 38 and 39), frontal (BA 116,447)
regions, the cingulate gyrus and the cerebellum.

Anatomical Variables

All anatomical images of the MRI protocol were mwid by a senior neuroradiologist, who recognised n
abnormalities. BB had significantly larger grey-teatvolumes in a large left occipito-temporal cérsivhich
extended to the posterior hippocampus (Figure 24b]d 3). No significant clusters were found for tpposite

contrast. No significant white-matter differencesvieen BB and the control sample were found.

Discussion

The behavioural data obtained in BB confirm thati®a clear case of HSAM, with no form of
cognitive impairment and the ability to retrievenakt every day of his life starting from agel11. His
performance on the various autobiographical mertaslgs was extremely high, with a fast retrieval higgh
levels of test-retest consistency in his persorahory reports (which indicates that these weremade-up
confabulations). Personal memories were mainlyntepgaas being visual. BB reported to be able te’‘aémost
automatically and effortlessly the events when gmésd with the cueing dates, and to be able t@ilismoom
into the scene, expanding it back and forth iné&ipand scanning and ‘seeing’ clearly its visudhds.
Interestingly, no sign of OCD or autism were obseérwhich shows that individuals with HSAM are not
necessarily affected by OCD traits as claimed disge/(e.g. Marcus, 2009). More recently, both LeEbal
(2016) and Santangelo et al (2018) also reporggufiantly higher OCD scores in their HSAM groups
compared to controls. It is likely that an OCD tendy contributes towards using specific strate(ges
keeping a diary, reading the diary) and compulsehgarsal, which in turns helps remembering dedaits
have a better memory. However, the lack of OCD eeniks in BB indicates that neither OCD nor compnyls

rehearsal are essential factors in determining HSAM

Differently from his performance for personal meiasy BB’s performance on other episodic memory

tests ranged from average, for verbal episodic nmgno above average for some visual memory taskssult
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that is in agreement with recent data (LePort,e2@17), also showing that in HSAM, performancaadm-
personal memory tasks is average. Although theesing procedure adopted by the authors was somewha
different from ours, both their HSAM participantscaBB did not differ substantially from the contgybup in

a various array of cognitive skills, while diffegrsubstantially in their ability to remember perslogvents.

Behavioral results while in the scanner

Access and retrievability of each memory was véeiaghs in most individuals. Variability might have
been triggered by the fast pace of presentatidheoflates, potentially penalizing memories thaeveower to
access. It might also be due to random and tranfsiefitated or hindered access to memories. Tpesential
explanations cannot be addressed with the curagat d

It is interesting to note that the average resptinse for initial access to memories was very short
much shorter than in previous studies (e.g. Daselaal, 2008). BB's fast retrieval cannot be spketributed
to the fact that the same dates (among many othadslpeen already presented. The presentatiowahisas
three months and too many dates were presentedri@mber them all, given also BB’s average perfoaaam
episodic memory tasks. Very fast access times spstdad in favour of a facilitated access to peabo
memories (to anticipate data not reported here foother five individuals with HSAM who have beeorm
recently examined, the same very fast access toonyawas found in all of them). Previous work hadwh
that retrieval is faster for repeated (more semasil) autobiographical memories (e.g. Addis Mchto
Moscovitch, et al., 2004), while more specific ditgraphical memories are characterized by longgieval
times (e.g. Graham et al., 2003). While this défare suggests that also in the normal populatiorastcized
autobiographical memories might represent the meddevel of access (see also Conway & Pleydeliréte
2000), here it is important to remark that in BBtfaccessed memories halkthe qualities of unique, highly
specific events, and do not resemble semanticateger scripted memories.

Retrieval time for memory elaboration was relatieing, in line with previous results for memory
access (Daselaar et al, 2008), and different betwkboration of ‘Yes’ (faster) and ‘No’ (slowerates.
Parsimoniously one can explain this difference $guaning that details of memories for ‘No’ datesevier
general less accessible, or based on weaker ostlessured traces, as a few months before BB waalvie to
access these memories at all. The alternative eajtan (they were just confabulations) can be raled
considering the high content consistency acrossgiing sessions, which was not different for ‘Yast ‘No’

memories.

