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ABSTRACT

Subregions in the medial temporal lofdTL)are critically involved in human episodic memory. While
the perirhinal cortex (PrC) plays a key role in memorphjpects the parahippocampal cortex (PhC) is
preferentiallyinvolved in memory for context. Furthermore, a fundamental property of an episodic
memory system is the ability to minimize interference between similar episodes. The dentate gyrus
(DG) subfield of theippocampus is widely viewed to realize this function through a computation
referred to as pattern separation, which creates distinct fomerlapping neural codes for individual
events. In this thesis, higiesolution magnetic resonance imaging (MRI) tegbhes were used to
investigate the functional organization of the MTL as well asralgged effects on memory pathways.

In the first experiment, higihesolution MRI at 7 Tesla (T) was used to develop a segmentation protocol
that enables researchers to maally delineate hippocampal subfields as well as extrahippocampal
subregions. Critically, the protocol incorporates novel neuroanatomical findings which led to more
detailed boundaries between subregions. Most notably, it includes more anatomically accurate
boundary definitions for subregions that are differentially involved in hippocampal computations (e.g.
5D YR /100 FYR IINB FTTFSOGSR Ay SIN¥eée {1l KSAYS
experiment,ultra-high-resolutionfMRI at 7T and multivaria pattern analysis (MVPA) was used to
provide compelling evidence that the DG subregion specifically sustains representations of similar
scenes that are less overlapping than in other hippocampal (e.g. CA3) and MTL regions (e.g. entorhinal
cortex)¢ a keyprediction of memory models on pattern separation. Studies in rodents and nonhuman
primates suggest that the entorhinal cortex (ErC) can be further divided into subregions that connect
differentially with PrC vs. PhC and with hippocampal subfields alengroximedistal axisHowever,

the functional organization of the human ErC to date remains largely unknGamsequentlyultra-
highresolutionfMRI at 7T was used in combination with functional connectivity analyshe ithird
experimentto parallelthe animal studies and identify functional subdivisions of the human ErC based
on their preferential intrinsic functional connectivity with PrC and PhC as well as proximal and distal
subiculum. The results suggest an antetaieral (alErC) and a posterimedial (pmErC) functional
subregion in the human ErC. In the fourth experiment, the domspircific organization of MTL
pathways was investigated using a novel mnemonic discrimination task with objects and scenes. It was
shown that domairspecific pathwss in the MTL extend towards the subregions of thevi#n€re the
alErGwas preferentially involved in object memory while the pmErC was more involved in memory for
scenes Also, both pathways were differentially involved in mnemonic discrimination of tsbipert
alsoshowed some overlap in the discrimination of scenes. In addition, the results suggest that the two
pathways are differentially affected by ageing where the object @HEGC) but not the scene
processing pathway (PHEnErC) shows reduced activiThe present results advance our knowledge

of the functional and computational organization of the entorhihgdpocampal circuitry and have
implications for theories and models of memory, and mnemonic discrimination in particular. Given
that the finding of reduced activity in the object processing pathwalrC andalErC¢ in ageing
overlaps with the locus of early AD pathology, tlesultsare critical for future studies investigating
functional impairment in ageing and early AD. Furthermore, the tesldmonstrate the potential of
ultra-highresolution MRI for finegrained analysis of functional activity as well as structural
morphometry of subregions in the human MTL.
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GENERAINTRODUCTION

1.1 ORGANIZATION OF MEDIEMPORAL LOBE NERKS

The parahippocampal gyrus (Ph@&nd the adjacent hippocampal formation are key anatomical
structures in the human medial temporable (MTI). (Eichenbaum et al., 2007; Squire et al., 2084y

are heavily involved in several cognitive functions including human mefischenbaum et al., 2007;
Squire et al., 2004%patial navigatiorfEkstrom et al., 2003; Epstein, 2008; Wolbers aimchBl, 2005)
perception(Aly et al., 2013and imayination(Maguire and Hassabis, 2011; Schacter et al., 20h2is,

the following paragaphs will introduce the anatomical and functional organization as well as the main

connections between subregions in the MTL that are most relevant for the current thesis.

1.1.1 ANATOMY OF THE HUMRARAHIPPOCAMPHIPPOCAMPAL NETWORK

ThehumanPhGconsists okubregions that can be distinguished aldtsjongitudinal axis. Wike the

anterior PhGis occupied by the entorhindErG and perirhinal corteXPrQ, the posteriorportion of

the PhGis referred to as the parahippocampal cori@hG (Ding and Van Hoesen, 2010; Insausti and
Amaral, 2012; Pruessner et al., 20(8e Figure 1A). The hippocampal formatiomefers to the
subiculum, the cornu ammonis-3 (CA, CA2 and CA3) and the dentate gy(D§ (Insausti and

Amaral, 2012van Strien et al., 2009see Figure1B for subfield proportions in a section from the
hippocampal body) Throughout thisthesis,i KS G SN)Y @& KA LJLI2 OF YLIza¢ SAf f
sulfields of the hippocampal formation although some authors use it to spmtifirefer to the CA

regions(e.g. Insausti and Amaral 2012).

Figurel. Anatomical organization of subregions in the MTL. §hpws a sagittal view of MTL subregidi8shows a coronal
slice through the hippocampal body and adjacent gyragéed from Ding et al., 2006 HG hippocampusErG entorhinal
cortex; PrG perirhinal cortex PhC parahippocanpal cortex Sul subiculum;CA cornu ammonisPG dentate gyrus fi,
fimbria; alv, alveus

1.1.2 CONNECTIVITY IN THRRHIPPOCAMPAIPPOCAMPAL SYSTEM

The egions in thePhGand the hippocampusare censely connecteénd mostinformation of their
connectivity comsfrom rodent tract tracing studies (see van Strien et al., 2009 for review), IFirgit
discussconnectionswithin the PhG ThePrCand the postrhinal cortegPOR)whichisthe homologue
of the humanPhQC project to the medial and later&rC(mErCandIErQ (Burwell and Amaral, 1998a,
1998b) However, wile PrChas stronger connectits to thelateral portion of theErC the PORhas
stronger connections to themedial portion of theErC LikewisemErCandIErChoth project toPrCand
POR In addition there are extensive directominections betweerPrCand PORBurwell and Amaral,

1998a, 1998b; Furtak et al., 2007Mhus, the min pattern of connectivity suggests ewparallel
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GENERAINTRODUCTION

pathways in theparahippocampal gyrus which is of functional relevance as described later. One that
includes the perirhinal cortex and lateral entorhinal cortex and the other including parahippocampal
cortex and the medial entorhinal cortex.

With respect to connectiondbetween the PhG and the hippocampushet perforant pathway
constitutes the major input pathway and projects from the ErC to all hippocampal subregioiie. Wh
mainly the entorhinal layer Il pjects to the DG and CAStewad and Scoville, 1976; Swanson and
Kohler, 1986) mainly layer Il projects to CAl and the subiculgdierr et al., 2007; Tamamaki and
Nojyo, 1995; Witteand Amaral, 1991)This is true foboth the mErCand thelErC(van Strien et al.,
2009) However, there iadifference in EC projections to CAand the subiculum. Wie IErCprojects

to the distal portion of CAl and thergximal portion of the subiculummErCprojects mostly to
proximal CA1 and distal subiculuiiNaber et al., 2001a; Tamamaki and Nojyo, 1998)s indicates

that the parallel pathways in thearahippocampal gyrus (PHErC and Ph@ErC)extend toward
subregionof the hippocampus.

Hippocampal subfieldsre themselvesgnter-connected via the polysynaptic pathwésan Strien et al.,
2009) Cells in the DG project to GAia the mossy fiberandneuronsin CA3 arén turn connected to

CAL1 via the Schaffer collaterdlshizuka et al., 1990; Kajiwara et al., 2008; Witter, 20BiRglly cells

in CAlprojectto the subiculumAn important feature of the hippocampabnnectivitysystem are the
recurrert collaterals within CA8shizuka et al., 1990; Li et al., 1994hichform an auteassociative
network. Thisis a networkof neurons with collaterals that terminate on dendrites of the parent cell
(van Strien et al., 2009and whichs of special interest for computational models describechiapter

1.2 Fnally, the hippocampal outputs to the Ph@iginate inthe subiculum and CA&nd project
primarily to the deep layers of the€&(Swanson and Cowan, 197Fpr a simplified schematic showing

the main comectionsdescribed aboveeeFigure2.

