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Abstract 

Abstract 

Classical memory tasks frequently require distinguishing between old and new 

stimuli. Recent studies also use tasks in which stimuli similar but not identical to 

the targets appear, so-called lures. These tasks were designed to investigate two 

postulated subfunctions of memory: pattern separation and pattern completion. 

Typically, the stimuli are images of everyday objects in which prior knowledge can 

influence memory performance and the degree of similarity between two images 

cannot be objectively determined (Mnemonic Similarity Task, MST, Stark et al., 

2013). The Visual Sensory Memory Test (VSMT) developed by Kaernbach and 

colleagues is a task based on visual pink noise that can be used to construct lure 

stimuli at exactly quantifiable similarity levels. In this study, test subjects were pre-

sented with three different learning images (targets) during the learning phase and 

were confronted with targets, with lures (25%, 50% and 75% similarity) and com-

pletely new stimuli during testing. Participants had to decide after each image 

whether it was ‘old’, ‘similar’ or ‘new’.  

This was performed with 37 participants, mostly at two time points. In both cases, 

subjects showed high recognition performance, and the data was consistent with 

the multi-response Gaussian signal recognition model postulated by Kaernbach 

and colleagues. Also, as predicted, there was no learning effect: performance on 

the second session with new targets was not significantly different from perfor-

mance on the first session. This allows the test to be carried out more than once. 

Continuing, data was collected on 21 children, 20 young healthy adults, and 19 

healthy elderly persons over 65 years of age. Again, all subjects showed high 

recognition performance, although, as expected, the results regarding the various 

memory parameters were significantly worse in the children and older adults than 
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in the young adults, which is consistent with models of hippocampal development. 

Lastly, the adapted version of the VSMT was still performed with x subjects in 3 T 

MRI. It was shown that, as expected, the VSMT places high demands on the hip-

pocampal subregions - DG, CA3, CA1, and subiculum - associated with pattern 

separation.
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Introduction 

Every day we talk to friends, acquaintances and strangers, we cry, we laugh, we 

play sports, we think about the past and plan the future. We are constantly having 

new experiences and learning. Thus, our brains need to process a huge amount 

of sensory information every minute and every second of our lives. Normally, we 

are unaware of the difficulty of these complexity of these processes. Yet the brain 

is constantly challenged. Even when we are asleep, it needs to store what it has 

learned during the day. It must not only absorb the continuous flow of sensory 

impressions, but also store new ones and remember old ones at the same time. 

This is what memory allows us to do, a masterpiece of the brain. We are able to 

discern events in time, which enables us to relate events in time and to understand 

chains of causality, to travel backwards in time and to anticipate future events. 

Memories do not only relate to facts and are a basis for knowledge, but also the 

basis for defining ourselves, as our experiences are interwoven with our habits and 

feelings. It is memory that gives us a personality and a first-person perspective. 

Much of what we perceive is influenced by memories, and likewise memories in-

fluence our future perceptions. This typically often does not happen consciously, 

which means that the existence of one's own mental states and processes is often 

not transparent to the person themself. The importance often comes to light only 

when the memory shows disturbances. 

For many years, memory has been the object of scientific inquiry. The ability to 

recognize new information as new and to extract it from old and similar (ambigu-

ous) information, and thus the ability to discriminate between new, similar, and old 

information, is a prerequisite of mnemonic processing. It depends on neural pro-

cesses called pattern separation and pattern completion. 
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Pattern separation is taken to describe a process in which overlapping and similar 

activation patterns are orthogonalized and stored as non-overlapping neural rep-

resentations. In this way, smaller differences between stimuli can be transformed 

into larger differences (Yassa and Stark 2011; Knierim and Neunuebel 2015). 

Whereas pattern completion is a process in which more complete stored represen-

tations are reconstructed from partial incoming information (e.g. Leutgeb and 

Leutgeb 2007; Hunsaker and Kesner 2013; Rolls 2013).  

One crucially important brain structure when it comes to memory is the hippocam-

pus. For pattern separation and pattern completion are seen as hallmarks of hip-

pocampal information processing. They enable the hippocampus to minimize the 

loss of previously stored information due to excessive interference by storing se-

quence-processed overlapping input patterns separately in shared networks 

(McClelland et al. 1995; Norman und O'Reilly 2013). 

A number of recent studies on humans have examined pattern separation and pat-

tern completion of visual object patterns using modified continuous recognition par-

adigms (e.g. Kirwan and Stark 2007; Bakker et al. 2008; Berron et al. 2016; Liu et 

al. 2016). The gold standard here is the Mnemonic Similarity Task (MST; Stark et 

al., 2015) developed by Stark and colleagues. This contains so-called lures, i.e., 

stimuli that are similar but not identical to old target stimuli. The participants' task 

is to rate the stimuli in terms of their familiarity with the response options: 'old', 

'similar', and 'new'. This task is said to place high demands on the brain regions 

that perform pattern separation. Indeed, MST has been shown to trigger processes 

in the human hippocampus thought to correspond to pattern separation and pattern 

completion (Kirwan and Stark 2007; Bakker et al. 2008; Stark et al. 2013). 

However, this type of ecological stimuli has two major disadvantages: (i.) the sim-

ilarity of the stimuli can not be objectively controlled, (ii.) the discriminability is bi-

ased due to context and prior knowledge of the subject. 
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To counter these disadvantages, Christian Kaernbach developed a new test pro-

cedure that queries this very ability, but uses abstract asemantic images as stimuli:  

the Visual Sensory Memory Task (VSMT).  

In several experiments and final theses of the working group around Christian 

Kaernbach the test was already examined regarding its validity. 

This work is also devoted to investigations with the novel recognition task.  