Functional activation
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There are five main findings. First, differentlpin prior studies on the retrieval from autobiogiaph
memory, in BB there was extensive activation ofigisareas already during memory access. Secontg whi
access triggered left areas, elaboration was ctesiized by a more balanced bilateral activationenghas
previous findings (e.g. Daselaar et al,2008) okestev predominantly right activation. Third, selference
areas such as the MPFC (e.g. D’Argembeau et al})208re not involved while areas more rarely fotmthe
activated during ABM retrieval were instead highbtive. Fourth, the typical anterior-to-posteriattprn of
activation observed in previous studies on autahioigical retrieval (Conway, Pleydell-Pearce, & Vehibss,
2001; Conway, Pleydell-Pearce, Whitecross, & Sha2fe3) was missing, with a more balanced involveme
of both anterior and posterior regions. Fifth, @lleretrieval, and in particular during elaboratiamolved most
of the areas of the autobiographical network alyestserved in previous reviews (e.g. McGuire, 2001;
Svoboda et al, 2006).

Access

During access, both in the access vs no memory contrast and thieash between access and
elaborationthe major difference between BB’s data and previesslts (e.g. Svoboda et al, 2006; Daselaar et
al 2008) is in the strong activation of the preaimahat has been previously linked to visual imaged to the
retrieval of true memories in normal individualsg(eAddis, McIntosh, Moscovitch, et al. 2004). Aetion was
bilateral, although predominantly left. The preaumés a tertiary area in the Svoboda et al (200&pranalysis,

but one of the most active in BB.

Functional imaging studies have involved the preasrin a diverse array of highly integrated
functions (Cavanna & Trimble, 2006), including \vasmemory (Fletcher et al, 1996: Gardini et al, 200
Gardini et al, 2006, see also the role in correcbgnition of presented items, Rugg, 1995). Mocemdy it has
been linked to recollective processes (being abtedive the event) in episodic recognition (Daih&
Wagner, 2005; Henson, et al. 1999; Wheeler & Buck®@04). In normal individuals, the left (and téeaser
extent right) precuneus is also associated witlspleeificity of personal information retrieved (Asld
Moscovitch et al., 2004-1; Addis, Mcintosh, Mosdohiet al. 2004). Some have also shown the invadre
of this brain area in self-processing operatioitst(person perspective taking and experience ehayg,
Cavanna & Trimble, 2006), and in the complex neknafrneural correlates of self-consciousness (edif;
related mental representations during rest), whiehpart of the retrieval of personal memorieshBagual and

self-referential roles might contribute to expléie unusual strong, predominant activation of tezpneus
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during access in BB. Other visual associative aneas also highly active during access, which Haaen
considered secondary areas in the ABM network, aipyg the strong visual component of BB's personal

memories.

Other areas active during access are part of tteeareas in the autobiographical memory network
(cerebellum, retrosplenial/posterior cingulate, peno-parietal junction). Secondary areas includtedddition
to the occipital lobe, DLPFC, orbital FC, cingulatgus and temporal pole. In addition to the peficuneus,
during access activation was observed in the [eRMC, which is involved not only in memory searcid a
controlled retrieval (Badre et al, 2005; Badre &dhar, 2007), but, more importantly for our resuléslects
the contribution of semantic information to autajaphical memory (Cabeza & St Jaques, 2007).

Overall during access there is a strong left atibwa Although contradicted by clinical
neuropsychology data (e.g. Kopelman & Kapur 200iictvtend to implicate right frontal areas, thiosg left
activation is not uncommon in studies of retrieivam autobiographical memory (Conway et al., 1998guire
and Mummery, 1999; Maguire et al., 2000, 2001; Magand Frith, 2003; Piefke et al., 2003). It hagib
variously explained as being due to paradigms whethon verbal cues and verbal recall when testBiyl
(Svoboda et al, 2006), to the retrieval of memoaiesady retrieved shortly before scanning (Dasedaal,
2008), or to a quick, intuitive, preconscious (Mmgtch & Winocour, 2002) post-retrieval monitorirey,
‘feeling of rightness’ referring to the veridicignd cohesiveness of retrieved memories in relatiam
activated self-schema (Gilboa, 2004). Given thegdore, involving the presentation of dates andaige (3

month) interval between trial repetition, only thenitoring hypothesis might apply for our results.