As it is not possible to perform tract tracing studies in humans, all the data on connections within the
MTL are derived fromodent studies and in general most of our knowledge to date comes from work
on the brain of rodents and monke{isavenex and Amaral, 2006Jowever, despite the differences in
anatomical locations as well as the size of MTL regions, high consistency across species with respect to
anatomy as well as connectivity is assumiddyerthelesspne shouldbear in mindthat very little is
known about the connectivity of the ErC and hippocampal subfields as well as neocortical regions in
the human. This results from the lack of sigimhoise ratio (SNRand spatial resolution in current

functionalmagnetic resonance imagirftMR) studies at 3lesla () MRI
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Figure 2. Parallel processing streams into the

—_— hippocampus @dapted from Knierim et al., 2013
PrC — Neocorticalregionsproject tothe PrC and®ORwhich
1 1 in turn provide the main source ofinput to the

hippocampusThe PrCprojects to the lateral entorhinal
o ErC md MmErC B cortex (ErQ, and the PORprojects to the medial
superficia mamd superficial entorhinal cortex MErG. The EC projects to all
I[ subfields of the hippocampus vighe perforant

pathway. The IErC and mEtkerebyconnect to distinct
regions of CAl and subiculum, segregated along the
transverse axis of the hippocampus. CA1 and subiculum
send return projections to the deep layers of tBeC
There is crosstalk along these pathwalysth prior to
their entry into the hippocampus and especially in the
convergent projections to the DG and CAS8 is

) CAl

-— distal proximal

—r—#—ll

Sub suggested that thenErC and IErC streams are merged
@ proximal distal [y onto the same CA3 pyramidal cells and DG granule cells
u u The DG projects to CA3 via the mossy fibrEse
recurrent collaterals in CA3 are represented by the grey
IErC mErC o circle. CA3 Schaffer collaterals project to Caxid the
deep deep combined representations are then merged in CA1 with
ll ll the separate input streams from the doeEr@CAL
projections.See van Strien et al., 2009 and Knierim et
PrC al., 2014 for detailsDistal and proximal means distal

andproximal withrespect to DG.

1.1.3 DOMAINSPECIFIC FUNCTIORROCESSING STREAMSEM TL

Basedon the anatomical organizain of the MTL described aboyvihere are twoemergingparallel
processing pathwayshich will be described in the followinmparagraphsWhile the PrCgets most of
its neocortical inputs from brain regions that process informatidbout objects (whainformation),
the PhGreceives its inpuigmostly from areas in the brain thare involved inthe proceséng of spatial
information (whereinformation) (Eichenbaum et al., 2012, 2007hese inputs originate from the
visual ventral and dorsal stream respectiv@fyravitz et al., 2011; Mishkin et al., 1988)has been
shown that thesegpathways arefunctionallyinvolved in differentforms of memoryguided behavior
(for reviewseeRanganath and Ritchey, 2012heprecuneus, the posterior cingulate, thetrosplenial
cortex(Rs@, andthe PhCas well as the ventromedial prefrontal cortex and the mammillary boakies
particularlyinvolved in sptal processing ad memory. In contrasthe PrCas well as regions in the
anterior temporopolar cortex, the orbitofrontal cortex and the amygdalag@eferentially involvedn
the processing and memoryf objects(Ranganath and Ritchey, 2012; Ritchey et al., 2009 two
networks are refrred to as the posteriemedial (PMsystem) and the anterior temporal system (AT
system) respectivelfseeFigure3).

It is known from animal studies that these functional systems extend towards the ErC, that is, the mErC
is moreinvolved in spatial processing whereas the IErC is more involved in the processingspatiah
information (Deshmukh and Knierim, 201lore precisely, while the mErC seg to be involved in

computations based on a global reference frame using information about scenes and boundaries in

5 DISSERTATIGNDAVIDBERRON



GENERAINTRODUCTION

the environment, IErC is suggested to process information about individual objects and locations based
on a local reference framéKnierim etal., 2014) Therefore, mErC is suggested to provide the
hippocampus with information about the spatial context, while IErC provides information about the
content of an experience. Although there are connections between the PrC and PhC as well as between
IErC and mErQan Strien et al., 2009patial andobject information remain mostly segregated
(Eichenbaum et al., 20073e= Figure2). Anatomicalstudies in rodents add to the complexity and
suggest that spatial/context and nespatial/object information might even remaigeparate in
hippocampal subregions CA1, CA3 and subic(Nekamura et al., 2013; Sauvage et al., 2@E3)re

they are assumed to converge in the DGierim et al., 2014)

anterior-temporal system

Figure3. Anterior-temporal and posteriormedial cortical systemsWhile regions in red indicate the anteritgmporal system, regionis
blue belong to the posteriemedial system (Figurdapted from Ranganath and Ritchey, 2p¥tPFCventromedial prefrontal ceex; OFC
orbitofrontal cortex,yTPCventral temporopolar corteX2rG perirhinal cortexA, amygdala;M, mammillary bodiestiG hippocampusPhC
parahippocampal corteXRsGetrosplenial cortex CCposterior cingulate corteX3REQprecuneus.

1.2 COMPUTATIONAL MECH®MSE OF HIPPOCAMPUNETION

1.2.1 HPPOCAMPAL COMPUDNS PATTERN SEPARATIOR RRTTERN COMPLETION

Many computational nodelsof hippocampal functiorwere influenced by the work of Davidarr. In
his theory of the archicortex, a structutieat is now better knowras the hippocampus, he presented
a model thatalready integratedhe available knowledge of hippocampal anatoatythat time (Marr,
1971) In the model, simple representatiors of memories that do not contain the full and detailed
information about an eventare stored in the hippocampud hese simple represetations contain
information that is needed to triggehe associatedull representationwhich is stored in neocortical
regions that were involved during this evefihe hippocampusvas thought tatemporarilymemorize
patterns of activitythat represent events during the dandthen transferthem to the neocotex for
permanent storageduring the night.Two features of the model are particularly important for the

understanding of hippocampal computatioasd will be further discussed below.
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GENERAINTRODUCTION

First Marrsuggested that sparse encoding of simple representatiomgjusily a small portion of cells
would make any two similar patterns more distinct from one another and therefarald be most
effective for high storage capacityThis relates to the question how interference between similar
memories can be reduceth an everyday situation where one locks his bike regularly in front of a train
station, which is crowded by bicycles, it will be difficult to find it later when coming .b@bhat is
because thereare so many competing similar memories where the bike wasetbck different
locations in front of the same train statiohlow does the brain resolve such interference between
similar memories®ne potential solution is pattern separation in the hippocamRadtern separation

is a mechanismvhereby similar patternsare decorrelated (or orthogonakd) to create distinct and
independent representations that reduce thaterference between these similar memories The
unique anatomical and physiological organization of the entorkiigbocampal circuitry inspired
computational theorieswhich suggestedhe DGto be ideally suited to perform pattern separation
(McClelland et al., 1995; Treves and Rolls, 19928ording to tksemodels, athogonalizationis most
efficientif the brain regionthat is involved in pattern separation contains many more cells than the
region where the input is coming frorim therat, there are about 200 000 ErC layer Il cells that project
to about 1 million graule cells in th&dG(Amaral et al., 290). Thus,the information coming fronthe

ErC diverges onto a much larger number of dentate granule cells, which increases the sparseness of
the representation.Studies in rodents showed that thaetivity in the DG indeed appears to be very
sparsgDiamantaki et al., 2016; Jung and McNaughton, 1993; Leutgeb et al. &2@DfNere are sparse
connections between DG gramutells and CA3 pyramidal cells via the mossy fibers which further
induce a sparse firing rate in CA8maral et al., 1990; Kesner and Rolls, 200&) inputs converge to
only 330 000 cells in CA3 where each CA3 cell receives only approximately 50 mossy fibeT mysuts.
there is a low probability that different input patterris the ErC activate the same subset of cells in
CA3. Thisighlights theimportant role of the DG ingitern separation- that is the decorrelation of
similar input patterns from the ErC to prevent interference with existing memories.