Questions such as the reproducibility of the test, the comparison to common stand-

ardized test procedures, the applicability to groups of people who do not corre-

spond to a young healthy norm group, and the activation of processes in the hip-

pocampus that are assumed to correspond to pattern separation and completion 

are the focus of this work. In addition, the results are examined in the context of 

the signal detection theory underlying the VSMT, as postulated by Kaernbach and 

colleagues.  
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1 Theoretical and empirical background 

1.1 Memory 

Memory describes a multitude of temporally and content-wise different learning 

and remembering performance with the aim of storing information, sensory impres-

sions and emotions within a behavioral context and making them retrievable again 

(Bartsch & Falkai, 2014). Different forms of memory process are based on different 

cognitive and emotional processes, which are based on specific anatomy and 

transmitter systems (Piefke & Fink, 2014). They can be defined by the dimensions 

time and content. Regarding time, the working memory and the long-term memory 

are different. Within the long-term memory, a distinction is made with respect to 

content between declarative (explicit, consciously accessible content) and non-de-

clarative (implicit, not consciously accessible content). Figure 1-1 illustrates the 

currently postulated taxonomy of the different memory systems. 

According to the dynamic concept of Baddeley and Hitch (1974), working memory 

includes not only the short-term maintenance of perceptually unavailable infor-

mation but also its active manipulation to control subsequent behavior (Piefke & 

Fink, 2014). Active manipulation provides the basis for some cognitive functions, 

in particular executive functions such as understanding, planning, and reasoning, 

and for the integration of multimodal information. The model of Baddeley and Hitch 

sees maintenance and manipulation not only functionally, but also on a neuroana-

tomical level neuroanatomical level separated from each other. Studies on brain -
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damaged patients show that both processes can be disturbed independently (Bad-

deley & Hitch, 1974).  

 

 

The dynamic model distinguishes between four components of working memory: 

(1) the phonological loop for the processing of verbal and auditory stimuli, (2) the 

visuo-spatial sketch block, which processes mainly visual and spatial information, 

(3) the episodic buffer, which allows the spatial and temporal integration of infor-

mation from the phonological loop, the visuo-spatial sketch block and the long-term 

memory, and (4) the central executive as a control unit based on attention and 

monitoring (Baddeley, 2000). Working memory cannot be assigned to a specific 

brain region, but rather consists of an interaction between the prefrontal cortex 

(PFC) and various other brain structures (Yoon et al., 2007). For example, the 

visuo-spatial working memory activates a widely spread neural network of prefron-

tal, premotor and parietal structures (Silk et al., 2010). 

Figure 1-1 Taxonomy of human memory (see Piefke & Fink, 2014). 
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Long-term memory can be defined as a form of long-term behavior-modifying pro-

cesses, including processes such as priming, classical conditioning and procedural 

learning. In order to understand the complex processes involved in the information 

processing of episodic and semantic memory, it is necessary to divide it into 

stages: registration, encoding, consolidation, storage and retrieval (Piefke & Fink, 

2014). 

Episodic and semantic information enters the brain via sensory pathways (regis-

tration) and is initially stored for a short time in cortical association areas. From 

these areas the information is transmitted to the limbic system, which encodes and 

consults cognitive and emotional information. Among the limbic system, some of 

the structures are more involved in processing emotional and affective information 

(basolateral limbic circuit) and other structures are more involved in cognitive as-

pects of information processing (Papez or medial circuit). Extensive neocortical 

networks function as a place of storage of information in long-term memory. In 

addition, the storage of episodic and semantic information requires the use of sub-

cortical and allocortical brain structures, such as the hippocampus, which is a key 

structure of memory (Piefke & Fink, 2014). 

As mentioned before, long-term memory can be separated into declarative and 

non-declarative memory. The first one includes episodic knowledge (personal 

memory in time and space; Tulving, 1991) and the second one includes semantic 

knowledge (facts, world knowledge, concepts; Tulving, 1991). These two types of 

memory can be consciously recalled and are therefore also called explicit memo-

ries (Cohen & Squire, 1980; Graf & Schacter, 1985). Non-declarative memory is 

attributed to implied processes such as procedural knowledge (skills, habits), skill 

acquisition, priming and conditioning (Milner et al., 1998; Squire, 1987; Squire & 

Wixted, 2011; Squire & Zola, 1996). In contrast to declarative memory, non-declar-

ative memory is mediated by different memory systems and is characterised by 
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independence from the medial temporal lobe (MTL). In this context, procedural 

memory and skill learning is largely based on corticostriatal areas, while priming is 

linked to the neocortex according to the type of sensory input (Squire et al., 1993). 

In conditioning, the neural substrate is closely associated with the task at hand. 

For example, fear conditioning is related to emotional responses involving the 

amygdala, while conditioned muscular responses activate cerebellar areas (Squire 

& Zola, 1991). 

In this work, an increased amount of focus is placed on processing in declarative 

memory and therefore on regions of the MTL. 

1.2 Hippocampus and memory  

Indeed, the MTL appears to be central to the ability to store and recall facts and 

events (e.g. Bakker, 2008). The hippocampus is largely regarded as the center of 

a brain network that supports the encoding, consolidation, and recalling of memo-

ries (Bartsch & Butler, 2013). It plays an important role in the research of human 

memory and there is strong evidence for its involvement in episodic and semantic 

long-term memory, novelty recognition, sleep-dependent memory consolidation, 

pattern separation, spatial navigation and the linking of temporally and spatially 

distributed representations (Bartsch, 2012). 

The present research project focuses on declarative memory, especially episodic 

memory. Theoretical models propose that declarative memory is based on the one 

hand, on the ability to orthogonalize overlapping and similar activation patterns and 

to store them as non-overlapping neural representations. Thus, smaller differences 

of stimuli can be translated into larger differences - this process is called pattern 

separation (Knierim & Neunuebel, 2016; McClelland & Goddard, 1996; Yassa et 

al., 2011).  
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And on the other hand, the models are based on the ability to complete partial 

sensory inputs or to combine similar activation patterns into a common neural rep-

resentation, what ist called pattern completion (Squire & Zola, 1991).  

It is part of a functional brain system known as the hippocampus formation. In the 

literature, the affiliation of five different areas to the hippocampal formation is dis-

cussed: Dentate gyrus (DG), entorhinal cortex (EC), subiculum, presubiculum and 

parasubiculum together (Hanert, 2019; Insausti & Amaral, 2004). It has become 

common practice to group the DG, EC, and subiculum together as the hippocam-

pus, as in the present work. 