The predominant left lateralization observed i3 tase might however lead to a different
interpretation when considered in conjunction VB&'s very fast retrieval times, the very high catehcy
across repetitions and the strong involvement siiali areas already during access. The left VPFiCates the
contribution of semantic memory in ABM. Fast accygscally indicates direct retrieval (e.g. UzeB%own,
2012), which does not involve top-down hierarchieslonstructive processes. It has also been imtEghias an
initial ‘check’ of semanticized, factual LTM, in atherwise slower retrieval (e.g. Conway, Pleydrehrce,
Whitecross, & Sharpe, 2002). The early activatibmisual areas show the strongly visual naturesspnal
memories in BB. Considered together, the resultaamess (vs no memory as well as vs elaboratioghtrtihen
suggest that in BB personal experiences are rettieg factual, readily accessible, knowledge (aintd math

facts, 2x2=4), rather than genuine episodic meraarigich typically are the outcome of a longer restorctive
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processes (Conway & Pleydell-Pearce, 2000). Iftis, pattern of results can indicate an idiosyncrat
semanticized or fact-like representation of perbar@mories. This is in line with the hypothesismosed by
LePort et al (2016) for HSAM memory superiority.eTauthors compared details of memory reports about
personal events in HSAM and controls at differémetintervals. No difference was found in immediageall,
while difference increased over time, suggestirgg sluperior memory might be attributed to a rathrque
consolidation process. Our results not only aragireement with this hypothesis, they might alsomlement it
by providing some initial evidence suggesting thatdifference in consolidation could be attributec
progressive strongly visual ‘factualization’ (eag. math facts are in some individuals) of persor@hories. In
terms of retrieval processes, turning personal memdnto facts facilitates a direct access tordpesentation,
avoiding the reconstructive processes typical wfeneal of personal memories in the normal popalaisee for

example the hierarchical model proposed by Conwdie/dell-Pearce, 2000).

Interestingly, and differently from Daselaar ef2008), and Santangelo et al, (2018), we found no
hippocampal activation during access. It is wethblshed that the hippocampus is involved in atiiso
memory consolidation and retrieval (e.g. Addis, bwstch et al, 2004), and this result might seerfirsit
surprising. However, it should be noted that inhkdaselaar et al (2008)-normal individuals-, andt&agelo et
al (2018) -HSAM-, the task was to report memoriessisponse to truly episodic, event-related, ckes.
example, Santangelo et al (2018) cued the memeitbgequests like ‘The first time you drove a cand ‘The
last time you took a train’. These cues contaieadly parts of the episode and might require aexettiprocess
which is different from the one activated by datelich were used with BB. Hippocampal activation in
Santangelo et al's (2018) HSAM might be due tortheire of the retrieval, which is intentional andstlikely
generative and effortful (Conway & Loveday, 2018)¢cessing specific episodes, whose content istgirea
suggested in the cues. In the case of BB, insteadpisodic content was provided, and while celgtain
intentional, retrieval was subjectively perceivadd@rect and effortless when successful. In additiur cues
were dates. To our knowledge ours is the firstysuging dates as cues, and further studies shaalaiee if
dates might trigger different retrieval proces$ed bypass the hippocampus.

While the role of the hippocampus in retrievingsagiic memories from dates needs to be further
examined, the lack of hippocampal activation obaséin BB could support the interpretation propoakdve
for the other results (retrieval speed, considefhfrontal activation, activation of visual aredisring access),
which all potentially point to the special natuffetee representation of these memories, as somepiteat

packaged’, factual, visual, and apparently retrediferently from other episodic memories in tlzene
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individual. We would like to remind that BB perfoamce in other episodic memory tasks was averagauid

be interesting to examine hippocampal activatiownery fast direct retrieval also in non HSAM indivals.

Elaboration

Differently from access, duringaboration, when contrasted with no memory, almalitareas of the
core network were recruited, and, differently frtra results in the normal population, in BB activatwas
mostly bilateral. Core network areas were active as well as secpaaha tertiary areas in the Svoboda et al,
(2006) review. We should note that the precuneusagtive also during elaboration. The Elaboratisecess
contrast confirms engagement of MTL, prefrontabarand, bilaterally, the anterior cingulate cortaxsum,
elaboration engaged all areas found in the 24 etudiviewed by Svoboda et al (2006), with the etcemf
the anterior cingulate, brain stem and basal gangli