Second, retrieval was implementedanl NJddddd& so that a partial cue could gradually recreate the
correct simple represntation, which in turn would reactivate the full neocortical representation of an
event. This directly relates to pattern completiera hippocampal computation that allows us to
retrieve memories from partial cues. As reviewed abovesmnputs to CA3ealls come from other
CA3 cells throughout the hippocampus via recurrent collatefairaral et al., 1990; Amaral and
Witter, 1989; Ishizukat al., 1990)It issuggested that CAtBius acts as an autassociative network,
which allows retrieval othe whole memory representation even if it is only triggered by partial

informationvia pattern completion(McNaughton and Morris, 1987; Treves and Rolls, 1994)
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1.2.2 EVIDENCE FROM RODENUDIES

The hippocampus was suggested to function as a spatial map as it contains neurons thaivare a
when the animal moves through a particular location and tluueate a representation othe
environmentg so calledblace cell§O&eefe, 1976; Keefe and Dostrovsky, 197The spatial pattern

of place cell activity remains constant if there are no changes in the environment. However, if the
environment changegxceed a certain thresholdemapping of place cells can be obsery€dlgin et

al., 2008) Empirical studies in rodents lentt@ang support for the important role of the DG in pattern
separation.Leutgeb and colleaguascordedplace cell activitfrom hippocampal subfield€A3 and

DG in experiments where the animdteely moved around (Leutgeb et al., 2007 )Critically, to
investigate whether cells in the DG and CA3 indeed represent small changes in the envirqgrament
key prediction from computational modetghe environment wagradually changinffom square to
circularshaped. They found tha&ven minimal changes to the environment had substantial effects on
the firing patterns in the DG (rate remappinghile larger changeted to recruitment of new cell
populations in CA3 (global remappinglowever, pattern separation is defined as a transformation of
correlated input patterns in the ErC to less correlated patterns in the DG. Neunuebel and Knierim
therefore recordedn two different studiesrom cells in tie ErC as well as DG and CA3 during a task
where global and local cues were put in confiictorder to induce parametric changes in the
environment(Neunuebel et al., 2013; Neunuebel and Knierim, 20@jile cells in the DGhowed
correlations between th@atterns fromsessions without changes in the environmérg. indicating a
similar representation of the same environmenthey showed decorrelated patterns as soon as
changes were introduce@e. indicating a different representation for slightjfferent environments)
(Neunuebel and Knierim, 2014C¢ritically, these patterns were more decorrelated compared to the
ErC and CA3 (Neunuebel et al., 2013)thus demonstratingthat the DG hosts more distinct
representations for similar environments than CA3 and EsGhe DG receivets inputs from the ErC,
thiswasdirect evidence that the DG is involved in the decorrelation of similar input patfesrsthe

ErC.

1.2.3 EVIDENCE FROM HUMANUBIES

It is difficult to investigatepattern separation mechanisms in humans as noninvasive tqaksi
cannot assess direct neuronal conigtions. Thereforeresearchershave developed taskihat are
supposed to pose high demands on pattern separation functions by varying sensory input to induce
interference between similar events (ska et al., 201@or a summary of behavioral paradigm$he

most commoty used task is a continuous object recognition paradigm which is known as the
Mnemonic Similarity Task (MgBakker et al., 2008; Kirwan and Stark, 200Y}he MST, participants

are presented with a continuous stream of objects which can be either first presentations (new),

repetitions (old) or similar to an earlier stimulus (similar). In éxelicit memory version of the task,
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subjects had to respond to each stimulus with old, new or similar judgemdrdseas they were asked

for indoor/outdoor judgements in the implicit task version. The analysis of the fMRI data followed a
repetition suppresion (or fMRI adaptation) approac(GrillSpector et al., 2006)Repetition
suppression fMRI is widelysed to assess neunadpresentations and ibuilds on the fact thablood
oxygenlevel dependent BOLD fMRI activity levelslecrease with repeated stimuli possibly due to
neuronal adaptation(GrillSpector et al., 2006; Krekelberg et al., 200@)r pattern separatioythis
leads to the following asimptions: If a brain regiois not involved in pattern separation, it should
show repetition suppressiofor similar lureghat is comparable to repetitions. This might be doea
similarneuronal population involved in thenderlying neural representation of both stimulusrsions

(see FiguredA). Critically a region that is involved in pattern separation should not show repetition
suppressiorior lures due to the orthogonalized neural representation of the similar $tiraulus (ge
Figure4B). Thus the critical measure is the novelty signal (i.e. no repetition suppressiasiinilar

lures compared to the lack of a novelty sig in repetitions (i.e. repetition suppressiofjjassa and
Stark, 2011)Throughout the experiments presented in this thesis | will refer to the enhanced activity
for lure stimuli compared to repeated ones (lures > repetitions) as-releed novelty. The fMRI
results from the MST pointed towards lurelated novelty response (higher activity for lures than
repeats) in bilateral DG/CARuUt not in other hippocampal subfields (e.g. QA% extrahippocampal
regions (ErC, PrC and PKB3gkker et al., 2008; Lacy and Stark, 20ARhough these results fit nicely

to the findings in the rodent literature and the predictions from computational models, onddas
bear in mind that repetition suppression is an indirect measure of neuronal computations and its

underlying mechanisms are not yet entirely understood in human {{@RIFSpector et al., 2006)

Figure 4. Repetition suppressionfMRI to
investigate representationsA brain region
shows a decrease in activity with repeated
stimulus presentationge.g. the repeatel
presentation of the same table)This
decrease is referred to as repetition
suppression.(A) If a brain region is not
involved in pattern separationthere should
be repetition suppression for similar lures
that is comparable to repetitions due to the
similar neuronal population involved in the
Erl Fﬁ K'( Frl F[“ K’C underlying neural representation of both
stimulus vesions.(B) A brainregion that is

involved in patternseparation should not

.
>

A | B

mean average BOLD activity
mean average BOLD activity

1t repetition lure 1t repetition lure o :
show repetition suppression for lures due to
] | [ | | | | H B the orthogonalized underlying neural
.. .. -. .. = .. representation of the lure stimulusSee
| | | EE BB || | EE B [ GrilkSpector et al., 2006 and Yassa and
underlying neuronal representation underlying neuronal representation Stark,2011 formore details
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1.3 VULNERABILITY AGEING ANBLZHEIME® DISEASE

Ageing as well as neurodegenerative diseases affecstituetural integrity of the human brain and
particularly the MTLThose changes are accompaniedpgcific alterations in critical medial temporal
circuits andcomputationsresultingin behavioral impairmentsTherefore | will review the known
STFFSOGa 27F | 3SAy 3I(AD ghhe MTLINKNS follb\Eigpddagragks a S &4 S

1.3.1 AGEING

Aged indviduals often show difficulties in episodic memowhich is the encoding and conscious
remembering of eventgGrady and Craik, 20Q0fxecutive functiol including working memory,
attention, processing speed and task switchaing also subject to ageslated declingsee Grady, 2012
and Hedden and Gabrieli, 200dr reviews). Furthermore ageinghas widespread effects on the
neocortexg especially omprefrontal and temporal corticegFjell and Walhovd, 2010; Raz and Rodrigue,
2006; Salaet al., 2004)

Structural integrityof the hippocampal system

Hippocampal volumdecreasswith increasing agé-raser et al., 2015; Raz et al., 208&J correlates
with memory performance in ageir(@orbach et al., 2016; Hedden et al., 201&@a et al., 2016/
more detailed analysisf the volumetric changes dfippocampal subfields seems to be promising and
there is evidence that ageing especially afféahtssDGand CA3Mueller and Weiner, 2009; Peraiet
al., 2014; Shing et al., 2011; Small et al., 2004, 2002; West,. 18®8¢ver, it should be noted that
there are also contrasting results that suggest that morsearch and harmonizegegmentation
criteriaare needed to understand the effects ajeing orvolume ofhippocampal subfield&le Flores
et al., 2015a; Yushkevich et al., 2015a)

Ageingmay affect the hippocampus in various waysee Leal and Yassa 2016r review) First
entorhinal inputs to DG and CA3 are redutgdsynapse loss in thedent perforant pathway(Smith

et al., 2000) Simultaneouslythe number of synages omo CA3 cells coming from their recurrent
collateralsis not reducedduring ageing.Diffusiontensor imagingstudies in humans could also show
atrophy of the perforant pathway ihealthy(Yassa et al., 2010ajpd memoryimpairedolder adults
(Kals et al., 2006gompared to young healthy individualBis degradationof the perforant pathway
was furhermore correlated with memory deficits(Yassa et al 2011b) Other factorsinclude the
reduced modulation by cholinergic and dopaminergic systdm ageing the reduced activity of

inhibitory interneurons and weakened synaptic plasticity (see Wilson et al., 2006 for review).