Its neuroanatomy with cytoarchitectonic subfields, complex circuit structures and 

internal connectivities, which enables the formation of stable permanent episodic 

memories, is easily identifiable (Amaral et al., 2007). From the outside it can be 

identified by its characteristic paw shape (= pes hippocampi), which runs out oc-

cipitally and then merges into the fornix cerebri in a sweeping manner, shown in 

the blue frame in Figure 1-2-A. 

The outer end of this curled structure continues into the subiculum, which borders 

laterally on the parahippocampus. The inner end is surrounded by the DG. De-

pending on the pyramidal cell layer of the hippocampus, the fields 1 to 4 of the 

cornu ammonis (CA) are differentiated in cross-section from the outside to the in-

side (Salzmann, 1992). Philogenetically, the hippocampus belongs to the allocor-

tex, the oldest part of the cerebral cortex.  

The hippocampus processes multidimensional input from subcortical areas and 

the limbic system with back-projections onto cortical areas (Amaral et al., 2007; 

Amaral & Witter, 1989; Lavenex & Amaral, 2000). The unidirectional connection of 

the excitation path connects each region of the hippocampal formation and forms 

a trisynaptic circuit in the hippocampus (Amaral & Witter, 1989; Andersen et al., 
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1966;). Figure 1-2-B shows the connectivity map of memory-associated structures 

of the temporal system, which emphasize the reciprocal flow of information.  

 

 

Most sensory information reaches the hippocampus via the EC, which is consid-

ered the starting point of the trisynaptic circulation (Swanson & Cowan, 1977; Fig-

ure 1-3-A). Neurons of layer II of the EC produce axons that extend through the 

subiculum to subregion CA3 and DG (Swanson, 1976).  

The extensions from EC to DG are considered part of the main entrance path of 

the hippocampus, called the perforant path. The projection from the medial EC 

ends in the middle part of the molecular layer of the DG, while the projection from 

Figure 1-2 (A) Basic anatomy of the memory systems of the hippocampus, which are 

associated with processes of learning and memory (see Bartsch & Wulff, 2015). (B) Con-

nectivity map of the temporal lobe system associated with memory processes, highlighting 

the reciprocal flow of information. Abbreviations: ANT = anterior thalamic nuclei; CA = 

cornu ammonis; DG = dentate gyrus; EC = enthorinal cortex; MB = mammillary body; 

MTT = mamillothalamic tract; SN = septum nuclei (see Bartsch & Wulff, 2015). 
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the lateral EC ends in the outer third of the molecular layer. Neurons of layer III of 

the EC project onto subregion CA1 and the subiculum.  

 

 

The next unit in the tri-synaptic circuit is the DG. Its main neurons, also called 

dentate granule cells (DGCs), produce axons, called moss fibers, which terminate 

on the proximal dendrites of the CA3 pyramidal cells (Claiborne et al., 1986). The 

CA3 pyramid cells project more strongly onto another level of CA3, as well as onto 

CA1, which is called Schaffer collateral projection. The pyramidal cells of CA1 pro-

ject onto the subiculum and deep layers of the EC, which in turn project back onto 

many of the same cortical areas that originally projected onto the EC (Swanson & 

Köhler, 1986). The sensory information is thus projected from the specific cortical 

A B

Figure 1-3 (A) Schematic representation of the trisynaptic circulation of the hippocampal 

formation and its connections to the EC (see Bartsch & Wulff, 2015). Projections, that 

characterize the structures of the feed-forward circuitry that is particularly implicated in 

the mnemonic functions of the hippocampus (pattern separation and pattern completion), 

are represent by black arrows. The EC layer II projects via the perforant path to both: DG 

and CA3. DG projects via moss fibers to CA3. CA3 forms an auto-associative network 

via back projections onto itself. Also, the CA1 region, which is the key output region of 

the hippocampus, receives projections via the perforant path from the EC. It projects the 

hippocampal output onto the subiculum. Abbreviations: EC = enthorinal cortex; DG = 

dentate gyrus; CA = cornu ammonis. (B) Schematic representation of the hippocampus 

with intrinsic subregional connections based (see Bartsch & Wulff, 2015). 
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areas via the excitation pathways described above onto the EC, the through the 

hippocampal circulation and ends again in the cortical region of origin (Li et al., 

2009). Figure 1-3-B shows a schematic representation of the hippocampus with 

the described subregions and connections.  

1.3 Pattern separation and pattern completion 

Two processes facilitate precise coding and correct retrieval by the hippocampus: 

pattern separation and pattern completion (O’Reilly & McClelland, 1994, Figure 1-

4-A).  

There are arguments that pattern separation is the characteristic feature of epi-

sodic memory (Norman, 2010; Norman & O’Reilly, 2003). Pattern separation and 

reminiscence must be clearly distinguished from each other. Reminiscence is a 

cognitive construct that may or may not require different neural mechanisms. Pat-

tern separation is a neural calculation, which refers to a transformation of the rep-

resentation of information. So, reminiscence does not always require pattern sep-

aration. This is the case, for example, when two memories are to be remembered 

that do not share any common characteristics. Computation models indicate that 

the DG are capable of strong pattern separation with overlapping representations 

of the enthorinal cortex and projecting these signals onto the CA3 subfield (O’Reilly 

& McClelland, 1994; Rolls, 2007).  

This assumption has its origin in Marr's theory of the hippocampus (Marr, 1969), 

according to which the cerebellar grain layer produces a sparse representation of 

the incoming sensorimotor input, which enables the storage of the innumerable 

contexts in which a movement took place. Similar function was attributed to DG in 

the course of the theory of the hippocampus (Marr, 1971). If the EC represents two 

high overlap experiences, an expansion recoding mechanism results in the 
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hippocampal granular layers overlapping significantly less than their EC inputs and 

being memorised uncorrelated (Knierim et al., 2016).  