The bilateral activation observed in BB during @laiion has never been observed before in ABM
retrieval. BB’s activation does not show any cledt-to-right shift over the course of retrievakftveen access
and elaboration), as left areas remain consistactiyated during the whole course of rememberihgen
previous electrophysiological studies indicate ift ftom left to right hemispheric engagement otleg course
of remembering (Conway, Pleydell-Pearce, &Whitesr@901; Conway, Pleydell-Pearce, Whitecross, &
Sharpe, 2003). Differences from previous findingse also observed in the timeline of activatioBBis
data. Previous work using electrophysiological datggests that retrieval from ABM seems to follogeaeral
anterior-to-posterior trend, showing that duringiexral and maintenance of ABMs a shift occursartical
potentials from predominantly left frontal regidiesposterior temporal and occipital regions (Conwagl.
2001, 2003). The frontal-to-posterior trend ha® ddeen confirmed in fMRI by Daselaar et al (2008
engagement in right PFC regions during initial ascef ABMs, followed by activation in the visualrtex and
the precuneus during elaboration. The pattern ¥bddn BB was instead almost the opposite. Althguaghin
previous studies, during initial access to persemahts some frontal areas were also recruitechynkaft (5)
but also right (3)), activation of posterior areass predominant, reinforcing the observation atloairole of
visual access to memories in HSAM. Conversel\ha@iation engaged posterior and anterior areaselsldy
in equal manner.

During this phase, brain areas involved in selérefitial processes were also engaged (medial PFC,
D’Argembeau et al, 2007), suggesting that elememtmected to the self and to more episodic elemmuigbt

become more active when elaborating the mater@liged by the initial access.
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Structural data revealing larger grey-matter volume left posterior cluster also confirm the major

role of visual areas in BB.

Overall, the results on access and elaborationnwbepared to no memory, suggest that in BB
retrieval from Autobiographical memory might be aniged in terms of a very effective interplay betwe
initial highly accessible factual and visual aut@raphical representations, followed by the reaief
additional details of the event that can be moisoglic and self-referential in nature. Curiouslig thicture
corresponds rather closely to the subjective sgibrt of BB about his mental processes duringeediti when
he describes how hearing a date would immediatedyedfortlessly reveal a picture that contained samitial
basic elements and events of the day. This wouldltmved by the possibility of zooming in (stilhia visual
modality), and ‘see’ the day with its more specéiements (activities, locations, objects, peopbayversation)

that are displayed almost as if in a movie.

Conclusions

The results of the functional brain imaging proaedn BB reveal an overall pattern that seems toabieer
specific to this case, but might also be commouther individuals with HSAM. It is almost the opjitesof that
observed in individuals who don't possess an exoeak personal memory. A larger grey matter in post
areas, as well as a predominantly posterior adtivatiready during access reinforce the observatimut the
highly predominant role of visual areas during tbeieval of personal memories. During elaborabtoith
hemispheres are simultaneously involved, both amtgrand posteriorly, revealing a somewhat balaince
bilateral activation. Finally, the remarkable speédccess to the memories (less than 2 sec oagajer
suggests that access to personal memories, inmespo dates, most likely depends on direct redtjevhich is
facilitated by the visual component. There is assatial overlap between brain areas activatechdugtrieval
of personal information in response to dates aadsawhich are part of the core autobiographical angm
network. Responding to dates, however, seems w ahoore efficient, and somewhat different, proressf
information. This conclusion is in line with theténpretation of relatively recent structural ddta Port et al,
2012) documenting structural differences in a sengpiindividuals with HSAM compared to a controbgp,
differences which pertain to many of the core nekvareas, leading the authors to suggest a mamesff use
in HSAM of the same autobiographical memory ‘hartekaVe would add that left-posterior areas in Bivé

more grey matter.
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While it is tempting to consider the pattern ofibractivation observed in BB as predictor of HSAM,
remains necessary to consider these results witiioca Typically, there is substantial variabildgross normal
subjects in terms of the regions activated andgttength of activation during autobiographical meyno
retrieval. To date, the extent of such variabitégynains rather unknown, as there is no data seg tise same
task to provide standardized activation scoress Thplies that the observed pattern and its dendtiom other
group level findings cannot per se fully explaie thechanism underlying HSAM. Nonetheless, the desee
results of retrieval and brain activation pattebtained in BB, as well as their interesting cormegtence with
his subjective report on his retrieval experieraa provide additional information that can spaglvnnsight

into the processes involved in highly superior higgraphical memory.
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TABLES

Table 1. Main neuropsychological tests resultan@ardized scores represent percentiles.