Functional impairmentsf the hippocampal system
It was suggested that these changeight lead toan imbalance of hippocampal computationbere
the DGas a resulffails to orthogonalize similar input patterns while CA3 shows increased pattern

completion activity(Wilson et al., 2006)This might lead to problems to encode new information
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sufficiently differenty from alreadystored memoriesresulting in increasedinterference. Indeed,
studiesin humans usinghe MST where elderly subjects had to discriminate samifrom repeated
images lends support to these hypothesé¥assa et al., 2011b)n this studysimilar imagesvere
more often identified a®ld by the olde agegroup, which suggestghat elderly individuals required
more dissimilarity between imagds generate lurerelated novelty signals in the hippaog@us. In
addition, lure-related novelty responsetn BOLD fMRWwere associated tomeasures of memory
performance and perforant pathway integrisyiggestinghat indeed changes in hippocampal integrity

are linked to alterations in hippocampal computations and memory impairment.

Structural and functional integrity of the parahippocampal gyrus

Agerelated efectson volume of extrahippocampal regions are less pronour(&adatet al., 2004)
While there are correlationsf age with hippocampal voluméehere is no or only weak evidenter
reduced volumeof ErC,PhCand PrCin ageing(Dickerson et al., 2009; Raz et al., 200%)ereare,
however,studiessuggestingunctional impairment othe agedPrC Burke and colleagues showtit
during the exploration oénvironmentsncluding objectsaged rats had reducdérCArc protein levels
(Burke et al., 2012and their PrCs firing rates were reduce@Burke et al., 2014)which might both
explainan observedehavioral objectiscrimination defici{Burke et al., 2011A similar findinghas
been showrby Ryan and colleagu@s humans In their fMRI study, participants had tcompletean
object matching task using objects with high and low overlap of features in order to modulate task
difficulty. Theyshowed thatthe PrCof young individuals was engaged during the matctuhgighly
similar object pairs. Intriguingly, elderly participantst only performedworse but also showed
reduced activity in bilateral anteridPrC(Ryan et al., 2012)aken together thse findings pointo

early alterations and functional impairmentiine agedPrC

Differentiation of ageing and neurodegeneration

Studies focused on healthy ageing try to exclude elder participants with early cognitive signs of
dementia. However, it is challenging to sassfully distinguish between brain ageing and
neurodegeneration §ee Jagusf013 for review). Posatortem studies show that even cognitively
normal elderly adults presented substantial AD pathologBennett et al., 2006)This fits well with
studies using positron emission tomography (PET) or cerebrospinal fluid (CSF) measureswhat s
evidence of AD pathologiamyloidbeta; see following paragrapljready in normal elderly subjects
(Jagust et al., 2009; Morris et al., 2010pherefore, it is possible that a significamtmberof ageing
studieshaveincluded subjects with preclinical AD and that some of the alterations seen in agajng
be related to presymptomatic Al¥Jagust, 2013However, it imow possible to stratify elderly subjects
for amyloid positive and negative markers using amyloid PET imaging. Followingptisiach Oh and
colleagues showed that even elderly subjects without evidence of fibrillar larayioidbeta show

declines in memory and executive function in comparison to young sul§febtst al., 2012)
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1.3.2 ALZHEIME®DISEASE

Neuropathological characterization of AD

The hallmarks of AD pathology aamyloid plagues and neurofibrillary taleg (Hyman et al., 2012)
While amyloid plagueare extracellular amyloitheta (Abeta) depostions, neurofibrillary tangles (NFT
constitute intracellular aggregates of hyperphosphorylated tau profdeck and Holtzman, 2013)
NFTs follow a specific topographic pattern of progression. Tirgyappearin the brain stem (locus
coeruleus) and the transentorhinal region before they spread toBHhg andthe hippocampugBraak
and Braak, 1991)n laterstagesNFTsspread to limbi@reas othe medial and inferior temporal lohe
posterior cingulate cortexgortical association areas ariddlly to primary sensornotor areas as well
as visual areaBraak et al., 2006; Braak and Brae#9Q1; Braak and Tredici, 2011)

Structural MRI

Regions in thdMTLare among the earliest siteaffected byneurodegeneration in ADMRI in humans
showedthat cortical thinningn the ErC becomes evident alreadyagnitively normal individuals that
later progress towards AStoub et al., 20053s well as irpatients with mild AQ(Dickerson et al.,
2009) Other studies highligltd early atrophyin preclinical AD and amnestimild cognitive
impairment MC) compared to mrmal controlsin the PrCand mainly the lateral portion of th&rC,
which was more pronounced in the left hemisphdiiller et al., 2015; Yushkevich et al., 2015b)
Although hippocampal volumseems to be @ood predictor for the conversion from the MCI stage
towards AQ0Jack et al., 1999nore finegrained measures at the level of hippocampal subfields might
provide more sensitive markers of degeneratidtaruszak and Thuret, 2014hdeed, most studies
report focal atrophy of the CA1 subfield in the early stages of AD and some studies ghggdise
analysis offocal atrophy patters compared to whole hippocampal volumetry might improve the

diagnosis at the MCI stage (see de Flores et al., 2015 for review)

Functional imaging studies

Recently a functional imaging studyexamined cognitively normal elderly subjects that later
progressed towards AD usihighresolution cerebral blood volume (CBWIRI to assesmetabolism

in brain regions that are early affected during the dise@&®an et al., 2014Their results suggest that
the ErCand PrGhowed decreased metabolism in elderly subjects that progressed towards mild AD
compared to subjects that did not. Detailed analyses suggetttat thelErC might be more affected
than themErCand that the impairment in metabolism correlated with brain regions in the PhG and
the precuneus whicfurther suggests that AD effects spread along connected brain re@seesalso

Liu et al., 201@ In a different line of researchegeral human imaging studies showeddence for
hyperactivityin the MTLin early disease stagesing fMR[Bakker et al., 2015, 2012; Dickerson et al.,
2005; aBrien et al., 2010; Yassa et al., 201Tagkerson and colleagues showed that MCI patients

presented hyperactivityn the hippocampusompared to normal controls and AD patiefiickerson
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et al., 2005)In a later studythey reportedthat elderly subjects thatleeadyhadmemory impairments
showed higher BOLD activinda steeper decline d8OLDactivity 2 years late(O®Brien et al., 2010)
This suggests that early psgmptomatic stages of AD are characterized by hyperactitigreas léer
stages of profound AD show a decrease in actiiggeDickerson and Sperling, 200& a review).
Studies using mnemonic discrimination tasks that pose high demands on pattern separation also
showed evidence forhyperactivityin hippocampal subregions DG and G#3well asdecreased
discrimination performance ofisually similar lure stimuli in patients with amnestic MCI and even
normal controls(Yassa et al., 2011a, 2010Bpkker and colleagues showed that a pharmacological
intervention was successful in decreasing activity in DG and CA3 whiah tvasassociated with an
increase in dicrimination performancéBakker et al., 2015, 201Jheexperiments fromBakkeret al.
point towards a pathologad role of MTL hyperactivitwhich is further corroborated by other studies
(Huijbers et al., 2015; Leal et al., 201@Yyerallthese findings are in line with the predictions reviewed
earlier that ageing and disease processes have effects on the balance of mipgabcmputations

and thus leado anencodingimpairmentof novel events (see Wilson et al., 2006 for review).

