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ABSTRACT 
 

Subregions in the medial temporal lobe (MTL) are critically involved in human episodic memory. While 

the perirhinal cortex (PrC) plays a key role in memory for objects, the parahippocampal cortex (PhC) is 

preferentially involved 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 the hippocampus is widely viewed to realize this function through a computation 

referred to as pattern separation, which creates distinct non-overlapping neural codes for individual 

events. In this thesis, high-resolution magnetic resonance imaging (MRI) techniques were used to 

investigate the functional organization of the MTL as well as age-related effects on memory pathways. 

In the first experiment, high-resolution MRI at 7 Tesla (T) was used to develop a segmentation protocol 

that enables researchers to manually 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 ŀƴŘ /!оύ ŀƴŘ ŀǊŜ ŀŦŦŜŎǘŜŘ ƛƴ ŜŀǊƭȅ !ƭȊƘŜƛƳŜǊΩǎ 5ƛǎŜŀǎŜ ό!5ύ όŜΦƎΦ ŀǊŜŀ орύΦ Lƴ ǘƘŜ ǎŜŎƻƴŘ 

experiment, ultra-high-resolution fMRI at 7T and multivariate 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) ς a key prediction 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 along the proximo-distal axis. However, 

the functional organization of the human ErC to date remains largely unknown. Consequently, ultra-

high-resolution fMRI at 7T was used in combination with functional connectivity analyses in the third 

experiment to parallel the 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 anterior-lateral (alErC) and a posterior-medial (pmErC) functional 

subregion in the human ErC. In the fourth experiment, the domain-specific organization of MTL 

pathways was investigated using a novel mnemonic discrimination task with objects and scenes. It was 

shown that domain-specific pathways in the MTL extend towards the subregions of the ErC where the 

alErC was 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 objects but 

also showed some overlap in the discrimination of scenes. In addition, the results suggest that the two 

pathways are differentially affected by ageing where the object (PrC-alErC) but not the scene 

processing pathway (PhC-pmErC) shows reduced activity. The present results advance our knowledge 

of the functional and computational organization of the entorhinal-hippocampal 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 pathway ς PrC and alErC ς in ageing 

overlaps with the locus of early AD pathology, the results are critical for future studies investigating 

functional impairment in ageing and early AD. Furthermore, the results demonstrate the potential of 

ultra-high-resolution MRI for fine-grained analysis of functional activity as well as structural 

morphometry of subregions in the human MTL. 
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1.1 ORGANIZATION OF MEDIAL TEMPORAL LOBE NETWORKS 

The parahippocampal gyrus (PhG) and the adjacent hippocampal formation are key anatomical 

structures in the human medial temporal lobe (MTL) (Eichenbaum et al., 2007; Squire et al., 2004), and 

are heavily involved in several cognitive functions including human memory (Eichenbaum et al., 2007; 

Squire et al., 2004), spatial navigation (Ekstrom et al., 2003; Epstein, 2008; Wolbers and Büchel, 2005), 

perception (Aly et al., 2013) and imagination (Maguire and Hassabis, 2011; Schacter et al., 2012). Thus, 

the following paragraphs 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 HUMAN PARAHIPPOCAMPAL-HIPPOCAMPAL NETWORK 

The human PhG consists of subregions that can be distinguished along its longitudinal axis. While the 

anterior PhG is occupied by the entorhinal (ErC) and perirhinal cortex (PrC), the posterior portion of 

the PhG is referred to as the parahippocampal cortex (PhC) (Ding and Van Hoesen, 2010; Insausti and 

Amaral, 2012; Pruessner et al., 2002) (see Figure 1A). The hippocampal formation refers to the 

subiculum, the cornu ammonis 1-3 (CA1, CA2 and CA3) and the dentate gyrus (DG) (Insausti and 

Amaral, 2012, van Strien et al., 2009) (see Figure 1B for subfield proportions in a section from the 

hippocampal body). Throughout this thesis, ǘƘŜ ǘŜǊƳ άƘƛǇǇƻŎŀƳǇǳǎέ ǿƛƭƭ ōŜ ǳǎŜŘ ǘƻ ǊŜŦŜǊ ǘƻ ŀƭƭ 

subfields of the hippocampal formation although some authors use it to specifically refer to the CA 

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

 
Figure 1. Anatomical organization of subregions in the MTL. (A) shows a sagittal view of MTL subregions. (B) shows a coronal 

slice through the hippocampal body and adjacent gyri (adapted from Ding et al., 2016). HC, hippocampus; ErC, entorhinal 

cortex; PrC, perirhinal cortex; PhC, parahippocampal cortex; Sub, subiculum; CA, cornu ammonis; DG, dentate gyrus; fi, 

fimbria; alv, alveus. 

1.1.2 CONNECTIVITY IN THE PARAHIPPOCAMPAL-HIPPOCAMPAL SYSTEM 

The regions in the PhG and the hippocampus are densely connected and most information of their 

connectivity comes from rodent tract tracing studies (see van Strien et al., 2009 for review). First, I will 

discuss connections within the PhG. The PrC and the postrhinal cortex (POR), which is the homologue 

of the human PhC, project to the medial and lateral ErC (mErC and lErC) (Burwell and Amaral, 1998a, 

1998b). However, while PrC has stronger connections to the lateral portion of the ErC, the POR has 

stronger connections to the medial portion of the ErC. Likewise, mErC and lErC both project to PrC and 

POR. In addition, there are extensive direct connections between PrC and POR (Burwell and Amaral, 

1998a, 1998b; Furtak et al., 2007). Thus, the main pattern of connectivity suggests two parallel 
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pathways in the parahippocampal 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 connections between the PhG and the hippocampus, the perforant pathway 

constitutes the major input pathway and projects from the ErC to all hippocampal subregions. While 

mainly the entorhinal layer II projects to the DG and CA3 (Steward and Scoville, 1976; Swanson and 

Köhler, 1986), mainly layer III projects to CA1 and the subiculum (Kerr et al., 2007; Tamamaki and 

Nojyo, 1995; Witter and Amaral, 1991). This is true for both the mErC and the lErC (van Strien et al., 

2009). However, there is a difference in ErC projections to CA1 and the subiculum. While lErC projects 

to the distal portion of CA1 and the proximal portion of the subiculum, mErC projects mostly to 

proximal CA1 and distal subiculum (Naber et al., 2001a; Tamamaki and Nojyo, 1995). This indicates 

that the parallel pathways in the parahippocampal gyrus (PrC-lErC and PhC-mErC) extend toward 

subregions of the hippocampus. 

Hippocampal subfields are themselves inter-connected via the polysynaptic pathway (van Strien et al., 

2009). Cells in the DG project to CA3 via the mossy fibers, and neurons in CA3 are in turn connected to 

CA1 via the Schaffer collaterals (Ishizuka et al., 1990; Kajiwara et al., 2008; Witter, 2007). Finally, cells 

in CA1 project to the subiculum. An important feature of the hippocampal connectivity system are the 

recurrent collaterals within CA3 (Ishizuka et al., 1990; Li et al., 1994), which form an auto-associative 

network. This is a network of neurons with collaterals that terminate on dendrites of the parent cell 

(van Strien et al., 2009), and which is of special interest for computational models described in chapter 

1.2. Finally, the hippocampal outputs to the PhG originate in the subiculum and CA1 and project 

primarily to the deep layers of the ErC (Swanson and Cowan, 1977). For a simplified schematic showing 

the main connections described above see Figure 2. 