Table 2. List of brain regions activated duringesxand elaboration

Table 3. Significant volumetric differences of gragtter between BB and a group of 10 young males of

comparable age and educational attainment.

FIGURES

Figure 1

Flow chart illustrating the procedure

Figure 2

Graphic depiction of the main findings of the studly Pattern of activation associated with dateed recall.
Whenever BB recognised that a date was specifieatbpciated with a memory, activation was seersit af
regions including, as depicted by these slicesptheuneus, ventromedial prefrontal cortex, amyadaid
various occipital areas. Slice in the Montreal Ndogical Institute (MNI) space are as follows: x19, y = -9,
z =0, x = -3. B) Pattern of activation associatéith elaboration of memories. When specific rechltegemories
were then further processed in terms of contenénsive activation was seen in temporal, parietafrontal
and occipital regions, without any significant a@imition offered by mediotemporal regions. Slicahia MNI
space are as follows: x = -52, y = -9, z = 6, 8=C) Conjunction analysis showing the spatialrggetion
between recall and elaboration in the precuneusratite temporo-occipital territory, bilaterally.N slices are
as follows: z = 9, x = 3. D) Regions in which BBdhmore volume than the group of normal young male
controls. These are only grey matter, and weredonrhe left occipital and temporal lobe, extengia the
posterior part of the hippocampus. MNI slices aréallows: x = -32, z = 10. All images are in nelogical
visualization. All results are expressedzasores (color coding proportional to the size sfores is shown on

the right hand-side of each map).
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Table 1. Cognitive and neuropsychological assessment. Comparison with controls was performed
only for non-standardized tests.

Tasks BB Controls sig.
Autobiographical Memory
Dates % 88.4 0.03 p<.001
Retrieval time (sec) 1.8 11.52 p<.001
Birthdays 9 2.06 p<.001
Memory
Verbatim memory text 12* 3.71 p<.001
Rey figure copy 29 35.22 n.s.
Rey figure memory 23%* 12.13 p<.001
Paired associates visual 30* 18.41 p<.01
Recognition scrambled dates 5* 0
Memory date-event 3 1 n.s.
Episodic memory correct 27 26 n.s.
Face recognition (RTM) 0.83 0.77 n.s.
Attention
Stop-Signal 269.4* 339 p<.01
Negative priming 6.3% 29.9 P<.01
Stroop errors 0 0 n.s.
Stroop time 15.39 10.02 n.s.
Other tasks Standardized

scores
Verbal fluency Letters 17 NA
Verbal fluency Category 28 NA
WRAT spelling 87 NA
WRAT arithmetic 75 NA
WAIS arithmetic 84 NA
WAIS comprehension 50 NA
WAIS picture arrangement 100 NA
WAIS object assembly 100 NA
WAIS picture completion 99 NA
WAIS digit symbol 25 NA
WAIS 1l symbol search 19 scaled score NA
WAIS 1l vocabulary 15 scaled score NA
Edinburgh handedness R:17 L:3 NA
WMS-Logical 70 NA
WMS-Visual reproduction 99 NA
CVLTIl Free recall repeated 62 NA
CVLTII Free recall immediate 65 NA
CVLTII Free recall short del 75 NA
CVLTII Cued recall short del 50 NA
CVLTII Free recall long del 65 NA
CVLTII Cued recall long del 50 NA
CVLTII Recog long del 100 NA
CVLTII Forced recog long del 100 NA




Table 2A. Significant differences in activation goanisons in Access vs. No Memory (top) and Elalomats. No Memory (bottom). The
areas with the highest differences in activatioedare >5.5) are reported. Analyses were computedl gignificant areas.