Alterationsin preclinical AD

AD pathology is assumed to Ipeesentin the human brain several yeatsefore clinical symptoms
occur. Thus, it is importantto foster reseach that aims for the early dettion of AD related
impairmentswhich is hoped tdead to earlier diagnosiand iswhy the concept of preclinical AD was
introduced to neurodegenerative researcBperling et al.2014, Duba et al., 2016)Given our
knowledge on specific and targeted impairments in MTL structures in these early stabtde but
specific impairments might be expected in preclinicalthft precede hippocampal impairmenis
theseearlyimpairments overlapstantially with object processing pathways described eaffieG
alErC)it will be important to understand how these networks are functionally affected by ageing and
disease. It might well be that specific functional networks are affected earlieratiens which might

have effects orspecificcognitive measurefidic et al., 2011)

1.4 HGHRESOLUTIOSTRUCTURAL ARDNCTIONAMRIOF THIMTL
In all experiments presented thisthesisMRIwas used. Tins, the technique will be shortly introduced
in the following paragraphs and differences between MRI at low and high magnetic fields will be

described. Finally, challenges in the analysidtoé-highresolutionMRI data will besummarized

1.4.1 HGHRESOLUTIOWRIAT LOWER FIELD N®EHS

In order to understand the functional role tfe varioussmallsubregionstheir functional networks
and their specific susceptibility to eigg and diseaséescribed aboveit is important to image the
whole parahippocampatntorhinal circuitry Tracttracing methods as well as single cell recordings in

animals can onlprovide information on subregions of the system of interest. In contid&|allows
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nor-invasive investigatioof the whole brain by providingtructural andfunctional measures=MRI
has become a very powerful and important techueqo investigate human brain functioht is based
on the BOLDcontrast which is an indirect measure of neuronal actiuigpending on thaifferent
magnetic properties ofoxygenated anddeoxygenated blood hemoglobifOgawa et al., 1990)
Standard fMRI sequences can image the whole brain with approxiynabteimisotropic resolution.
Thisresolution, howeverdoes not allow the inestigation of small subregions such tdppocampal
subfieldsg neither structurally nor functionallyRecent approachessinghighresolution fMRlhat is
optimized to image the human M.make this techniqugarticularlyuseful to identify the functional
role of small subregionLurrent approaches can image partial volumes that cover the MTL with a
resolution of about 1.5mm isotropic voxelBakker et al., 2008; Carr et al., 201Bjghresolution
imagingconsequentlycomes at the cost of a partial imaging voluméich means that due to the
increase in resolutiomnd therebyincreased number ofcanning slicesnly a specific portion of the
brain can be imagedithin the same time Therefore,high-resolution MRI should only be applied if

there is a strong hypothesis about specific and small brain regionstworks

1.4.2 ULTRA HIGRIELIMRIAT7T

Although highresolution MRI at lower field strengths enables researchers to investigate subregions in
the MTL, theresolution as well as the SNR is not enough to resolve important bounditieisat

higher field strengthss favorable due to the increase in spatial resolution and SNR. As SNR increases
almost linearly with field strength, 7T provides significantly higher SNR compared to 3T and this
increase is highest at high resolutifohmann et al., 2016; Triantafyllou et al., 20@3rly studies at

7T showed that it is possible to image the human hippocanpdstailat 7T usingtsuctural (Kerchner

et al., 2010; Theysohn et al., 2009; Thomas et al., 2868)ell as fMR(Theysohn et al., 2013)
Theysohn and colleagues could sh@liablememory related activity in the hippocampus which was
sigrificantly stronger compared to 3T, suggegtingher BOLD sensitivity at 7T.

The experiments described in chapted 2ocugd on the detection of fine grained representations in
small MTL subregions as well as their functional connectiaityg morphometry. Thus, these
experimentsare all based on 7T MRI sequences. The structural sequences used here include T1, T2
and T2* weighted contrasts and range from 0.33 tont6 in-plane resolution and 0.6 to 2mm slice
thickness(see Figure5). The functionalechoplanar imaging EP) sequence that is used in those
experiments has an isotropic resolution of 0.8mm. Due to the héglolution, functional as well as

structural sequences only cover partial brain volunseseFigureb).
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Figure 5. Examples of main
sequences that were used in th
thesis. For structural brain scans
hightresolution T1 weighted(0.6mm
isotropic), T2 weighted
(0.4x0.4x0.4mm) and2* weighted
(0.33*0.33*3mm) sequences were
used (upper row). n order to
investigate functional activity an
echoplanar imaing (EPI) sequence
(0.8 isotropic) was used (middle raw)
Due to the high ifplane resolution
and small slice thickness, EPI as well
as T2 and T2* weighted sequences
did only cover parts of the brain. The
resulting overlap of partial volumes
with the whole brain T1 weighted
sequence is displayed in the bottom
row. In order todo group analysein

a common space, study specific group
templates were generated using
ANTgsee right image in bottom row)

EPlon T1 2= onill study-specific T1 template

Highresolution approaches that aim for the investigation of small subregareschallenging and
require specific analysis techniques. Most analysis tools that are provided in neuroimaging packages
are not optimized for the higheresolution available at 7T. Therefore, tools from different
neuroimaging packages were combined ia tbllowing analyses. This includes the Statistic Parametric
Mapping package (SPM, Wellcome Trust Centre for Neuroimaging, London), the FMRIB Software
Library (FSL, Oxford Centre for Functional MRI of the Brain) and Advanced Normalization Tools
(http://stn ava.github.io/ANTSs/). Three challenges will be introduced that played an important role in
the experiments described in chapter 3, 4 and 5. MRI studies at standard resolution using 3T MRI
scanners usually face the problem that due to motion in the scanneeparate scanning sessions
structural (e.g. T1 or T2 weighted sequences) and functional (e.g. EPI sequences) images are not
perfectly aligned to each other. To assign functional results to specific brain regions taléh vain

images have to be cegstered This can be achieved usingegistration algorithms implemented in

the common neuronaging packages (e.g. SPM,)F¥he situation in highesolution imaging studies

at 7T is differehas the images that must be i@gistered only cover a specifiortion of the image.

Thus, they share less overlapping information that can be used to realign the insegésgure5,

bottom row). Caegistration issues become even more critical as the experimetitssithesis focused

on subregiorspecific activity in the MTL where only smakdouracies in gegistration can have

severe implications for the analysis. Therefore, a combinatbrcarefully tuned coegistration

15 DISSERTATIGNDAVIDBERRON



GENERAINTRODUCTION

algorithms from FSL and ANTs packages was used to align structural and functional imaiges in th
thesis.

To analyze group activity patterns, as will be shown in chapters 3, 4 and 5, it is critical to project the
data of each intvidual participant to a common space that represents all the participants. Group
templates based on Fdeighted standard resolution (Imm isotropic voxels) images representing the
general population are provided with all neuroimaging packages. Howevee theup templates do

not provide the resolution and contrast available at 7T. In addition, they do likely not accurately
represent aged individuals, which will be necessary in chapter 5. Therefore, a sample specific group
template was generated in chaptB, 4 and 5 usingdvanced Normalization Tool&N T3 (seeFigure

5; buildtemplateparallesh, Avants et al, 2010).

In highresolution studies focwed on small brain regions rather than whole brain analyses one
additional problem isthe definition of regios of interest (RO). In MRI studies at 3T a common
approach is to defin@an ROlbased on an atlas in stdard space (e.glalairach space or Montreal
Neurological Institute (MNI) spaceHowever, thisapproach is prone to individuahaccuracies in
coregistration and spatial normalization. &ddition, this approach does not take into account the
individual variability in anatomical patternsTherefore,all subregions in chapter 3, 4 and 5 were
manually delineated based on anatomical boundaries following manual segmentation protocols (e.g.
Wisse et al., 2012)Recent findings in neuroanatomyowever,have alered previously assumed
subregion boundaries. Consequently, for the reasons described above, a new segmentation protocol
was established inhapter2.

As activitypatterns in subregions of the MTL were of specific importandaese experiments, it was
necessary to make sure thainctional maps of all individuals shared as much overlap as possible in
these subrgions. Thereforea landmarkguided normalization technique was used that matched
target regions delineated on the individual images as welhasbmmon group template spacsing
Region of InteresAdvanced Normalization Tools (RENTS(Avants et al., 2011; Yassa and Stark,
2009). First the hippocampal head (HH; on the first slice on which it appear§),(& the first 4
consecutive slicestarting on the HH slice), the hippocampal body (HB) and ti@ 8ame slices as

HB) were labeled on thgroup-specific templateas landmarks for the subsequekindmarkguided
alignment Similarly, subjeespecific ROIs were drawn on the individUigweighted imagedo match

the template priors.Finally the expectatiombased point set registration (SyN[0.5]) was used to

register the individual'l weighted imagesn the Titemplate based on the labelddndmarks

1.5 AIM ANDOUTLINE

In this thesis, highresolution imaging techniques were used to investigate the anatomy and

connectivity between subregions in th&TL The main purpose was to further understand the detailed

organization of ML pathways and derive more firgrained subdivisions based dhe animal
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literature. Inaddition,the aim was to elucidate the functional and computational role of subregions in
domainspecific processing as walkmnemonic discrimination that poses higlemands on pattern
separationFurther undersanding of bottthe structural and functional organization of MTL pathways,

is important as brain regions in the human MTL as well as specific episodic memory functions show
enhanced vulnerability to ageing and early stages of dis@aiskerson et al., 2009; Stark et al., 2015,
2013) Consequentlya specific focus of th thesis is the questiomvhich memory pathwayshows
earlier impairments in ageing and might thus be important for the early détecof AD related
alterations.