As it is not possible to perform tract tracing studies in humans, all the data on connections within the 

MTL are derived from rodent studies and in general most of our knowledge to date comes from work 

on the brain of rodents and monkeys (Lavenex and Amaral, 2000). However, 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 assumed. Nevertheless, one should bear in mind that 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 signal-to-noise ratio (SNR) and spatial resolution in current 

functional magnetic resonance imaging (fMRI) studies at 3 Tesla (T) MRI. 
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Figure 2. Parallel processing streams into the 

hippocampus (adapted from Knierim et al., 2014). 

Neocortical regions project to the PrC and POR, which 

in turn provide the main source of input to the 

hippocampus. The PrC projects to the lateral entorhinal 

cortex (lErC), and the POR projects to the medial 

entorhinal cortex (mErC). The ErC projects to all 

subfields of the hippocampus via the perforant 

pathway. The lErC and mErC thereby connect to distinct 

regions of CA1 and subiculum, segregated along the 

transverse axis of the hippocampus. CA1 and subiculum 

send return projections to the deep layers of the ErC. 

There is crosstalk along these pathways, both prior to 

their entry into the hippocampus and especially in the 

convergent projections to the DG and CA3. It is 

suggested that the mErC and lErC streams are merged 

onto the same CA3 pyramidal cells and DG granule cells. 

The DG projects to CA3 via the mossy fibres. The 

recurrent collaterals in CA3 are represented by the grey 

circle. CA3 Schaffer collaterals project to CA1 and the 

combined representations are then merged in CA1 with 

the separate input streams from the direct ErCςCA1 

projections. See van Strien et al., 2009 and Knierim et 

al., 2014 for details. Distal and proximal means distal 

and proximal with respect to DG. 

1.1.3 DOMAIN-SPECIFIC FUNCTIONAL PROCESSING STREAMS IN THE MTL 

Based on the anatomical organization of the MTL described above, there are two emerging parallel 

processing pathways which will be described in the following paragraphs. While the PrC gets most of 

its neocortical inputs from brain regions that process information about objects (what-information), 

the PhC receives its inputs mostly from areas in the brain that are involved in the processing of spatial 

information (where-information) (Eichenbaum et al., 2012, 2007). These inputs originate from the 

visual ventral and dorsal stream respectively (Kravitz et al., 2011; Mishkin et al., 1983). It has been 

shown that these pathways are functionally involved in different forms of memory-guided behavior 

(for review see Ranganath and Ritchey, 2012). The precuneus, the posterior cingulate, the retrosplenial 

cortex (RsC), and the PhC as well as the ventromedial prefrontal cortex and the mammillary bodies are 

particularly involved in spatial processing and memory. In contrast, the PrC as well as regions in the 

anterior temporopolar cortex, the orbitofrontal cortex and the amygdala are preferentially involved in 

the processing and memory of objects (Ranganath and Ritchey, 2012; Ritchey et al., 2015). The two 

networks are referred to as the posterior-medial (PM system) and the anterior temporal system (AT 

system) respectively (see Figure 3).  

It is known from animal studies that these functional systems extend towards the ErC, that is, the mErC 

is more involved in spatial processing whereas the lErC is more involved in the processing of non-spatial 

information (Deshmukh and Knierim, 2011). More precisely, while the mErC seems to be involved in 

computations based on a global reference frame using information about scenes and boundaries in 
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the environment, lErC is suggested to process information about individual objects and locations based 

on a local reference frame (Knierim et al., 2014). Therefore, mErC is suggested to provide the 

hippocampus with information about the spatial context, while lErC provides information about the 

content of an experience. Although there are connections between the PrC and PhC as well as between 

lErC and mErC (van Strien et al., 2009) spatial and object information remain mostly segregated 

(Eichenbaum et al., 2007) (see Figure 2). Anatomical studies in rodents add to the complexity and 

suggest that spatial/context and non-spatial/object information might even remain separate in 

hippocampal subregions CA1, CA3 and subiculum (Nakamura et al., 2013; Sauvage et al., 2013) before 

they are assumed to converge in the DG (Knierim et al., 2014).  

 
Figure 3. Anterior-temporal and posterior-medial cortical systems. While regions in red indicate the anterior-temporal system, regions in 

blue belong to the posterior-medial system (Figure adapted from Ranganath and Ritchey, 2012). vmPFC, ventromedial prefrontal cortex; OFC, 

orbitofrontal cortex; vTPC, ventral temporopolar cortex; PrC, perirhinal cortex; A, amygdala; M, mammillary bodies; HC, hippocampus; PhC 

parahippocampal cortex; RsC retrosplenial cortex; PCC, posterior cingulate cortex; PREC, precuneus. 

1.2 COMPUTATIONAL MECHANISMS OF HIPPOCAMPAL FUNCTION 

1.2.1 HIPPOCAMPAL COMPUTATIONS: PATTERN SEPARATION AND PATTERN COMPLETION 

Many computational models of hippocampal function were influenced by the work of David Marr. In 

his theory of the archicortex, a structure that is now better known as the hippocampus, he presented 

a model that already integrated the available knowledge of hippocampal anatomy at that time (Marr, 

1971). In the model, simple representations of memories, that do not contain the full and detailed 

information about an event, are stored in the hippocampus. These simple representations contain 

information that is needed to trigger the associated full representation, which is stored in neocortical 

regions that were involved during this event. The hippocampus was thought to temporarily memorize 

patterns of activity that represent events during the day and then transfer them to the neocortex for 

permanent storage during the night. Two features of the model are particularly important for the 

understanding of hippocampal computations and will be further discussed below. 
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First, Marr suggested that sparse encoding of simple representations using only a small portion of cells 

would make any two similar patterns more distinct from one another and therefore would be most 

effective for high storage capacity. This relates to the question how interference between similar 

memories can be reduced. In 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 back. That is 

because there are so many competing similar memories where the bike was locked at different 

locations in front of the same train station. How does the brain resolve such interference between 

similar memories? One potential solution is pattern separation in the hippocampus. Pattern separation 

is a mechanism whereby similar patterns are decorrelated (or orthogonalized) to create distinct and 

independent representations that reduce the interference between these similar memories. The 

unique anatomical and physiological organization of the entorhinal-hippocampal circuitry inspired 

computational theories which suggested the DG to be ideally suited to perform pattern separation 

(McClelland et al., 1995; Treves and Rolls, 1994). According to those models, orthogonalization is most 

efficient if the brain region that is involved in pattern separation contains many more cells than the 

region where the input is coming from. In the rat, there are about 200 000 ErC layer II cells that project 

to about 1 million granule cells in the DG (Amaral et al., 1990). Thus, the information coming from the 

ErC diverges onto a much larger number of dentate granule cells, which increases the sparseness of 

the representation. Studies in rodents showed that the activity in the DG indeed appears to be very 

sparse (Diamantaki et al., 2016; Jung and McNaughton, 1993; Leutgeb et al., 2007) and there are sparse 

connections between DG granule cells and CA3 pyramidal cells via the mossy fibers which further 

induce a sparse firing rate in CA3 (Amaral et al., 1990; Kesner and Rolls, 2015). DG inputs converge to 

only 330 000 cells in CA3 where each CA3 cell receives only approximately 50 mossy fiber inputs. Thus, 

there is a low probability that different input patterns in the ErC activate the same subset of cells in 

CA3. This highlights the important role of the DG in pattern separation - that is the decorrelation of 

similar input patterns from the ErC to prevent interference with existing memories.  