Accessvs. No Memory

Cluster Cluster- Cluster _ L ocal . Talai_rach
Number level Extent Region Z- BA Side Coordinates
pFWE (voxels) Score X y z
1 <0.001 120 Cerebellum — Culmen 7.21 L -8 54 1 -
Cerebellum — Culmen 5.88 L -8 -43 -5
2 <0.001 70 Middle Frontal Gyrus 6.71 11 L -32 34 -19
3 <0.001 54 Cerebellum — Tuber 6.63 L -42 -69 -23
4 <0.001 109 Precuneus 6.51 7 L -2 -56 53
Superior Parietal Lobule 5.94 7 L -8 -67 59
Precuneus 5.07 7 L -10 -75 53
5 <0.001 85 Lingual Gyrus 6.31 18 L -20 -56 3
6 < 0.001 106 Precuneus 6.31 19 L -34 -78 33
Precuneus 5.67 19 L -30 -82 39
Elaboration vs. No Memory
Cluger  Cluster-  Cluster _ L ocal , Talairach
Number level Extent Region Z- BA Side Coordinates
pFWE (voxels) Score X y z
1 <0.001 1866 Middle Temporal Gyrus Inf. 39 L 8-4 -75 9
Middle Temporal Gyrus Inf. 39 L -36 -55 23
Inferior Parietal Lobule Inf. 40 L -44 -54 56
2 < 0.001 1087 Superior Temporal Gyrus Inf. 22 L-51 13 -6

Inferior Frontal Gyrus
Superior Frontal Gyrus

Inf. 47 L -48 40 -7
7.38 10 L -34 57 12



3 < 0.001 210 Middle Frontal Gyrus Inf. 11 L -34 58 -13
4 <0.001 1303 Middle Temporal Gyrus 7.79 39 R 48 68 - 9
Superior Temporal Gyrus 7.71 22 R 61 -54 10
Superior Temporal Gyrus 7.67 39 R 53 -52 10
5 <0.001 1161 Precuneus 7.66 7 R 2 -70 44
Precuneus 7.61 7 R 2 -58 38
Posterior Cingulate Gyrus 7.58 23 L -4 -57 19
Table 2 B. Significant differences in activatiomgearing Access and Elaboration
Access vs. Elaboration
Cluger  Cluster-  Cluster _ L ocal . Talairach
Number level Extent Region Z- BA Side Coordinates
PFWE  (voxels) Score X y Z
1 <0.001 167 Lingual Gyrus Inf. 18 L -28 -97 -4
Lingual Gyrus 7.10 17 L -16 -99 -8
2 <0.001 46 Precuneus 7.43 7 L -8 -70 37
3 <0.001 183 Middle Frontal Gyrus 7.32 9 L -50 13 34
Precentral Gyrus 6.61 9 L -32 6 33
Precentral Gyrus 6.12 9 L -40 6 37
4 <0.001 255 Cerebellum - Culmen 7.17 R 10 -51 -3
Cuneus 6.76 30 R 12 -58 8
Posterior Cingulate Gyrus 6.46 30 R 20 -56 12
5 <0.001 43 Cuneus 6.81 19 R 8 -80 35
6 <0.001 115 Medial Frontal Gyrus 6.69 6 L -2 12 7 4
7 <0.001 38 Fusiform Gyrus 6.68 37 L -48 -59 -12
8 <0.001 83 Cerebellum - Uvula 6.60 L -36 -69 -23
9 < 0.001 76 Precuneus 6.49 19 R 40 -76 39



10 <0.001 72 Cerebellum - Culmen 6.35 L -8 -54 -1
Lingual Gyrus 5.77 18 -18 -54 5

11 <0.001 125 Inferior Frontal Gyrus 6.33 9 R 53 3 1 27

12 < 0.001 33 Superior Occipital Gyrus 6.13 19 R 40-82 24

13 <0.001 17 Middle Frontal Gyrus 6.02 46 L -50 28 23

14 < 0.001 20 Middle Frontal Gyrus 5.98 46 R 53 34 24

15 <0.001 23 Precuneus 5.74 19 L -28 -72 33

16 0.001 10 Middle Frontal Gyrus 5.58 9 L -32 43 35

17 < 0.001 16 Angular Gyrus 5.52 39 R 46 -70 29

18 0.003 7 Superior Parietal Lobule 5.45 7 R 36 -6351

19 0.004 6 Middle Frontal Gyrus 5.03 6 R 32 15 60

Elaboration vs. Access
Cluster Cluster- Cluster _ L ocal . Talai_rach
Number level Extent Region Z- BA Side Coordinates
FWE  (voxels) Score X y Z

1 <0.001 704 Superior Temporal Gyrus Inf. 39 R 7 5 -61 25
Superior Temporal Gyrus 7.16 39 R 46 -53 25
Inferior Parietal Lobule 7.06 40 R 48 -58 a7