In this Generallntroduction, | introduced concepts that relate closely to the experiments that are
presented in this thesis including a summaryMTL anatomy and connectivity, an overview of
functional MTL networks and computations as well as an introduction to the vulnerability of the MTL
G2 F3ISAy3 FyR ! 1 KIS hnhEdwng)wvill rédéntit® endpiridalwhiki of thid
thesis in four chapters (Chegrs 25). In hapter 2, anovel manual segmentation protodslpresented
which is based on recent anatomical and histological findiigfs the aimto enable researchers to
investigate the role of MTL subregions with respect to function but algeing and early
neurodegeneration ik\D. Inchapter3, the central prediction of computational modeisat subregions

in the MTL and hippocampal subfields are differentially involved in pattern sepaiatteated using
ultra-highresolutionfunctionalimaging at 7 Tesldn chapter4, the functional anatomy of networks

in the MTL is investigated and intrinsic functional connectivity analyses were used to test whether the
ErCin humans is similarly organized compared to rodents and primdteshapter 5, a task was
designed to investigate the functional organization and integrity of these functional networks that are
vulnerable to alterationin ageing anearly stages oAD. Firally, all experiments are summarized and

discussed irchapter6.
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2.1 INTRODUCTION

Thehuman hippocampus and the adjacent medial temporal lobe (MTL) regions have been implicated
in a number of cognitive functions including episodic memepatialnavigationand perception. At

the same time, MTL regions are affected by a number of pathological conditions such as depression
(Huang et al., 2013)pogtraumatic stress disordefWang et al., 2010)epilepsy(Bernasconi et al.,

2003) and neurodegenerative diseases like Alzheimer's Dig€askerson et al., 2004; Du et al., 2007;
Rusinek et al., 2004n vivo MRI research on the functional anatomy of the human hippocampus and
the MTL has made considerable progress over the past years and novel neuroanatomical findings have
increased our knowledge on subdivisions of the MTL (for a recent atlafisgeet al., 2016). More
specifically, novel data became available on the boundaries of the subdivisions in the perirhinal cortex
(Prg - area 35 and area 36 depending on sulcal patterns that differ between hemispheres in
continuity and depth(Ding and Van Hoesen, 2010Q)kewise, the boundaries of subiculum (Sub) and
CALl in the hippocapal head (HH have been shown to feature anatomical variations between
individuals that depend on the number of hippocampal digitatifidsg and Van Hoesen, 2015)

Until recently, a major barrier to further advances in research on the MTL was the sparse anatomical
reference from histological studies to guide in vivo segraton of these regions. Often only a few
slices from a small number of cases are presented in histological reference materials. As a result, there
is limited information available about the location of subregion boundaries for in vivo segmentation
protocds, especially with regard to anatomical subvariants. Additionally, most of the extant
histological reference material is based on samples sectioned at orientations different from in vivo T2
weighted MR images, used for MTL subfield segmentation, thatyaieally obtained perpendicular

to the long axis of the hippocamp¥ushkevich et al., 20154d) is unclear how much this difference

in orientation affects the riative location of the boundaries within the MTL and how well it translates

to in vivo MR images, especially in the more complex head region of the hippocampus (these issues
were also mentioned iwVisse et al., 2016a)he aforementioned new histological study by Ding and
Van Hoesen addresses this point as they presented data from 15 samples sectioned perpendicular to
the long axis of the hippocampus, thereby matching commonly used MR images, and providing more
than a $ngle case to account for anatomical variations between brédmsg and Van Hoesen, 2015)
However, tle delineation of these small MTL structures on in vivo MRI is also limited by the information
available in commonly used MR images-wiglghted 3T images with high-plane resolution are
generally used to delineate hippocampal subfields because of thalidation of the stratum radiatum
lacunosum moleculare (SR),Mvhich appears as a thin dark band on these scans and can be used to
define borders between some of the subfields. Such higplane reslution can often only be
obtained at the cost of either lower sigr@l-noise ratio or larger slice thickness, given the limited scan
time available especially in clinical populations. This limits the precision of the measuremplatsan

and along thedng axis of the hippocampus. Recent developments at 3T, and the increased availability
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of ultra-high resolution MRI at 7T now allow for increased sigmadoise ratio and resolution and
thereby a more consistent visualization of internal features frormesto slice while maintaining a
smaler slice thickness (of up tarim) in a reasonable scan time.

Indeed, several segmentation protocols have been published f¢B@iitet et al., 2014; Goubran et

al., 2014; Maass et al., 2015, 2014; Parekh et al., 2015; Suthana et al., 2015eW\ikse2012)
leveraging the improved visualization for the distinction of small subfields such as the dentate gyrus
(DG) and CA3 in the hippocampbBarekh et al., 2015the SRLMKerchner et al., 2012and allowing

for specific analyses of subregions of the @l@ass et al., 201%nd even entorhinal layer@aass et

al., 2014) However, most 7T protocols limit the segmentation to the hippocampal body, with the
exception of Wisse et al. (2012) and Suthana et al. (2015). Additionally, most published 7T protocols
have not reported interor intra-rater reliability. Aside from that, there is also a considerable number

of hippocampal subfield segmentation protocols available at lower field strer{@hagherty et al.,

2015; Joie et al., 2013; Malykhin et al., 2010; Mueller et al., 2007; Winterburn et al., 2013; Zeineh et
al., 2001) However, none of these protocols neither at 3 nor at 7T¢ have incorporated the
anatomical variations dependent on hippocampal indentati{idisig andvan Hoesen, 2015)

Manual segmentation protocols that include extrahippocampal regrt&and PhCmainly exist for

T1 weighted images with standard resolution at 3T MRctko et al.2009, Insausti et 311998,
Kivisaari et a)2013 Pruessner eal., 2002;but seeSuthana et aJ.2015and Yushkevich et al2015b

for T2 weighted highiesolution MRI). The manual segmentation of the ErCRn@lis complex, as the
anatomical boundaries change based on the depth of the collateral sulcus, which hierfurt
complicated by the variability of sulcal patterns across hemispheres. Only few protocols at 3T provide
depth-specific ruleg(Insausti et al., 1998; Kivisaari et al., 20480 even less consider different
subvariants of sulcal patterrfBeczko eal., 2009) Crucially, no protocol has yet incorporated the more
comprehensive and novel information on MTL anatdiing et al., 2009; Ding and Van Hoes@1,®

while leveraging the high resolution at 7T to provide subvargp#cific and deptldependent rules

that account for the variability across and within subjects.

There is a large muithvestigator effort currently underway to develop a harmonizedtpcol for
hippocampal subfields and extrahippocampal subregigWésse et al., 2016a)following the
harmonized protocol for the total hippocampyépostolova et al., 2015; Frisoni et al., 2015his
harmonization effort was launched to overcensignificant differences reported between extant
segmentation protocolgYushkevich et al., 2015a)jowever, the harmonization effort is currently
aimed at 3T MRIi¢st limited to the hippocampal body, to be followed by expansion to the head and
tail), and the protocol for 7T and extrahippocampal regions is not anticipated for several more years.
The aim of this study was therefore to establish a segmentation pobttc manually delineate
subregions in the parahippocampal gyrus as well as hippocampal subfields while leveraging the

information available at 7T MRI images. We incorporated newly available information from histological
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studies and conferred with a neurpatomist (SL.D.) to provide anatomically valid and reliable rules.
Intra- and interrater reliability results are included for 22 hemispheres of younger adults. Additionally,
this manuscript provides a comprehensive description of the segmentation o&légpocampal
regions, including detailed information on anatomical variation between subjects.

Please note, although this protocol is presented as the first stuthyrthis thesis, it was only finished
after the other studies were already done. Themefothe protocol presented in this chapter was not
used for the manual delineation of subregions in the following studies throughout this thesis but relied

on earlier published protocols instead.