Second, retrieval was implemented in aŀǊǊΩǎ model so that a partial cue could gradually recreate the 

correct simple representation, which in turn would reactivate the full neocortical representation of an 

event. This directly relates to pattern completion - a hippocampal computation that allows us to 

retrieve memories from partial cues. As reviewed above, most inputs to CA3 cells come from other 

CA3 cells throughout the hippocampus via recurrent collaterals (Amaral et al., 1990; Amaral and 

Witter, 1989; Ishizuka et al., 1990). It is suggested that CA3 thus acts as an auto-associative network, 

which allows retrieval of the whole memory representation even if it is only triggered by partial 

information via pattern completion (McNaughton and Morris, 1987; Treves and Rolls, 1994). 
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1.2.2 EVIDENCE FROM RODENT STUDIES 

The hippocampus was suggested to function as a spatial map as it contains neurons that are active 

when the animal moves through a particular location and thus create a representation of the 

environment ς so called place cells (OΩKeefe, 1976; OΩKeefe and Dostrovsky, 1971). The spatial pattern 

of place cell activity remains constant if there are no changes in the environment. However, if the 

environment changes exceed a certain threshold, remapping of place cells can be observed (Colgin et 

al., 2008). Empirical studies in rodents lend strong support for the important role of the DG in pattern 

separation. Leutgeb and colleagues recorded place cell activity from hippocampal subfields CA3 and 

DG in experiments where the animal freely moved around (Leutgeb et al., 2007). Critically, to 

investigate whether cells in the DG and CA3 indeed represent small changes in the environment ς a 

key prediction from computational models ς the environment was gradually changing from square- to 

circular-shaped. They found that even minimal changes to the environment had substantial effects on 

the firing patterns in the DG (rate remapping) while larger changes led to recruitment of new cell 

populations in CA3 (global remapping). However, 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 recorded in two different studies from cells in the ErC as well as DG and CA3 during a task 

where global and local cues were put in conflict in order to induce parametric changes in the 

environment (Neunuebel et al., 2013; Neunuebel and Knierim, 2014). While cells in the DG showed 

correlations between the patterns from sessions without changes in the environment (i.e. indicating a 

similar representation of the same environment), they showed decorrelated patterns as soon as 

changes were introduced (i.e. indicating a different representation for slightly different environments) 

(Neunuebel and Knierim, 2014). Critically, these patterns were more decorrelated compared to the 

ErC and CA3 (Neunuebel et al., 2013), thus demonstrating that the DG hosts more distinct 

representations for similar environments than CA3 and ErC. As the DG receives its inputs from the ErC, 

this was direct evidence that the DG is involved in the decorrelation of similar input patterns from the 

ErC. 

1.2.3 EVIDENCE FROM HUMAN STUDIES 

It is difficult to investigate pattern separation mechanisms in humans as noninvasive techniques 

cannot assess direct neuronal computations. Therefore, researchers have developed tasks that are 

supposed to pose high demands on pattern separation functions by varying sensory input to induce 

interference between similar events (see Liu et al., 2016 for a summary of behavioral paradigms). The 

most commonly used task is a continuous object recognition paradigm which is known as the 

Mnemonic Similarity Task (MST) (Bakker et al., 2008; Kirwan and Stark, 2007). In the 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 the explicit memory version of the task, 
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subjects had to respond to each stimulus with old, new or similar judgements whereas they were asked 

for indoor/outdoor judgements in the implicit task version. The analysis of the fMRI data followed a 

repetition suppression (or fMRI adaptation) approach (Grill-Spector et al., 2006). Repetition 

suppression fMRI is widely-used to assess neural representations and it builds on the fact that blood-

oxygen-level dependent (BOLD) fMRI activity levels decrease with repeated stimuli possibly due to 

neuronal adaptation (Grill-Spector et al., 2006; Krekelberg et al., 2006). For pattern separation, this 

leads to the following assumptions: If a brain region is not involved in pattern separation, it should 

show repetition suppression for similar lures that is comparable to repetitions. This might be due to a 

similar neuronal population involved in the underlying neural representation of both stimulus versions 

(see Figure 4A). Critically, a region that is involved in pattern separation should not show repetition 

suppression for lures due to the orthogonalized neural representation of the similar lure stimulus (see 

Figure 4B). Thus, the critical measure is the novelty signal (i.e. no repetition suppression) in similar 

lures compared to the lack of a novelty signal in repetitions (i.e. repetition suppression) (Yassa and 

Stark, 2011). Throughout the experiments presented in this thesis I will refer to the enhanced activity 

for lure stimuli compared to repeated ones (lures > repetitions) as lure-related novelty. The fMRI 

results from the MST pointed towards lure-related novelty responses (higher activity for lures than 

repeats) in bilateral DG/CA3 but not in other hippocampal subfields (e.g. CA1) or extrahippocampal 

regions (ErC, PrC and PhC) (Bakker et al., 2008; Lacy and Stark, 2012). Although these results fit nicely 

to the findings in the rodent literature and the predictions from computational models, one has to 

bear in mind that repetition suppression is an indirect measure of neuronal computations and its 

underlying mechanisms are not yet entirely understood in human fMRI (Grill-Spector et al., 2006). 

 

 

Figure 4. Repetition suppression fMRI to 

investigate representations. A brain region 

shows a decrease in activity with repeated 

stimulus presentations (e.g. the repeated 

presentation of the same table). This 

decrease is referred to as repetition 

suppression. (A) If a brain region is not 

involved in pattern separation, there should 

be repetition suppression for similar lures 

that is comparable to repetitions due to the 

similar neuronal population involved in the 

underlying neural representation of both 

stimulus versions. (B) A brain region that is 

involved in pattern separation should not 

show repetition suppression for lures due to 

the orthogonalized underlying neural 

representation of the lure stimulus. See 

Grill-Spector et al., 2006 and Yassa and 

Stark, 2011 for more details. 
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1.3 VULNERABILITY TO AGEING AND ALZHEIMERΩS DISEASE 

Ageing as well as neurodegenerative diseases affect the structural integrity of the human brain and 

particularly the MTL. Those changes are accompanied by specific alterations in critical medial temporal 

circuits and computations resulting in behavioral impairments. Therefore, I will review the known 

ŜŦŦŜŎǘǎ ƻŦ ŀƎŜƛƴƎ ŀƴŘ !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜ (AD) on the MTL in the following paragraphs. 

1.3.1 AGEING 

Aged individuals often show difficulties in episodic memory, which is the encoding and conscious 

remembering of events (Grady and Craik, 2000). Executive functions including working memory, 

attention, processing speed and task switching are also subject to age-related decline (see Grady, 2012 

and Hedden and Gabrieli, 2004 for reviews). Furthermore, ageing has widespread effects on the 

neocortex ς especially on prefrontal and temporal cortices (Fjell and Walhovd, 2010; Raz and Rodrigue, 

2006; Salat et al., 2004).  