2 < 0.001 341 Precuneus Inf. 7 R 4 -70 44
Precuneus 6.78 31 L -2 -65 25
Posterior Cingulate Gyrus 6.09 31 L -6 -55 23

3 <0.001 450 Angular Gyrus 7.63 39 L -42 -58 38
Middle Temporal Gyrus 6.79 39 L -46 -61 29
Angular Gyrus 5.24 39 -53 -64 31

4 <0.001 804 Precentral Gyrus 7.49 6 R 51 -4 8
Transverse Temporal Gyrus 7.30 42 R 63 -7 11
Precentral Gyrus 7.26 4 R 40 -16 34

5 <0.001 288 Postcentral Gyrus 7.33 43 L -57 -11 9 1



Precentral Gyrus 5.99 6 L -44 -14 34
6 <0.001 37 Middle Frontal Gyrus 7.04 11 R 46 36 17 -
7 <0.001 99 Superior Frontal Gyrus 7.02 8 R 18 47 38
8 <0.001 87 Inferior Frontal Gyrus 6.84 47 L 53 92 5
Inferior Frontal Gyrus 6.28 47 L -53 21 -6
9 <0.001 45 Middle Frontal Gyrus 6.62 9 L -40 30 6 2
10 <0.001 120 Middle Temporal Gyrus 6.61 19 L -51-77 15
Middle Temporal Gyrus 6.36 39 L -55 -69 20
11 < 0.001 121 Middle Frontal Gyrus 6.55 11 L -36 6 5 -13
Superior Frontal Gyrus 6.29 10 L -22 56
Superior Frontal Gyrus 5.88 10 L -30 60
12 <0.001 19 Precuneus 6.41 19 R 28 -81
13 < 0.001 83 Medial Frontal Gyrus 6.39 10 L -6 55 12
Medial Frontal Gyrus 5.51 10 L -2 57 5
Anterior Cingulate Gyrus 5.20 32 L -2 49 7
14 < 0.001 55 Middle Frontal Gyrus 6.35 10 R 36 56 -6
15 <0.001 24 Medial Frontal Gyrus 6.15 10 L -6 66 2
Conjunction Analysis - Recall vs. No Memory / Elaboration vs. No Memory
Cluster Cluster- Cluster _ L ocal . Talai_rach
Number level Extent Region Z- BA Side Coordinates
PFWE  (voxels) Score X y Z
1 <0.001 41 Precuneus 6.30 7 L -2 -56 54
2 <0.001 63 Middle Temporal Gyrus 5.90 39 L -42 5-7 13
Middle Occipital Gyrus 5.55 19 L -50 -73 7
3 <0.001 50 Middle Temporal Gyrus 5.81 19 R 44 -63 14



0.001
0.001
0.001
0.002
<0.001
0.004
0.004
0.002
0.003

Middle Frontal Gyrus
Superior Occipital Gyrus
Middle Frontal Gyrus
Superior Frontal Gyrus
Superior Temporal Gyrus
Middle Cingulate Gyrus
Cerebellum - Tuber
Superior Parietal Lobule
Cuneus

5.60
5.57
5.56
5.51
5.44
5.42
5.38
5.37
5.19

a7
19

46
11
38

32

19

|_|—l_|_|_|—l_|—l_




Volumetric gray-matter differences

Cluster Cluster-level Cluster Extent Reion L ocal BA Side Talairach Coordinates
Number pFWE (voxels) Z-Score y z
1 0.026 1396 Lingua Gyrus 388 18 L -14 -73 7
Middle Tempora Gyrus 388 19 L -32 -48 8

Cuneus 3.86 17 L -18 =77 15

Insula 355 13 L -40 -22 -4

Posterior Cingulate 346 30 L -30 -63 12

Posterior Cingulate 346 30 L -22 -48 13

Caudate Tail 3.30 L -38 -31 -5

Middle Tempora Gyrus 311 19 L -32 -60 10

Superior Tempora Gyrus 280 22 L -46 -10 -6

Putamen 2.79 L -32 -23 1

Superior Tempora Gyrus 271 22 L -59 -27 5

Posterior Cingulate 266 29 L -12 -48 12

Posterior Cingulate 257 30 L -20 -62 5

Fusiform Gyrus 249 20 L -44 -7 -20

Lingua Gyrus 248 17 L -16 -86 -1

Middle Tempora Gyrus 231 21 L -46 -3 -15
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