 

The pattern separation can be represented by an input-output curve of the DG 

(green curve in Figure 1-4-B). The x-axis represents the difference between the 

representation of the EC (in this process the medial and lateral EC are combined) 

Figure 1-4 (A) Illustration of the concepts of pattern separation and pattern completion 

adapted by Yassa and Stark, 2011, where pattern separation describes the process of dis-

tinguishing similar input patterns (i.e., A and A') and reducing overlap between neural 

representations. In contrast, pattern completion emphasizes the commonality of two sim-

ilar input patterns (i.e., A and A') and increases the overlap between neural representa-

tions. (B) Expected input-output transfer function in the hippocampal subregions DG, 

CA3 and CA1 based on the rodent studies of Guzowski et al. (2004). The DG displays a 

non-linear input-output transformation with increasing difference in the input. CA3 is 

shown by a sigmoidal curve, with pattern completion for small input changes and pattern 

separation for large changes in the environment. CA1 shows a linear input-output curve. 

Figure from Yassa & Stark (2011). 

(A) (B)
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of two events. This difference can be quantified by the correlation of the two events, 

so a high difference in inputs corresponds to a low correlation of the two events. 

The y-axis represents the difference in the output representation of the respective 

hippocampal region. Thus, according to theory, the difference in the DG represen-

tation of outputs is greater than the difference in the EC representation of inputs. 

The theory states, even with a small difference between the events, the DG repre-

sentation is completely uncorrelated. 

Pattern completion refers to a process in which a previously coded cortical activity 

pattern is reactivated despite a partial or noisy sensory input pattern (Guzowski et 

al., 2004). In this context, most theories emphasize the CA3 region and its internal 

connections, which serve as recurrent safety points and form an auto-associative 

network, i.e., a network in which activity patterns can be self-associated (McClel-

land et al., 1995; Treves & Rolls, 1992).  

An attractor generally describes “a set of stable states in a system that have the 

property that they “attract” neighboring states to move towards the stable states” 

(Knierim & Zhang, 2012). An example is the attraction of a magnet to nearby par-

ticles. The attractor dynamics in CA3, in conjunction with pattern separation pro-

cessing in the DG region, can display outputs from the CA3 network that include 

both pattern separation and pattern completion. 

The red curve in Figure 1-4-B shows a sigmoidal relationship between the differ-

ence in input events and the difference in pattern output resulting from the CA3 

attractor dynamics (Guzowski et al., 2004; McClelland & Goddard, 1996; Rolls & 

Treves, 1998). If two input representations are quite similar, the output represen-

tations are also very close to each other. If the input representations become more 

different, but still overlap very much, the out-put representations retain a high de-

gree of similarity. The difference in outputs is therefore smaller than the difference 
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in inputs (pattern completion). This resistance to input changes is caused by the 

presumed attractor dynamics of CA3 (Knierim & Zhang, 2012). The very similar 

input patterns cause the CA3 cells to fire within an attractor pool created by previ-

ous experience. As the difference in input patterns continues to increase, the at-

tractor dynamics eventually cause a nonlinear change in the difference in output 

representation (pattern separation). This can be explained by the fact that the input 

representations of each event, leading the CA3 representations to fall into two dif-

ferent attractor states that inhibit each other (Knierim & Neunuebel, 2016). The 

CA3 outputs can be regarded as the final arbitrators between the pattern separa-

tion processes of the DG inputs and the pattern completion processes of the re-

curring auxiliary circuits (Knierim & Neunuebel, 2016).  

The role of CA3 is regulated by the relative strength and plasticity within the syn-

aptic connections. During retention, the recurrent collateral activations within the 

CA3 network are exceeded by the orthogonalised input from the DG (Treves & 

Rolls, 1992). Thus a new input is stored in CA3 by new fire rates within the recur-

ring collateral connections (Rolls, 2013; Treves & Rolls, 1992, 1994). 

The diagram in Figure 1-4-B also shows the hypothetical linear relationship marked 

as blue curve between input and output change in CA1 (Guzowski et al., 

2004).Thus, with increasing changes in input, the difference in output also in-

creases. It should be noted that if the changes in CA1 inputs and the changes in 

CA1 outputs can be measured accurately, the curve of input and output could show 

a linear change as shown in Figure1-4-B, even if the output of CA1 plotted relative 

to the changes in experimental manipulations is strongly nonlinear (Knierim & Neu-

nuebel, 2016).  

In summary, it can be said, that pattern separation and pattern completion are in 

precise equilibrium with each other (Knierim & Neunuebel, 2016). According to the 
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degree of environmental change, biased key stimuli either result in very similar 

neural representations (pattern completion) or in different neural representations 

(pattern separation) (Bakker et al.,2008). Their relationship can be represented by 

a sigmoidal relationship in CA3, a linear relationship in CA1 and a hyperbolic rela-

tionship in DG. 

While there are several computer models of the hippocampus that share similar 

properties and all attribute to it a more specific role in relatively fast, ascriptive 

associative learning - pattern separation and pattern completion are somewhat dif-

ferent. The terms originate from the IT domain and increasingly voices are raised 

questioning the ease of transfer to animals and humans.  

Overall, the general idea that the hippocampus, and in particular the DG, reduces 

the overlap of representations of similar information (pattern separation) has been 

supported. Studies on rodents, which are discussed more in chapter 1.3.1, support 

these assumptions.  

However, human studies lack information on mechanical aspects of causality be-

tween hippocampal anatomical structures and the pattern separation and pattern 

completion processes. The reason for this is that there is no behavioral measure-

ment that allows a direct conclusion to be drawn about an underlying neuronal 

activity. Thus, only assertions about "signals that over-match the pattern separa-

tion" can be observed and not the pattern separation itself. Stark and colleagues 

also refer to this on their homepage (https://faculty.sites.uci.edu/starklab/re-

search/pattern-separation/; 05.01.2020, 11:50 o’clock). Another point of criticism 

concerns the term "pattern separation", which, as some criticize, would imply a 

direct mapping of the computational form of pattern separation onto a behavioral 

pattern.  
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At present, we are not yet able to measure pattern separation and pattern comple-

tion directly in the human hippocampus, so that we can only obtain information 

indirectly. These weaknesses are countered by careful formulations. Nevertheless, 

it should be noted that the models established gain immense value if we can trans-

fer them to human behavior.  