Structural integrity of the hippocampal system 

Hippocampal volume decreases with increasing age (Fraser et al., 2015; Raz et al., 2005) and correlates 

with memory performance in ageing (Gorbach et al., 2016; Hedden et al., 2016; OΩShea et al., 2016). A 

more detailed analysis of the volumetric changes of hippocampal subfields seems to be promising and 

there is evidence that ageing especially affects the DG and CA3 (Mueller and Weiner, 2009; Pereira et 

al., 2014; Shing et al., 2011; Small et al., 2004, 2002; West, 1993). However, it should be noted that 

there are also contrasting results that suggest that more research and harmonized segmentation 

criteria are needed to understand the effects of ageing on volume of hippocampal subfields (de Flores 

et al., 2015a; Yushkevich et al., 2015a).  

Ageing may affect the hippocampus in various ways (see Leal and Yassa 2015 for review). First, 

entorhinal inputs to DG and CA3 are reduced by synapse loss in the rodent perforant pathway (Smith 

et al., 2000). Simultaneously, the number of synapses onto CA3 cells coming from their recurrent 

collaterals is not reduced during ageing. Diffusion-tensor imaging studies in humans could also show 

atrophy of the perforant pathway in healthy (Yassa et al., 2010a) and memory-impaired older adults 

(Kalus et al., 2006) compared to young healthy individuals. This degradation of the perforant pathway 

was furthermore correlated with memory deficits (Yassa et al., 2011b). Other factors include the 

reduced modulation by cholinergic and dopaminergic systems in ageing, the reduced activity of 

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

Functional impairments of the hippocampal system 

It was suggested that these changes might lead to an imbalance of hippocampal computations where 

the DG as a result fails 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 differently from already-stored memories resulting in increased interference. Indeed, 

studies in humans using the MST, where elderly subjects had to discriminate similar from repeated 

images, lends support to these hypotheses (Yassa et al., 2011b). In this study, similar images were 

more often identified as old by the older age group, which suggests that elderly individuals required 

more dissimilarity between images to generate lure-related novelty signals in the hippocampus. In 

addition, lure-related novelty responses in BOLD fMRI were associated to measures of memory 

performance and perforant pathway integrity suggesting that indeed changes in hippocampal integrity 

are linked to alterations in hippocampal computations and memory impairment. 

Structural and functional integrity of the parahippocampal gyrus 

Age-related effects on volume of extrahippocampal regions are less pronounced (Salat et al., 2004). 

While there are correlations of age with hippocampal volume, there is no or only weak evidence for 

reduced volume of ErC, PhC and PrC in ageing (Dickerson et al., 2009; Raz et al., 2005). There are, 

however, studies suggesting functional impairment of the aged PrC. Burke and colleagues showed that 

during the exploration of environments including objects, aged rats had reduced PrC Arc protein levels 

(Burke et al., 2012) and their PrC's firing rates were reduced (Burke et al., 2014), which might both 

explain an observed behavioral object discrimination deficit (Burke et al., 2011). A similar finding has 

been shown by Ryan and colleagues in humans. In their fMRI study, participants had to complete an 

object matching task using objects with high and low overlap of features in order to modulate task 

difficulty. They showed that the PrC of young individuals was engaged during the matching of highly 

similar object pairs. Intriguingly, elderly participants not only performed worse but also showed 

reduced activity in bilateral anterior PrC (Ryan et al., 2012). Taken together these findings point to 

early alterations and functional impairment in the aged PrC.  

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 successfully distinguish between brain ageing and 

neurodegeneration (see Jagust 2013 for review). Post-mortem studies show that even cognitively 

normal elderly adults presented substantial AD pathology (Bennett et al., 2006). This fits well with 

studies using positron emission tomography (PET) or cerebrospinal fluid (CSF) measures that show 

evidence of AD pathology (amyloid-beta; see following paragraph) already in normal elderly subjects 

(Jagust et al., 2009; Morris et al., 2010). Therefore, it is possible that a significant number of ageing 

studies have included subjects with preclinical AD and that some of the alterations seen in ageing may 

be related to pre-symptomatic AD (Jagust, 2013). However, it is now possible to stratify elderly subjects 

for amyloid positive and negative markers using amyloid PET imaging. Following this approach Oh and 

colleagues showed that even elderly subjects without evidence of fibrillar brain amyloid-beta show 

declines in memory and executive function in comparison to young subjects (Oh et al., 2012). 
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1.3.2 ALZHEIMERΩS DISEASE 

Neuropathological characterization of AD 

The hallmarks of AD pathology are amyloid plaques and neurofibrillary tangles (Hyman et al., 2012). 

While amyloid plaques are extracellular amyloid-beta (Abeta) depositions, neurofibrillary tangles (NFT) 

constitute intracellular aggregates of hyperphosphorylated tau protein (Jack and Holtzman, 2013). 

NFTs follow a specific topographic pattern of progression. They first appear in the brain stem (locus 

coeruleus) and the transentorhinal region before they spread to the ErC, and the hippocampus (Braak 

and Braak, 1991). In later stages, NFTs spread to limbic areas of the medial and inferior temporal lobe, 

posterior cingulate cortex, cortical association areas and finally to primary sensory-motor areas as well 

as visual areas (Braak et al., 2006; Braak and Braak, 1991; Braak and Tredici, 2011).  

Structural MRI 

Regions in the MTL are among the earliest sites affected by neurodegeneration in AD. MRI in humans 

showed that cortical thinning in the ErC becomes evident already in cognitively normal individuals that 

later progress towards AD (Stoub et al., 2005) as well as in patients with mild AD (Dickerson et al., 

2009). Other studies highlighted early atrophy in preclinical AD and amnestic mild cognitive 

impairment (MCI) compared to normal controls in the PrC and mainly the lateral portion of the ErC, 

which was more pronounced in the left hemisphere (Miller et al., 2015; Yushkevich et al., 2015b). 

Although hippocampal volume seems to be a good predictor for the conversion from the MCI stage 

towards AD (Jack et al., 1999), more fine-grained measures at the level of hippocampal subfields might 

provide more sensitive markers of degeneration (Maruszak and Thuret, 2014). Indeed, most studies 

report focal atrophy of the CA1 subfield in the early stages of AD and some studies suggest that the 

analysis of focal atrophy patterns 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 study examined cognitively normal elderly subjects that later 

progressed towards AD using high-resolution cerebral blood volume (CBV) fMRI to assess metabolism 

in brain regions that are early affected during the disease (Khan et al., 2014). Their results suggest that 

the ErC and PrC showed decreased metabolism in elderly subjects that progressed towards mild AD 

compared to subjects that did not. Detailed analyses suggested that the lErC might be more affected 

than the mErC and that the impairment in metabolism correlated with brain regions in the PhG and 

the precuneus which further suggests that AD effects spread along connected brain regions (see also 

Liu et al., 2012). In a different line of research, several human imaging studies showed evidence for 

hyperactivity in the MTL in early disease stages using fMRI (Bakker et al., 2015, 2012; Dickerson et al., 

2005; OΩBrien et al., 2010; Yassa et al., 2011a). Dickerson and colleagues showed that MCI patients 

presented hyperactivity in the hippocampus compared to normal controls and AD patients (Dickerson 
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et al., 2005). In a later study, they reported that elderly subjects that already had memory impairments 

showed higher BOLD activity and a steeper decline of BOLD activity 2 years later (OΩBrien et al., 2010). 