2.2 MATERIALS ANDETHODS

2.2.1 PARTICIPANTS

Participants were includk using baseline data from a study investigating the effects of physical
exercise on the brain. Exclusion criteria were reports of regular sports activities that improve
cardiovascular fithess as well as high physical activity levels. In addition, enscipere screened

for known metabolic disorders and neurological or psychiatric history, and excluded from further
examination in case of incidents reported during history taking. Participants were recruited from the
Otto-von-Guericke University campus iMagdeburg. Fifteen young and healthy individuals (16
hemispheres) were included from the baseline scan before any intervention. Seven additional subjects
(8 hemispheres) were included after refining the rules for sulcus depth measurements (age range 19
32, mean age = 26, 12 femakee2.2.9and2.3.1). In total, we used 24 hemispheres of these subjects.
All subjects gavenformed and written consent for their participation in accordance with ethic and
data security guidelines of the Otmn-Guericke University Magdeburg. The study was approved by

the local ethics committee.

2.2.2 WORKSHOP

In order to test the usability of the nmaial segmentation protocol, we hosted a segmentation
workshop for 35 participants who were mostly novices (29 out of 35). The protocol was sent out four
weeks prior to the workshop in combination with example MR imaigegive participants the
opportunity to familiarize themselves with the segmentation approach. On site, we presented the
protocol followed by an intensive hands session. From that, we used the given feedback and most
commonlyoccurring problems to refine the protocol and improve comprelileitisy for novice raters.

This includes figures that provide a quick overview of the riigarel4), more detailed annotations

of the sliceby-sliceplots Figure8, Figure9, Figurell, Figurel?2) as well as supplemental materiagé

Supplementary Figurgef cases witliare anatomic variants.
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2.2.3 IMAGE ACQUISITION

Imaging data were collected at the Leibniz Institute for Neurobiology in Magdeburg on a 7T MR scanner
(Siemens, Erlangen, Germany) with acBannel head coil (Nova Medical, Wilmington, MA). We
acquired 22 partialurbo spin echo (TSE) W&ighted images oriented orthogonal to the long axis of

the hippocampus (iplane resolution = 0.44 x 0.A4¥n, 55 slices, slice thickness mth, distance factor
=10%, TE = 76 ms, TR = 8000ms, flip angle = 60°, FOV = 224mm,thanthidHz/Px, echo spacing

= 15.1ns, TSE factor = 9, echo trains per sti&). The slice thickness ohth together with the 10%

distance faabr results in a distance of Irim between slices. Scdaime was 7:46 minutes.

2.2.4 FGMENTATION SOFTWARE

Structureswere manually traced by two experienced raters (A.H. and A.L.) on oblique coronal slices
using ITKSNAP (Version 3.4; www.itksnap.ovgishkevich et al., 2006)he images were adjusted for
equivalent contrast range prior to segmentation (by capping tr@mst curve at a maximum of 500).
ITKSNAP provides very useful features for implementing this protocol, i.e. an annotation tool for

drawing lines and measuring distances.

2.2.5 MANUAL SEGMENTATIGROFOCOL

The protocol describes rules for manual segmentatibstructures in the MTL in coronal MR images.
The segmentation guidelines for the parahippocampal cofd( perirhinal cortexR®rC area 35 and

36), entorhinal cortex (ErC) as well as thiter contours of the hippocampus are described in the first
part (2.2.7), and further subdivision of the hippocampus into subfields are described in the second part
(2.2.8, for a segmentation hierarchy sddgure6). Boundary rules are based on retefata from
neuroanatomical atlase®ing and Van Hoesen, 2015, 2010; Ding et al., 2016; Mai et al., RO1I%}
protocol, we separately report neuroanatomical evidence and rasgltules which can be applied to

MR images. Boundary rules are provided in millimetermake the protocol applicable to scans of
different resolution and facilitate comparisons with the neuroanatomical literature. The protocol is
particularly focused ot 2weightedimages acquired at 7T with 0.42.44mm?2 inplane resolution and

1mm slicethickness with 0.thm spacing. Some inner boundaries described in the section about
hippocampal subfields, especially the boundaries of CA3 and DG that rely on theaimrabf the
endfolial pathway(Lim et al., 1997)are likely only applicable to 7T higksolution T2 imges.
However, the described protocol could potentially also be applicable to other images that are acquired
orthogonally to the long axis of the hippocampus with similaplane resolution andarger slice

thickness (e.g.rBm slice thickness).
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Figure6. Segmentation hierarchySegmentation of entorhinal cortex (ErC), area 35 and 36 of the perirhinal cBri@x garahippocampal
cortex PhQ and the whole hippocampus separated into head (HH), body &H@ tail (HJ are descriled in 2.2.7 (dark blue) and
segmentation of hippocampal subfields is described.t8(light blue).

2.2.6 ANATOMICAL LABELSSETHE PROTOCOL

In this protocol, we segment ErBrCand PIC. We differentiate between area 35 and 36, which are
frequently considered together as coitsting the PrCin manual segmentation protoco(®uncan et

al., 2014; Ekstrom et al., 2009; Olsen et al., 2013; Preston et al., 2010; Zeineh et a).eR0&dt)for
(Kivisaari et al., 2013; Yushkevich et al.,, 2015%®H)wever, these regions constitute different
neuroanatomical parts dPrC(Ding and Van Hoesen, 201Therefore, following the terminology of

Ding and Van Hoesen, we refer tefe regions as area 35 and 36. Note that these regions are slightly
different from Brodmann areas 35 and 36 as the latter extend more posterior than area 35 and 36 in
our study (for discussion see Ding and van Hoesen, 2010). We note that area 35 rougisiyorwls

to the transentorhinal regiofBraak and Braak, 1994)d also to the medi&rC(Kivisaari et al., 2013)
Detailed guidelines for hippocampal subfields involve the boundaries between the subiculum (Sub
CA fields 13 and the dentate gyrus (DG). Note that our segmentation of Sub includes subiculum
proper, prosubiculum, presubiculum and parasubicul{iding, 2013)Also, the DG here includes the
hippocampal hilus or region CA4, as these cannot be separated at this field strength. The SRLM is
equally divied between its surrounding structures and not segmented separately. Hippocampal
subfield segmentation encompasses the whole hippocampal head (HH) and body (HB) and is not
performed in the tail (HT) because of the limited information with regard to theislsbfoundaries in

this region.

2.2.7 HPPOCAMPUS AND SUBIRES IN THE PARAOEAMPAL GYRUS

2.2.7.1 Exclusions: alveus, fimbria, cerebrospinal fluid and blood vessels

Fimbria and alveus as well as blood vessels, all appdanpaintense, (se€igurer) areexcluded from
anatomical masks as they do not belong to any particular suliialdernoy et al., 2013)n general,

the hippocampus is enclosed by white matter, visible as a hypointense line surrounding it. This line is

spared from segmentation in this protocol. Additionalllgete are several blood vessels within and
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close to the hippocampus. Both blood vessels and pidEconcomitant signal dropout should be
excluded from the segmentatiorCerebrospinal fluid (CSF) and cysts appear hyperintense -on T2
weighted MRI. Cystspften located in the hippocampal sulcus (hippocampal fissure) at the
ventrolateral flexion point ofCAl(van Veluw et al., 2013re given a separate labeCSF either
surrounding the hippocampus or along a whole sulcus (e.g. hippocampal, usitatkral, occipite
temporal sulci} is entirely excluded from the anatomical masks. CSF in sulci can be given a separate

label as CSF (see explanation below).

Figure 7. Excluded structures in a
coronal view. Anterior hippocampal
body slice from a T2 MRI scan
including alveus, fimbria, SRLM, a
blood vessel and a cyst in the
ventrolateral flexion point of CA1 in
\ = - the vestigial hippocampal sulcus.
bfood | == . SRLM, stratum radiatum lacunosum
vessel moleculare.

2.2.7.2 Hippocampal formation
In the following we provide segmentation rulesparately for the hippocampal head, body and tail.
This is done to structure the following section rather than to construct independent masks of head,

body and tail portions.

Hippocampal head

The anterior tip of the hippocampal head (HH) can be easiltifigd without additional landmarks
(seeFigure8, HHO).Once the uncal sulcus can be followed from its fundus to the medial surface, the
ErC becomethe inferior boundary of the HH, which is segmented by connecting the most medial point
of the white matter to the most medial point of the grey matter ($&gure8, HH4 Wisse et al. 2012

At the posterior end of the HH, the uncus separates from the hippocampu§igees, HH14). While

it is still connected to the rest of the HH (via grey matter), the hippocampus is segmented as one
structure (sed-igure8, HH13). Once the uncus is separated (e.g. only connected via the fimbria), the

HH and uncus are segmented as separate structures in the coronal plarieigssss, HH15).