1.3.1 Evidence computational models of pattern separation and pattern 

completion  

Based on animal models. Electrophysiological studies on rodents have largely 

supported the ideas presented in the calculation models. In a first study, a cue 

mismatch paradigm was used to investigate the activation patterns of CA1 and 

CA3 place cells. It was shown that the CA3 place cells correlated much more 

strongly than the CA1 place cells in the rotated environment, indicating pattern 

completion in the CA3 region (Lee et al., 2004). Another study from the same year 

used a brain imaging method with immediate early genetic examination (IEG) to 

map activity dependent population responses in CA1 and CA3. It was demon-

strated that the overlap for small environmental changes was greater in CA3 than 

in CA1. This supports the conclusion of pattern completion in the CA3 region. For 

larger changes, the overlap was greater in CA1 than in CA3, which also suggests 

pattern separation in the CA3 region (Vazdarjanova & Guzowski, 2004).  

The studies have shown that while the CA1 region exhibits neither separating nor 

completing linear transformation, the CA3 region performs pattern completion (mi-

nor changes in the environment) in some circumstances and pattern separation 

(major changes in the environment) in others. Therefore, these processes should 

not be treated as simple binary distinctions, but as different aspects of tuning func-

tions that transform the input (Vazdarjanova & Guzowski, 2004).  
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So far, only a few studies have been able to directly image the DG granule cells, 

which is due to their sparse fire rates. But these showed that the DG displayed 

separated representations with very small changes in input (Leutgeb et al., 2007).  

Although still sensitive to relatively small changes in input, the CA3 neurons 

needed a larger change in input to provide evidence of pattern separation. Pattern 

separation could be shown in different forms. Both DG and CA3 are able to orthog-

onalize representations by changing the rates of fire within the same spatial map, 

if the changes were not too large. This process is called rate remapping. Different 

representations were observed for large changes. In DG, a different code was pre-

sent in the same cells that were previously active, whereas in CA3, a different pop-

ulation of cells was recruited (Yassa et al., 2011).  

In summary, experiments on rats showed that the CA3 region plays a role in both 

pattern separation and pattern completion. However, the DG region seems to be 

even more sensitive for pattern separation.  

Based on human studies. Inspired by animal studies, the processes of pattern 

separation and pattern completion in humans are usually measured by match-to-

sample tasks. In general, these tasks include an encoding phase of stimuli of a 

certain category, such as faces, objects or scenarios, and a recall phase in which 

the learned stimuli must be discriminated from new stimuli and similar stimuli. The 

learned stimuli are referred to as targets, the new stimuli as foils and the similar 

stimuli as lures (Bakker et al., 2008; Berron et al., 2016; Kirwan & Stark, 2007; 

Stark et al., 2013; Stark & Stark, 2017). Lures, which are stimuli that are to a certain 

extent similar but not identical to the target, serve to control pattern separation 

processes in the hippocampus. Correctly identified lures as similar imply correct 

pattern separation, while lures wrongly identified as old can be interpreted as an 

indication of distortion in pattern completion (Lacy et al., 2011; Stark et al., 2013; 
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Yassa et al., 2010). A behavioral task that has established itself over the years is 

the Mnemonic Similarity Task (MST; Stark et al., 2015).  

Although the authors became more cautious in wording, and the test, initially titled 

the Behavioral Pattern Separation Task (BPS-O), was renamed MST, they in-

tended to develop a recognition memory task that placed a high demand on regions 

of the brain associated with pattern separation based on computational models 

and animal studies (Kirwan and Stark 2007; Bakker et al. 2008; Stark et al. 2013). 

Unlike in simple recognition tasks, MST involves not only the classical discrimina-

tion between learned (targets) and new stimuli (foils), but also the differentiation to 

similar stimuli (lures).  

During a presentation phase, the test persons are presented with 128 images of 

everyday objects, which should be evaluated as “inside or outside” at the press of 

a button. The immediately following test phase comprise 192 images, each con-

sisting of one third targets, foils and lures. After each presented picture, the test 

persons indicate at the press a button whether it is an ‘old’, a ‘new’ or a ‘similar’ 

picture. This is therefore an explicit task. The lure objects are categorized into five 

levels of similarity to an object. The levels go from 1 (most similar) to 5 (least sim-

ilar). The ability of pattern separation is thus also evaluated as a function of lure 

similarity (Lacy et al., 2011; Yassa et al., 2010).  

Two scores that can be calculated from the performance in the MST and are sig-

nificant are (1) Pattern Separation Score (PatSep), formerly known as Lure Dis- 

crimination Index (LDI) or Behavioral Pattern Separation (BPS) Score and (2) 

Recognition Memory (RM) Score, each corrected for a response bias (Stark et al., 

2013; Stark & Stark, 2017).  

The scores are calculated according to the following formulas (Stark et al., 2013; 

Yassa et al., 2010, 2011):  
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(1) PatSep = [p (correct 'similar' response to lures) - p (false 'similar' reaction 

to foils)] 

(2) RM = [p (correct 'old' response to targets) - p (false 'old' reaction to foils)] 

The first study to demonstrate functional differentiation of hippocampal subfield 

with respect to pattern separation in humans was conducted by Bakker and col-

leagues using MST in functional Magnetic Resonance Imaging (fMRI) (Bakker et 

al., 2008).  