This suggests that early pre-symptomatic stages of AD are characterized by hyperactivity whereas later 

stages of profound AD show a decrease in activity (see Dickerson and Sperling, 2008 for a review). 

Studies using mnemonic discrimination tasks that pose high demands on pattern separation also 

showed evidence for hyperactivity in hippocampal subregions DG and CA3 as well as decreased 

discrimination performance of visually similar lure stimuli in patients with amnestic MCI and even 

normal controls (Yassa et al., 2011a, 2010b). Bakker and colleagues showed that a pharmacological 

intervention was successful in decreasing activity in DG and CA3 which was in turn associated with an 

increase in discrimination performance (Bakker et al., 2015, 2012). The experiments from Bakker et al. 

point towards a pathological role of MTL hyperactivity which is further corroborated by other studies 

(Huijbers et al., 2015; Leal et al., 2017). Overall, these findings are in line with the predictions reviewed 

earlier that ageing and disease processes have effects on the balance of hippocampal computations 

and thus lead to an encoding impairment of novel events (see Wilson et al., 2006 for review). 

Alterations in preclinical AD 

AD pathology is assumed to be present in the human brain several years before clinical symptoms 

occur. Thus, it is important to foster research that aims for the early detection of AD related 

impairments which is hoped to lead to earlier diagnosis and is why the concept of preclinical AD was 

introduced to neurodegenerative research (Sperling et al., 2014, Dubois et al., 2016). Given our 

knowledge on specific and targeted impairments in MTL structures in these early stages, subtle but 

specific impairments might be expected in preclinical AD that precede hippocampal impairment. As 

these early impairments overlap substantially with object processing pathways described earlier (PrC-

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 earlier than others which might 

have effects on specific cognitive measures (Didic et al., 2011).  

1.4 HIGH-RESOLUTION STRUCTURAL AND FUNCTIONAL MRI OF THE MTL 

In all experiments presented in this thesis MRI was used. Thus, 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 analysis of ultra-high-resolution MRI data will be summarized. 

1.4.1 HIGH-RESOLUTION MRI AT LOWER FIELD STRENGTHS 

In order to understand the functional role of the various small subregions, their functional networks, 

and their specific susceptibility to ageing and disease described above, it is important to image the 

whole parahippocampal-entorhinal circuitry. Tract-tracing methods as well as single cell recordings in 

animals can only provide information on subregions of the system of interest. In contrast, MRI allows 
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non-invasive investigation of the whole brain by providing structural and functional measures. FMRI 

has become a very powerful and important technique to investigate human brain function. It is based 

on the BOLD contrast, which is an indirect measure of neuronal activity depending on the different 

magnetic properties of oxygenated and deoxygenated blood hemoglobin (Ogawa et al., 1990). 

Standard fMRI sequences can image the whole brain with approximately 3mm isotropic resolution. 

This resolution, however, does not allow the investigation of small subregions such as hippocampal 

subfields ς neither structurally nor functionally. Recent approaches using high-resolution fMRI that is 

optimized to image the human MTL make this technique particularly useful to identify the functional 

role of small subregions. Current approaches can image partial volumes that cover the MTL with a 

resolution of about 1.5mm isotropic voxels (Bakker et al., 2008; Carr et al., 2010). High-resolution 

imaging consequently comes at the cost of a partial imaging volume, which means that due to the 

increase in resolution and thereby increased number of scanning slices only a specific portion of the 

brain can be imaged within the same time. Therefore, high-resolution MRI should only be applied if 

there is a strong hypothesis about specific and small brain regions or networks.  

1.4.2 ULTRA HIGH-FIELD MRI AT 7T 

Although high-resolution MRI at lower field strengths enables researchers to investigate subregions in 

the MTL, the resolution as well as the SNR is not enough to resolve important boundaries. MRI at 

higher field strengths is 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 resolution (Pohmann et al., 2016; Triantafyllou et al., 2005). Early studies at 

7T showed that it is possible to image the human hippocampus in detail at 7T using structural (Kerchner 

et al., 2010; Theysohn et al., 2009; Thomas et al., 2008) as well as fMRI (Theysohn et al., 2013). 

Theysohn and colleagues could show reliable memory related activity in the hippocampus which was 

significantly stronger compared to 3T, suggesting higher BOLD sensitivity at 7T. 

The experiments described in chapter 2-4 focused on the detection of fine grained representations in 

small MTL subregions as well as their functional connectivity and morphometry. Thus, these 

experiments are all based on 7T MRI sequences. The structural sequences used here include T1, T2 

and T2* weighted contrasts and range from 0.33 to 0.6mm in-plane resolution and 0.6 to 2mm slice 

thickness (see Figure 5). The functional echo-planar imaging (EPI) sequence that is used in those 

experiments has an isotropic resolution of 0.8mm. Due to the high resolution, functional as well as 

structural sequences only cover partial brain volumes (see Figure 5).  
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Figure 5. Examples of main 

sequences that were used in this 

thesis. For structural brain scans, 

high-resolution T1 weighted (0.6mm 

isotropic), T2 weighted 

(0.4x0.4x0.4mm) and T2* weighted 

(0.33*0.33*3mm) sequences were 

used (upper row). In order to 

investigate functional activity, an 

echo-planar imaging (EPI) sequence 

(0.8 isotropic) was used (middle row). 

Due to the high in-plane 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 to do group analyses in 

a common space, study specific group 

templates were generated using 

ANTs (see right image in bottom row). 

 

High-resolution approaches that aim for the investigation of small subregions are challenging and 

require specific analysis techniques. Most analysis tools that are provided in neuroimaging packages 

are not optimized for the higher-resolution available at 7T. Therefore, tools from different 

neuroimaging packages were combined in the following 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/ANTs/). 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 scanner or separate 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 both whole brain 

images have to be coregistered. This can be achieved using coregistration algorithms implemented in 

the common neuroimaging packages (e.g. SPM, FSL). The situation in high-resolution imaging studies 

at 7T is different as the images that must be coregistered only cover a specific portion of the image. 

Thus, they share less overlapping information that can be used to realign the images (see Figure 5, 

bottom row). Coregistration issues become even more critical as the experiments in this thesis focused 

on subregion-specific activity in the MTL where only small inaccuracies in coregistration can have 

severe implications for the analysis. Therefore, a combination of carefully tuned coregistration 
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algorithms from FSL and ANTs packages was used to align structural and functional images in this 

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 individual participant to a common space that represents all the participants. Group 

templates based on T1-weighted standard resolution (1mm isotropic voxels) images representing the 

general population are provided with all neuroimaging packages. However, these group 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 chapters 3, 4 and 5 using Advanced Normalization Tools (ANTs) (see Figure 

5; buildtemplateparallel.sh, Avants et al, 2010).  