Hippocampal body

The hippocampal body (HB) begins when the uncus has disappeared (1 slice posterior to the uncal
apex; sed-igure8, HB 0). White matter and CSF surround the HB superiorly, medially and laterally. The
mediatinferior boundary of the HB is the connection of the most medial point of the white matter to

the most mediapart of the grey matter, where it successively borders ErC, area 3BlafdeeFigure

8 HB 0-HB 3, e.gDing and van Hoesen 201@ometimesnimore posterior slices, a small sulcus (the
anterior tip of calcarine sulcus; CaS) appears medially between HB and PhG. In this case, the lateral

and medial banks of the CaS are spared from segmentatéat-{gure9). However, often the CaS only
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appears in HT. The HB is segmented as long as the inferior and superior colliculi arenvésiize (
butterfly-shaped structuregWisse et al., 2016begmentation does not stop before the colliculi have
disappeared entirely. This rule has to be appliedegach hemispherseparately (se&upplementary
Figurel).

Hippocampal tail

The hippocampal tail (HT) is a structure that is surrounded by white matter laterally, superiorly and
ventrally. Most of these white matter structures are represented by alveus, fimbria and fornix, and are
therefore excluded from segmentation. The medigkerior boundary is constructed in the same way

as that for the HB (sdeigure9, e.g. HT@).In more posterior slices, the H3upero)laterallyneighlors

CSF in the trigone of the lateral ventricle ($8gure9, e.g. HT3)The last slice of the hippocampus is
the last slice where the HT is clearigible (seg-igure9, HT11) whicltan also be checked on sagittal
slices. It should be noted that at the very end of HT the hippocampus might medaily Wwith a
gyrus, sometimes referred to as subsplenial gyiDigg et al., 2016)This gyrus is included in the
hippocampal mask until it is no longer connected to the rest of the hippocampal grey matter. Note
that different definitions of the body/tail border exist. Here, we chose the colliculi asdheasily

identifiable, and are intended to provide a reliable posterior border for subfield segmentation.

2.2.7.3 Entorhinal cortex

Segmentation of the ErC (as welleisa 35 and area 36) begins dwh (= 4 slices here) anterior to the
first slice of HH. That,id slices have to be counted anterior to the hippocampus to define the starting
slice. Although the ErC extends through most of the anterior temporal (Dlireg and Van Hoesen,
2010; Kivisaari et al., 201®)e chose this border because it is easily identifiable, and-tagblution
structural imaging protocols often do not cover the entire anterior MFle superior border in anterior
slicesis the semiannular sulcyPing et al., 2016; Mai et al., 201ometimesthis sulcus is not visible
from the most anterior end of ErC, in which case it should be extrapolated from more posterior slices
where it can be clearly identified (s&égure8, HH2) The ErC covers the ambient gyrus (AG;FHgere

8, HHG3). Note that the ambient gyrus is made up of differenbfselds in an anterioto-posterior
direction. While the ambient gyrus is occupied by the ErC in more anterior @tisasisti ad Amaral,
2012) it consists of Sub and CALl in more posterior secti@msg and Van Hoesen, 2018)oving
posteriorly, at the point where the uncal sulcus can be followed from its fundus to the medial surface,
Sub becomes the new superior border ($égure8, HH4). It is constructed by drawing a line from the
most medial part of the white matter to the most medial part of the grey mafidueller et al., 2007;
Wisse et al., 2012; Yushkevich et al., 201Bbijs rule applies until the posterior end of EF@elateral
border of ErGmainly consists of white matter. With respect to tieferomedial border,n some
subjects CSF can be discerned between the ErC and the laterally located méXiagetsal., 2017,
2016) Therefore, bright voxels medial to the Er&ve to be spared from the segmentation (¥&gure
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8, HH17). It should be noted that the intensity malepend on how much space there is between the
meninges and the cortex. Sometimes these voxels appear slightly darker than CSF at other locations
because of partial voluming with surrounding voxétderolaterally, the ErC is bordered by area 35.
This baindary is constructed at ¥ of the longest expansiothefcollateral sulcus (C8)om edge to

top of the grey matter) as the shortest connection between CSvamite matter (sed-igurel0). The

only exceptiorfrom this rule occurs when CS is less than 4 mm deep (very shallow CS);dasthat

the boundary between ErC and area 35 moves more lateral to the extension of thesfofthe CS.

ErC disappears approximately 2 mm after the(hiidausti and Amaral, 20183egmentation of the ErC
stops therebre after 2.2 mm (= 2 slices here) into the HB, i.e. after 2.2 mm posterior to the uncal apex
(seeFigure8, HBO)The last slice of ErC serves aserimediate step between ErC and the increasing
size of area 35. Therefore, the lateral border of the ErC shifts by dividing ErC (Dihgland Van
Hoesen, 2010; Insausti et al., 1998; Mai et al., 2015)

2.2.7.4 Perirhinal cortex

Segmentation of area 35 and area 36 of the PrC is dependent on the sulcal pattern within tige MTL
especially the collateral sulcal patterns are highly variable between brains but can also differ between
hemispheres of the same brain. There are two mapes/of MTL anatomg one deep CS (Type 1; 45

%), and a discontinuous CS, which can be divided into an anterior (CSa) and a posterior section (CSp)
(Type II; 529%Ding and Van Hoesen, 201@)Sp is usually longer and deeper than CSa. Studies have
found a negative correlation of the depth of the CS and the depth of the ocd¢gritporal sutus

(OTS). In subjects with a shallow CS, the OTS is often deep and vi¢Bveysand/an Hoesen, 2010)

In some cases, the CS is bifurcated, i.e. it appears to have two conjoined sulci; the more medial sulcus
is used here in this case (i.e. for evaluating the depth of CS). When it is difficult to identify the sulcal
pattern in one slie, it is recommended to check in adjoining slices and interpolate to the difficult slices.
Given the differences in anatomy, different segmentation guidelines have to be applied for the
different sulcal patterns as well as the depths of the CS. It isyhigbbmmended to define the sulcal
pattern for each hemisphere before starting the manual tracing. The following descriptions are

visualized irFigurelO.
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Figure8. Sliceby-slice segmentation for a type 1 collateral sulcus (G8hterior part. Slices are 1rhm apart. Included are entorhinal cortex
(ErC; brown), perirhinal cortex (area 35 in mint green, area 36 in dark Bluggulum (pink), CAl (red), CA2 (green), CA3 (yellow) and
dentate gyrus (blue). Shown in HH2, ErC covers the ambient gyrus (AG) and superiorly ends at the semiannular sulcsi£¢8aijtSa

the superior border of ErC and should be extrapolatedrterior slices when it cannot be identified there.
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Figure9. Continuation ofFigure8 - Sliceby-slice segmentation for a type 1 collateral sulcus (G $psterior part. Slices are 1.1 mm apart.
Included are parahippocampal corte®hC dark pink), subiculum (pink), CA1 (red), CA2 (green), CA3 (yellow), dentate gyrus (blue), and the
hippoampal tail which, is not divided into subfields. In HT7, the subsplenial gyrus starts medially blending into the hippotaspus.as

it is detached from the hippocampus, it is excluded from segmentation (HT+1). Delineafib@sbps at the calcarinsulcus (CaS) in HT2.

Area 35

Segmentation of area 35 starts at the same artifigiglhosen slice as ErC, i.e.Mm (= 4 slices)
anterior to the first HH slice. Neuroanatomical atlases indicate that the posteoiatelb of area 35

falls within 3nm of theanterior portion of the HBSegmentations therefore end 4 (= 4 sties)

into HB, which is also 2v#m posterior to Er¢Ding and Van Ha@en, 2010; Insausti et al., 1998) the

most posterior 2.2hm, area 35 borders the Sub medially (§égure8, HBXHB3); in all anterior slices

it borders ErC. The superolateral and inferomedial borders are in accordance with those of ErC (e.qg.
white matter and CSF or meninges). The lateral bordered 35 depends on the depths of the sulci,
andis measured from edge to fundus of the respective sulcus on each individual slice. For that purpose,

the edges adjacent to the sulcus are connected via a tangent line. The depth of the sulcus is now
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