Excursus: Functionality of the fMRI. In distinction to imaging techniques such 

as positron emission tomography (PET), fMRI is a non-invasive method. The prin-

ciple of fMRI is based on the fact that the activation of brain structures is accom-

panied by a change in blood flow and the oxygenation of the blood in the regions 

concerned. Oxyhemoglobin and deoxyhemoglobin have different magnetic prop-

erties: the former is diamagnetic; the latter is paramagnetic. Under conditions of 

activity, a region of the brain demands oxyhemoglobin, which therefore increases 

in the supplying and discharging vascular system. Since the blood flow increases 

faster than oxyhemoglobin is consumed, the relative amount of deoxyhemoglobin 

in the veins decreases. This leads to a small delay of the signal relaxation in the 

transverse plane, especially in the fMRI sequences that are sensitive to it, for ex-

ample T2*EPI. Consequently, the signal intensity in T2 recordings increases com-

pared to the non-activated state. This so-called Blood Oxygen Level Dependent 

Effect (BOLD-effect) was first described by Fox et al. (1988). In this way, brain 

activities can be recorded non-invasively. In order to differentiate the specific brain 

function from the so-called noise, which describes the uninterrupted running of 

other brain processes, the frequent repetition of a task that activates the processes 

under investigation is necessary during recording. The recording can provide the 

localization of the function with high spatial resolution of up to 1-3 mm depending 
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on the measurement sequence (Frahm et al., 1993). The temporal resolution is 

physiologically limited by the reactivity of the vessel bed. This reacts to changes in 

activity with a time delay, so that the first detectable signs of the reaction are only 

reached after about 3 seconds and a plateau after about 5 seconds. The temporal 

resolution of the fMRI is often given in this range. The techniques described have 

been used in a variety of studies investigating cognitive processes, including 

memory-based functions. This also applies to the investigation of pattern separa-

tion and pattern completion processes, as in Bakker et al. (2008). They investi-

gated lure-related novelty signals in the MTL using repetition suppression effects, 

meaning that if the activity on a lure was more like the activity on a novel stimulus, 

such as a foil, then it was assumed that the region was involved in pattern separa-

tion. Conversely, if the activity on a lure was more similar to the activity on a target, 

then the region was assumed to be involved in pattern completion (Hanert, 2019).  

It was found that the activity of the DG and CA3 region was associated with pattern 

separation, while the CA1 region, subiculum, EC and parahippocampal cortex 

showed activities associated with pattern completion (Bakker et al., 2008).  

In addition, and following from animal experiments, a further study was conducted 

to determine the gradual degree of similarity of the lures with the corresponding 

target. The CA3/DG region reacted more sensitively to small changes, so that a 

high level of activity was achieved even with very small changes. In contrast, the 

CA1 activity in the hippocampus was mapped linearly, with low activity levels point-

ing to very similar items and higher activity levels indicating very dissimilar items 

(Lacy et al., 2011). The results were similar to those obtained from animal experi-

ments with rats in which the environment was gradually changed (Leutgeb et al., 

2007). 
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A slightly more recent study used images of scenes instead of object images. In 

addition, they increased the resolution by using a 7-tesla fMRI instead of a 3-tesla 

fMRI, which allows a more detailed examination of the subunits of the hippocam-

pus (Berron et al., 2016). Due to the high resolution, these studies provided for the 

first-time evidence of pattern separation with separate CA3 and DG regions. Study 

results demonstrate that representations of highly similar stimuli overlap less in the 

DG than in CA2-3 and other hippocampal subfields.  

Indeed, MST and comparable tasks have been shown to tax processes in the hu-

man hippocampus that are thought to correspond to pattern separation and pattern 

completion (Bakker et al., 2008; Berron et al., 2016, Kirwan & Stark, 2007; Stark 

et al., 2013). Besides advantages, like the fast and simple semantic coding of eco-

logical stimuli, like images of everyday objects, MST and other common paradigms 

also have some disadvantages. First, there is no objective similarity measure. The 

authors tried to counteract this weakness by having test persons evaluate the sim-

ilarity of the lure stimuli in a preliminary study. On this basis, they classified the lure 

objects into similarity categories. Nevertheless, the similarity assessment retains a 

subjective note. A second drawback is the distortion of the test result due to pos-

sible prior knowledge of the subjects. It cannot be ruled out that the test persons 

may have different levels of familiarity with everyday objects, which very probably 

influences the discrimination ability (Roberts et al., 2012). A passionate piano 

player will probably find it easier to distinguish two pianos from each other than a 

person who has never sat at a piano himself. In addition, the processes of pattern 

separation and pattern completion are assigned to different phases of the memory 

function according to Roll’s model (Rolls, 2013) model, so that pattern separation 

plays a role in the encoding phase and pattern completion in the retrieval phase. 

Using everyday objects, as in the MST, the processes can interfere in such a way 
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that memory content which already existed before the test is activated instead of 

the most recent encoded representation (Hunsaker & Kesner, 2013). 

To address these impairments, Kaernbach and colleagues constructed a sensory 

test with abstract, unfamiliar, and asemantic stimuli: the Visual Sensory Memory 

Test (VSMT). 

1.4 The Visual Sensory Memory Test  

Kaernbach et al. developed the Visual Sensory Memory Test (VSMT), to create a 

sensory counterpart to MST based on asemantic stimuli.  

1.4.1 Stimuli  

The goal was a context-independent representation as well as quantitative meas-

urability and controllability of the input samples, which were generated by visual 

pink noise. Starting with white noise, a noise with a constant power density spec-

trum, visual stimuli with pink noise were generated. In the test forms used for this 

work, stimuli were generated from 512 x 512 pixels of different gray levels. The 

brightness values were cropped and transferred to a digital RGB space only in the 

last phase. The brightness values of the individual pixels were given by normally 

distributed random numbers (zero corresponded to an average brightness). At first 

there were no correlations between the neighboring pixels. The image of the white 

noise was then Fourier transformed, multiplied by a 1/f filter and transformed back. 

The following multiplication with a Gaussian envelope was intended to prevent ar-

tifacts at the edges of the stimulus, which are particularly easy to imprint. The 

standard deviation of the Gaussian curve was 102 pixels. The resulting image of 

pink noise and contrast envelope was cropped to ±1.96 of its standard deviation. 

Now the finite gray value range of -1.96 to +1.96 was transferred to the gray value 

coding range in a 24-bit RGB system (0 to 255). A pool consisting of 20 targets, 
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100 foils and 100 so-called confounds, which are necessary for the generation of 

the lures, was generated. Figure 1-5 shows examples of such noise images as 

used in the test. 