In high-resolution studies focused on small brain regions rather than whole brain analyses one 

additional problem is the definition of regions of interest (ROI). In MRI studies at 3T a common 

approach is to define an ROI based on an atlas in standard space (e.g. Talairach space or Montreal 

Neurological Institute (MNI) space). However, this approach is prone to individual inaccuracies in 

coregistration and spatial normalization. In addition, this approach does not take into account the 

individual variability in anatomical patterns. Therefore, 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 neuroanatomy, however, have altered previously assumed 

subregion boundaries. Consequently, for the reasons described above, a new segmentation protocol 

was established in chapter 2. 

As activity patterns in subregions of the MTL were of specific importance in these experiments, it was 

necessary to make sure that functional maps of all individuals shared as much overlap as possible in 

these subregions. Therefore, a landmark-guided normalization technique was used that matched 

target regions delineated on the individual images as well as the common group template space using 

Region of Interest-Advanced Normalization Tools (ROI-ANTS (Avants et al., 2011; Yassa and Stark, 

2009). First, the hippocampal head (HH; on the first slice on which it appears), ErC (on the first 4 

consecutive slices, starting on the HH slice), the hippocampal body (HB) and the PhC (same slices as 

HB) were labeled on the group-specific template as landmarks for the subsequent landmark-guided 

alignment. Similarly, subject-specific ROIs were drawn on the individual T1-weighted images to match 

the template priors. Finally, the expectation-based point set registration (SyN[0.5]) was used to 

register the individual T1 weighted images on the T1-template based on the labeled landmarks.  

1.5 AIM AND OUTLINE 

In this thesis, high-resolution imaging techniques were used to investigate the anatomy and 

connectivity between subregions in the MTL. The main purpose was to further understand the detailed 

organization of MTL pathways and derive more fine-grained subdivisions based on the animal 
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literature. In addition, the aim was to elucidate the functional and computational role of subregions in 

domain-specific processing as well as mnemonic discrimination that poses high demands on pattern 

separation. Further understanding of both the 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 disease (Dickerson et al., 2009; Stark et al., 2015, 

2013). Consequently, a specific focus of this thesis is the question which memory pathway shows 

earlier impairments in ageing and might thus be important for the early detection of AD related 

alterations.  

In this General Introduction, I introduced concepts that relate closely to the experiments that are 

presented in this thesis including a summary of MTL anatomy and connectivity, an overview of 

functional MTL networks and computations as well as an introduction to the vulnerability of the MTL 

ǘƻ ŀƎŜƛƴƎ ŀƴŘ !ƭȊƘŜƛƳŜǊΩǎ 5ƛǎŜŀǎŜ ό/ƘŀǇǘŜǊ 1). In the following, I will present the empirical work of this 

thesis in four chapters (Chapters 2-5). In chapter 2, a novel manual segmentation protocol is presented, 

which is based on recent anatomical and histological findings with the aim to enable researchers to 

investigate the role of MTL subregions with respect to function but also ageing and early 

neurodegeneration in AD. In chapter 3, the central prediction of computational models that subregions 

in the MTL and hippocampal subfields are differentially involved in pattern separation is tested using 

ultra-high-resolution functional imaging at 7 Tesla. In chapter 4, the functional anatomy of networks 

in the MTL is investigated and intrinsic functional connectivity analyses were used to test whether the 

ErC in humans is similarly organized compared to rodents and primates. In chapter 5, a task was 

designed to investigate the functional organization and integrity of these functional networks that are 

vulnerable to alterations in ageing and early stages of AD. Finally, all experiments are summarized and 

discussed in chapter 6.  
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2  
PROTOCOL FOR MANUAL SEGMENTATION OF SUBREGIONS IN THE 

MEDIAL TEMPORAL LOBE AT 7T  
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2.1 INTRODUCTION 

The human hippocampus and the adjacent medial temporal lobe (MTL) regions have been implicated 

in a number of cognitive functions including episodic memory, spatial navigation and perception. At 

the same time, MTL regions are affected by a number of pathological conditions such as depression 

(Huang et al., 2013), posttraumatic stress disorder (Wang et al., 2010), epilepsy (Bernasconi et al., 

2003), and neurodegenerative diseases like Alzheimer's Disease (Dickerson et al., 2004; Du et al., 2007; 

Rusinek et al., 2004). In 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 atlas, see Ding et al., 2016). More 

specifically, novel data became available on the boundaries of the subdivisions in the perirhinal cortex 

(PrC) - area 35 and area 36 - depending on sulcal patterns that differ between hemispheres in 

continuity and depth (Ding and Van Hoesen, 2010). Likewise, the boundaries of subiculum (Sub) and 

CA1 in the hippocampal head (HH), have been shown to feature anatomical variations between 

individuals that depend on the number of hippocampal digitations (Ding 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 segmentation 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 

protocols, 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, that are typically obtained perpendicular 

to the long axis of the hippocampus (Yushkevich et al., 2015a). It is unclear how much this difference 

in orientation affects the relative 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 in Wisse et al., 2016a). The 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 single case to account for anatomical variations between brains (Ding and Van Hoesen, 2015). 

However, the delineation of these small MTL structures on in vivo MRI is also limited by the information 

available in commonly used MR images. T2-weighted 3T images with high in-plane resolution are 

generally used to delineate hippocampal subfields because of the visualization of the stratum radiatum 

lacunosum moleculare (SRLM), which appears as a thin dark band on these scans and can be used to 

define borders between some of the subfields. Such high in-plane resolution can often only be 

obtained at the cost of either lower signal-to-noise ratio or larger slice thickness, given the limited scan 

time available especially in clinical populations. This limits the precision of the measurements in-plane 

and along the long 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 signal-to-noise ratio and resolution and 

thereby a more consistent visualization of internal features from slice to slice while maintaining a 

smaller slice thickness (of up to 1mm) in a reasonable scan time.  

Indeed, several segmentation protocols have been published for 7T (Boutet et al., 2014; Goubran et 

al., 2014; Maass et al., 2015, 2014; Parekh et al., 2015; Suthana et al., 2015; Wisse et al., 2012) 

leveraging the improved visualization for the distinction of small subfields such as the dentate gyrus 

(DG) and CA3 in the hippocampus (Parekh et al., 2015) , the SRLM (Kerchner et al., 2012), and allowing 

for specific analyses of subregions of the ErC (Maass et al., 2015) and even entorhinal layers (Maass 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 inter- or intra-rater reliability. Aside from that, there is also a considerable number 

of hippocampal subfield segmentation protocols available at lower field strengths (Daugherty 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 ς neither at 3 nor at 7T ς have incorporated the 

anatomical variations dependent on hippocampal indentations (Ding and Van Hoesen, 2015). 

Manual segmentation protocols that include extrahippocampal regions PrC and PhC mainly exist for 

T1 weighted images with standard resolution at 3T MRI (Feczko et al., 2009, Insausti et al., 1998, 

Kivisaari et al., 2013, Pruessner et al., 2002; but see Suthana et al., 2015 and Yushkevich et al., 2015b 

for T2 weighted high-resolution MRI). The manual segmentation of the ErC and PrC is complex, as the 

anatomical boundaries change based on the depth of the collateral sulcus, which is further 

complicated by the variability of sulcal patterns across hemispheres. Only few protocols at 3T provide 

depth-specific rules (Insausti et al., 1998; Kivisaari et al., 2013) and even less consider different 

subvariants of sulcal patterns (Feczko et al., 2009). Crucially, no protocol has yet incorporated the more 

comprehensive and novel information on MTL anatomy (Ding et al., 2009; Ding and Van Hoesen, 2010) 

while leveraging the high resolution at 7T to provide subvariant-specific and depth-dependent rules 

that account for the variability across and within subjects. 

There is a large multi-investigator effort currently underway to develop a harmonized protocol for 

hippocampal subfields and extrahippocampal subregions (Wisse et al., 2016a), following the 

harmonized protocol for the total hippocampus (Apostolova et al., 2015; Frisoni et al., 2015). This 

harmonization effort was launched to overcome significant differences reported between extant 

segmentation protocols (Yushkevich et al., 2015a). However, the harmonization effort is currently 

aimed at 3T MRI (first 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 protocol to 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 neuroanatomist (S.-L.D.) to provide anatomically valid and reliable rules. 

Intra- and inter-rater reliability results are included for 22 hemispheres of younger adults. Additionally, 

this manuscript provides a comprehensive description of the segmentation of extrahippocampal 

regions, including detailed information on anatomical variation between subjects.  

Please note, although this protocol is presented as the first study within this thesis, it was only finished 

after the other studies were already done. Therefore, the 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 AND METHODS 

2.2.1 PARTICIPANTS 

Participants were included 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 fitness as well as high physical activity levels. In addition, participants were 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 in Magdeburg. 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 female; see 2.2.9 and 2.3.1). In total, we used 24 hemispheres of these subjects. 

All subjects gave informed and written consent for their participation in accordance with ethic and 

data security guidelines of the Otto-von-Guericke University Magdeburg. The study was approved by 

the local ethics committee. 

2.2.2 WORKSHOP 

In order to test the usability of the manual 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 images to give participants the 

opportunity to familiarize themselves with the segmentation approach. On site, we presented the 

protocol followed by an intensive hands-on session. From that, we used the given feedback and most 

commonly occurring problems to refine the protocol and improve comprehensibility for novice raters. 

This includes figures that provide a quick overview of the rules Figure 14), more detailed annotations 

of the slice-by-slice plots (Figure 8, Figure 9, Figure 11, Figure 12) as well as supplemental material (see 

Supplementary Figures) of cases with rare 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 a 32-channel head coil (Nova Medical, Wilmington, MA). We 

acquired 22 partial turbo spin echo (TSE) T2-weighted images oriented orthogonal to the long axis of 

the hippocampus (in-plane resolution = 0.44 × 0.44mm, 55 slices, slice thickness = 1mm, distance factor 

= 10%, TE = 76 ms, TR = 8000ms, flip angle = 60°, FOV = 224mm, bandwidth = 155 Hz/Px, echo spacing 

= 15.1ms, TSE factor = 9, echo trains per slice = 57). The slice thickness of 1mm together with the 10% 

distance factor results in a distance of 1.1mm between slices. Scan-time was 7:46 minutes. 

2.2.4 SEGMENTATION SOFTWARE 

Structures were manually traced by two experienced raters (A.H. and A.L.) on oblique coronal slices 

using ITK-SNAP (Version 3.4; www.itksnap.org; Yushkevich et al., 2006). The images were adjusted for 

equivalent contrast range prior to segmentation (by capping the contrast curve at a maximum of 500). 

ITK-SNAP provides very useful features for implementing this protocol, i.e. an annotation tool for 

drawing lines and measuring distances. 

2.2.5 MANUAL SEGMENTATION PROTOCOL 

The protocol describes rules for manual segmentation of structures in the MTL in coronal MR images. 

The segmentation guidelines for the parahippocampal cortex (PhC), perirhinal cortex (PrC; area 35 and 

36), entorhinal cortex (ErC) as well as the outer 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 see Figure 6). Boundary rules are based on recent data from 

neuroanatomical atlases (Ding and Van Hoesen, 2015, 2010; Ding et al., 2016; Mai et al., 2015). In this 

protocol, we separately report neuroanatomical evidence and resulting rules which can be applied to 

MR images. Boundary rules are provided in millimeters to make the protocol applicable to scans of 

different resolution and facilitate comparisons with the neuroanatomical literature. The protocol is 

particularly focused on T2-weighted images acquired at 7T with 0.44×0.44mm² in-plane resolution and 

1mm slice-thickness with 0.1mm spacing. Some inner boundaries described in the section about 

hippocampal subfields, especially the boundaries of CA3 and DG that rely on the visualization of the 

endfolial pathway (Lim et al., 1997), are likely only applicable to 7T high-resolution T2 images. 

However, the described protocol could potentially also be applicable to other images that are acquired 

orthogonally to the long axis of the hippocampus with similar in-plane resolution and larger slice-

thickness (e.g. 2mm slice thickness).  
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Figure 6. Segmentation hierarchy. Segmentation of entorhinal cortex (ErC), area 35 and 36 of the perirhinal cortex (PrC), parahippocampal 

cortex (PhC) and the whole hippocampus separated into head (HH), body (HB) and tail (HT) are described in 2.2.7 (dark blue) and 

segmentation of hippocampal subfields is described in 2.2.8 (light blue).  

2.2.6 ANATOMICAL LABELS USED IN THE PROTOCOL 

In this protocol, we segment ErC, PrC and PhC. We differentiate between area 35 and 36, which are 

frequently considered together as constituting the PrC in manual segmentation protocols (Duncan et 

al., 2014; Ekstrom et al., 2009; Olsen et al., 2013; Preston et al., 2010; Zeineh et al., 2001), except for 

(Kivisaari et al., 2013; Yushkevich et al., 2015b). However, these regions constitute different 

neuroanatomical parts of PrC (Ding and Van Hoesen, 2010). Therefore, following the terminology of 

Ding and Van Hoesen, we refer to these 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 roughly corresponds 

to the transentorhinal region (Braak and Braak, 1991) and also to the medial PrC (Kivisaari et al., 2013). 

Detailed guidelines for hippocampal subfields involve the boundaries between the subiculum (Sub), 

CA fields 1-3 and the dentate gyrus (DG). Note that our segmentation of Sub includes subiculum 

proper, prosubiculum, presubiculum and parasubiculum (Ding, 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 divided 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 the subfield boundaries in 

this region.  

2.2.7 HIPPOCAMPUS AND SUBREGIONS IN THE PARAHIPPOCAMPAL GYRUS 

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

Fimbria and alveus as well as blood vessels, all appearing hypointense, (see Figure 7) are excluded from 

anatomical masks as they do not belong to any particular subfield (Duvernoy et al., 2013). In general, 

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

spared from segmentation in this protocol. Additionally, there are several blood vessels within and 
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close to the hippocampus. Both blood vessels and potential concomitant signal dropout should be 

excluded from the segmentation. Cerebrospinal fluid (CSF) and cysts appear hyperintense on T2-

weighted MRI. Cysts, often located in the hippocampal sulcus (hippocampal fissure) at the 

ventrolateral flexion point of CA1 (van Veluw et al., 2013) are given a separate label. CSF - either 

surrounding the hippocampus or along a whole sulcus (e.g. hippocampal, uncal, collateral, occipito-

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. 

SRLM, stratum radiatum lacunosum 

moleculare. 