Advantages of this type of stimuli over everyday objects or scenarios as used in 

MST are diverse. On one hand, noise images can be considered ecological be-

cause they share the statistical property of a 1/f amplitude spectrum of natural im-

ages (Field, 1987). In addition, the stimuli can be objectively converted into each 

other, whereby the percentage of agreement between target and foil can be exactly 

determined, and thus lures can be generated at objectively determined similarity 

levels. The lures are derived from the target stimuli by mixing them with so-called 

confounds. Their frequency spectrum is identical to that of the original images. This 

mixing is performed according to the blending method with the formula  

 

𝜆 = (𝑞 ∗ 𝑎 + (1 − 𝑞) ∗ 𝑏) ∗  𝑉𝑐𝑜𝑟 . (1) 

for each pixel of a lure, where the mixing factor q defines the relative proportion of 

the target. Furthermore, the variance of the mixture must be corrected with  

 

𝑉𝑐𝑜𝑟 =
1

√(𝑞2 + (1 − 𝑞)2)
 

. (2) 

since variance is lost during the mixing process. Lures obtained in this way have 

the same statistical quality as the two initial stimuli and the correlation of its distri-

bution with the distributions of the initial stimuli follows the formula  

 

𝑟2 =
𝑞2 

(𝑞2 − (1 − 𝑞)2)
 

. (3) 
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1.4.2 Matrix-Analysis 

The VSMT consists of an encoding phase and a recall phase, identical to the MST. 

During the presentation phase, the test person is given the task of memorizing the 

targets well. In the recall phase he is then confronted with these or completely new 

stimulus (foils) or stimuli similar to different levels (lures). After each presented 

stimulus, they should decide by pressing a key whether it is an ‘old’, a ‘similar’ or 

a ‘new’ image. 

A first trial of the VSMT as a novel method for pattern separation was conducted 

by Kaernbach and colleagues on a sample of students. The subjects were pre-

sented with a learning set of four pink noise stimuli in an encoding phase. In a 

subsequent test phase, they were presented with twelve similar images in random-

ized order, including the four targets, four foils and four lures, which were to be 

evaluated by the subjects by pressing a button to determine whether they were 

‘old’, ‘similar’, or ‘new’. Four similarity gradations were introduced for the lures, so 

that the lures corresponded to the target at 20%, 40%, 60% and 80%, respectively. 

Each participant completed six passes with an encoding phase and a test phase. 

Figure 1-5 Example images of pink noise stimuli. 
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It was found that as the proportion of target similarity increased, so did the proba-

bility of judging the images as old, while at the same time the probability of judging 

the images as new decreased.  

Kaernbach and colleagues propose a novel method for the matrix-analysis to de-

rive a general measure of memory performance. First, they criticize the memory 

parameter RM recorded within the MST, which calculates the frequency of targets 

correctly classified as old, minus foils incorrectly classified as old, and is intended 

to serve as a measure of general memory performance independent of pattern 

separation. They argue that this independence is not readily assumed, as RM is 

based on older memory parameters that only distinguish between old and new and 

leave similarly excluded. They propose an alternative coefficient of general 

memory performance that similarly includes the stimulus category. The Old-New-

Discrimination (OND) is calculated according to the following formula 

(3) OND = [p (correct 'old' response to targets) + p (false ‘similar’ reaction to 

targets)] - [p (false 'old' response to foils) + p (false ‘similar’ reaction to foils)] 

 

Second, the type of analysis is based on the Signal Detection Theory (SDT) with 

separate Gaussian distributions for targets, lures and foils, assuming a model var-

iant with equal variances for all distributions (Green & Sweets, 1966, Figure 1-6). 

The sensitivity index d' serves as a measure of the dissimilarity of the distribution 

of targets (d'T) and lures (d'L) from the distribution of foils and was determined using 

a maximum likelihood method. The higher the sensitivity d', the better the discrim-

ination between targets and lures to foils. The model is based on a 3 x 3 reaction 

matrix, since the three different response alternatives (‘old’, ‘similar’, ‘new’) to three 

different stimulus categories (target, lure, foil) were available to the experimental 

participants. Thus, it represents an extension of the classical SDT model with a 2 
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x 2 matrix, which in turn postulates two Gaussian distributions with the probabilities 

p (e | foil) and p (e | target) and a decision criterion. In case of a decision between 

‘old’ and ‘new’, a likelihood ratio must be calculated as the ratio of the conditional 

probabilities for the occurrence of one of the two possibilities under the concrete 

actual state e. This follows the formula 

 

𝛬21 =
𝑝(𝑡𝑎𝑟𝑔𝑒𝑡 | 𝑒)

𝑝 (𝑓𝑜𝑖𝑙 | 𝑒).
 

 (4) 

 

 

 

p(e I foil) p(e I target)

observation scale

observation scale

„new“ „old“c

„new“ „sim“ „old“
c2

1 c3
2

p(e I target)p(e I foil) p(e I lure)

Figure 1-6 SDT interpretation of the VSMT results. (A) classical SDT model with a 2 x 

2 matrix, which in turn postulates two Gaussian distributions with the probabilities p (e | 

foil) and p (e | target) and a decision criterion c. (B) Model fitting in a 3 x 3 reaction 

matrix, since the three different response alternatives (‘old’, ‘similar’, ‘new’) to three dif-

ferent stimulus categories (target, lure, foil), which are considered as classes on a one-

dimensional detector scale. Criteria ci between these distributions determine the thresh-

olds above which a certain response is given. The distance between the distribution rep-

resenting the targets and the foils can be read as sensitivity d’T and is a measure of the 

separation efficiency of the patterns. 

(A) 

(B) 
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The decision-making behavior grows monotonically with e, so that again a decision 

criterion c for the actual state e results. This provides for a decision in favor of the 

targets as soon as he reaches a critical value c. The sensitivity with which the 

decision is made is expressed by the parameter d'. Within the classical SDT-model, 

d' is considered as general memory performance independent of fluctuations of the 

decision criterion. 