2.2.7.2 Hippocampal formation 

In the following we provide segmentation rules separately 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 easily identified without additional landmarks 

(see Figure 8, HH0). Once the uncal sulcus can be followed from its fundus to the medial surface, the 

ErC becomes the 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 (see Figure 8, HH4; Wisse et al. 2012). 

At the posterior end of the HH, the uncus separates from the hippocampus (see Figure 8, HH14). While 

it is still connected to the rest of the HH (via grey matter), the hippocampus is segmented as one 

structure (see Figure 8, 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 plane (see Figure 8, HH15). 

Hippocampal body 

The hippocampal body (HB) begins when the uncus has disappeared (1 slice posterior to the uncal 

apex; see Figure 8, HB 0). White matter and CSF surround the HB superiorly, medially and laterally. The 

medial-inferior boundary of the HB is the connection of the most medial point of the white matter to 

the most medial part of the grey matter, where it successively borders ErC, area 35 and PhC (see Figure 

8 HB 0 - HB 3, e.g. Ding and van Hoesen 2010). Sometimes, in more 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 segmentation (see Figure 9). However, often the CaS only 
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appears in HT. The HB is segmented as long as the inferior and superior colliculi are visible (medial 

butterfly-shaped structures) (Wisse et al., 2016b). Segmentation does not stop before the colliculi have 

disappeared entirely. This rule has to be applied for each hemisphere separately (see Supplementary 

Figure 1). 

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 medial-inferior boundary is constructed in the same way 

as that for the HB (see Figure 9, e.g. HT0-6). In more posterior slices, the HT (supero)laterally neighbors 

CSF in the trigone of the lateral ventricle (see Figure 9, e.g. HT3). The last slice of the hippocampus is 

the last slice where the HT is clearly visible (see Figure 9, HT11) which can also be checked on sagittal 

slices. It should be noted that at the very end of HT the hippocampus might medially blend with a 

gyrus, sometimes referred to as subsplenial gyrus (Ding 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 as they are easily 

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

2.2.7.3 Entorhinal cortex 

Segmentation of the ErC (as well as area 35 and area 36) begins 4.4mm (= 4 slices here) anterior to the 

first slice of HH. That is, 4 slices have to be counted anterior to the hippocampus to define the starting 

slice. Although the ErC extends through most of the anterior temporal lobe (Ding and Van Hoesen, 

2010; Kivisaari et al., 2013) we chose this border because it is easily identifiable, and high-resolution 

structural imaging protocols often do not cover the entire anterior MTL. The superior border in anterior 

slices is the semiannular sulcus (Ding et al., 2016; Mai et al., 2015). Sometimes, this 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 (see Figure 8, HH2). The ErC covers the ambient gyrus (AG; see Figure 

8, HH0-3). Note that the ambient gyrus is made up of different subfields in an anterior-to-posterior 

direction. While the ambient gyrus is occupied by the ErC in more anterior slices (Insausti and Amaral, 

2012), it consists of Sub and CA1 in more posterior sections (Ding and Van Hoesen, 2015). Moving 

posteriorly, at the point where the uncal sulcus can be followed from its fundus to the medial surface, 

Sub becomes the new superior border (see Figure 8, 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 matter (Mueller et al., 2007; 

Wisse et al., 2012; Yushkevich et al., 2015b). This rule applies until the posterior end of ErC. The lateral 

border of ErC mainly consists of white matter. With respect to the inferomedial border, in some 

subjects CSF can be discerned between the ErC and the laterally located meninges (Xie et al., 2017, 

2016). Therefore, bright voxels medial to the ErC have to be spared from the segmentation (see Figure 
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8, HH1-7). It should be noted that the intensity can depend 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 voxels. Inferolaterally, the ErC is bordered by area 35. 

This boundary is constructed at ¼ of the longest expansion of the collateral sulcus (CS) (from edge to 

top of the grey matter) as the shortest connection between CS and white matter (see Figure 10). The 

only exception from this rule occurs when CS is less than 4 mm deep (very shallow CS); in that case, 

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

ErC disappears approximately 2 mm after the HH (Insausti and Amaral, 2012). Segmentation of the ErC 

stops therefore after 2.2 mm (= 2 slices here) into the HB, i.e. after 2.2 mm posterior to the uncal apex 

(see Figure 8, HB0). The last slice of ErC serves as an intermediate step between ErC and the increasing 

size of area 35. Therefore, the lateral border of the ErC shifts by dividing ErC in half (Ding and 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 the MTL ς 

especially the collateral sulcal patterns are highly variable between brains but can also differ between 

hemispheres of the same brain. There are two main types of MTL anatomy ς 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; 52%) (Ding and Van Hoesen, 2010). CSp is usually longer and deeper than CSa. Studies have 

found a negative correlation of the depth of the CS and the depth of the occipito-temporal sulcus 

(OTS). In subjects with a shallow CS, the OTS is often deep and vice versa (Ding and Van 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 slice, 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 is highly recommended to define the sulcal 

pattern for each hemisphere before starting the manual tracing. The following descriptions are 

visualized in Figure 10. 

 



PROTOCOL FOR MANUAL SEGMENTATION OF SUBREGIONS IN THE MEDIAL TEMPORAL LOBE AT 7T 

   DISSERTATION |  DAVID BERRON 29 

 

Figure 8. Slice-by-slice segmentation for a type 1 collateral sulcus (CS) ς anterior part. Slices are 1.1mm apart. Included are entorhinal cortex 

(ErC; brown), perirhinal cortex (area 35 in mint green, area 36 in dark blue), subiculum (pink), CA1 (red), CA2 (green), CA3 (yellow) and 

dentate gyrus (blue). Shown in HH2, ErC covers the ambient gyrus (AG) and superiorly ends at the semiannular sulcus (SaS). SaS constitutes 

the superior border of ErC and should be extrapolated to anterior slices when it cannot be identified there. 
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Figure 9. Continuation of Figure 8 - Slice-by-slice segmentation for a type 1 collateral sulcus (CS) ς posterior part. Slices are 1.1 mm apart. 

Included are parahippocampal cortex (PhC; dark pink), subiculum (pink), CA1 (red), CA2 (green), CA3 (yellow), dentate gyrus (blue), and the 

hippocampal tail which, is not divided into subfields. In HT7, the subsplenial gyrus starts medially blending into the hippocampus. As soon as 

it is detached from the hippocampus, it is excluded from segmentation (HT+1). Delineation of PhC stops at the calcarine sulcus (CaS) in HT2. 

Area 35 

Segmentation of area 35 starts at the same artificially chosen slice as ErC, i.e. 4.4mm (= 4 slices) 

anterior to the first HH slice. Neuroanatomical atlases indicate that the posterior border of area 35 

falls within 5mm of the anterior portion of the HB. Segmentations therefore end 4.4mm (= 4 slices) 

into HB, which is also 2.2mm posterior to ErC (Ding and Van Hoesen, 2010; Insausti et al., 1998). In the 

most posterior 2.2mm, area 35 borders the Sub medially (see Figure 8, HB1-HB3); in all anterior slices 

it borders ErC. The superolateral and inferomedial borders are in accordance with those of ErC (e.g. 

white matter and CSF or meninges). The lateral border of area 35 depends on the depths of the sulci, 

and is 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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