Kaernbach and colleagues now transferred these considerations to the model de-

scribed above with three Gaussian distributions and the corresponding probabili-

ties p (e | foil), p (e | lure), p (e | target). This results in two likelihood ratios 

𝛬21 =  𝑝 (𝑙𝑢𝑟𝑒 | 𝑒) / 𝑝 (𝑓𝑜𝑖𝑙 | 𝑒) 𝑎𝑛𝑑 𝛬32 =  𝑝 (𝑡𝑎𝑟𝑔𝑒𝑡 | 𝑒) / 𝑝 (𝑓𝑜𝑖𝑙 | 𝑒).  (5) 

with two decision criteria, since e must be compared with two critical values c1 and 

c2. In conclusion, a rating is ‘new’ if e is below c2
1, ‘similar’ if e is between criteria 

c2
1 and c3

2 and ‘old’ if it is above c3
2.  

Thus, memory performance can not be represented by a single parameter d', but 

by at least two sensitivity measures d' for the distributions of the targets (d'T) and 

for the distributions of the lures (d'L), whereby d'L is to be understood as a vector 

which contains all lure sensitivities per similarity gradation. 

An analytical approach to fitting a model to data that conform to this design is not 

possible. This is the place where Maximum Likelihood Estimation (MLE) proves to 

be useful. The algorithm outlined above accepts no relationship between the psy-

chological sensitivities (μi) and the physical parameters of the stimulus and is there-

fore considered a "free form" SDT model fitting. This model allows the empirical 

data to be represented by degrees of freedom resulting from the two decision cri-

teria and the d' values, i.e., target sensitivities and lure sensitivities. The number 

of degrees of freedom thus depends on the number of similarity levels determined. 
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In the experiment described above, four levels of similarity were defined, which 

corresponds to a model with seven degrees of freedom (df).  

However, it is possible to further constrain a model by restricting the psychophysi-

cal laws that affect its parameters: We call these "laws" imposed on a model. Ex-

amples of such laws are: 

(1) Linear Fitting: All μ = {μi | 1 < i < n} are considered to be spaced linearly 

between μ1 and μn according to a set of scales given by the physical pa-

rameters of the stimuli. Given a tuple of scales s1..sn the model’s distribution 

means can be expressed as μ = {μi | μi = si * μn}. Only the last mean μn is 

estimated, which reduces the df by n-1.  

(2) Power Fitting: All μ = {μi | 1 < i < n} are assumed to be spaced between μ1 

and μn according to a power function of a given set of scales. Given a set 

of scales s1 .. sn the model’s distribution means can be expressed as μ = 

{μi | μi= (si)e * μn}, where the exponent e is an additional parameter esti-

mated by the MLE approach. This reduces the df compared to a free fit by 

n-2.  

The model found by MLE can be tested against a null model calculated by 

weighting the cells aij (where i is defined by the answers old, similar, new and j by 

the stimulus category target, lure per similarity level and foil) of the data matrix with 

their respective logarithmic relative frequencies 

 

log(𝑝(𝑛𝑢𝑙𝑙 𝑚𝑜𝑑𝑒𝑙)) =  ∑ 𝑎𝑖𝑗 ∗ log
𝑎𝑖𝑗

𝑛.𝑗
 . 

withi n.j being the column wise sums of the aij.  

 (6) 
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The test then performed is a likelihood-ratio test with a calculated test statistic D 

with 

 

𝐷 =  −2 log
𝑝 (𝑛𝑢𝑙𝑙 𝑚𝑜𝑑𝑒𝑙)

𝑝(𝑆𝐷𝑇 𝑚𝑜𝑑𝑒𝑙)
 

 (7) 

 

Following Wilks’ theorem D is χ2-distributed with dfnull - dfSDT degrees of freedom 

(Wilks, 1938).  

Similarly, two constrained models can be tested against each other if they are in-

terleaved so that the less constrained model can be transformed into the more 

restricted model by applying parameter conditions. 

Kaernbach and colleagues have programmed an algorithm for maximum likelihood 

estimation, which will be available for download in the future. Since there are high 

performance fluctuations between the participants, the estimation has to take place 

on an individual level, so that for each person a coefficient of the logarithmic prob-

ability function per model suggestion results. In this context, the more positive the 

coefficient the better the maximum likelihood fit. The maximum likelihood algorithm 

finds an optimal set of parameters for each individual response matrix. 

In the following analysis, the SDT model was applied to the data of each subject. 

It was tested whether the response matrix with the constraints imposed by the 

Gaussian SDT model is compatible with the actual response matrix. Likelihood 

ratio tests were performed, which included a comparison between the Gaussian 

model and the null hypothesis for each subject. Kaernbach and colleagues showed 

in their previous experiments that these likelihood ratio tests on the individual data 

were favorable for the restricted model in each individual case. Under this model 

variant, a non-linear distribution of the d'L values results. This led to the question 

whether lure sensitivity can actually be represented as a function of the proportion 

. 
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q of the targets in the lures and not rather as a function of the biquartic correlation 

of the targets with the lures. Previous studies suggest that the biquadratic correla-

tion r4 may prove to be an operationalizable measure of the similarity of a gener-

ated lure to its source image. Specifically, this means that a lure with r4 = 0.5 has 

such similarity to its associated target that it is judged to be known or unknown for 

approximately the same number of querie.  

Kaernbach and colleagues conclude that data from memory experiments with var-

ying degree of similarity can be explained in terms of a one-dimensional Gaussian 

SDT. Whether this is also true for paradigm adaptations or for older or younger 

groups of subjects is the purpose of this paper. 

1.4.3 Empirical evidence of the VSMT  

The VSMT has already been applied in various studies. In one of the first experi-

ments, the learnability of abstract stimuli was proven (Schubert, 2016). Kanczok 

(2017) showed that test persons were able to remember the images over a longer 

period and to assign names to them. Another work showed that the pink noise 

stimuli are already noticeable at a presentation time of 200 ms (Ulrich, 2018). An 

operationalizable measure for the similarity of a generated lure to its initial image 

was found, the bi-square correlation r4, which is also used in this work as a meas-

ure of similarity. The results of the behavioral studies also provide clues that can 

be analysed with the help of a Gaussian signal detection model. Assuming a one-

dimensional model, i.e., detectors of the targets, lures and foils on one axis, it is 

possible to model the output of these same detectors as a homoscedastic normal 

distribution (Brütt, 2020). The distance between the mean values of foils and tar-

gets can be expressed as a memory parameter of the psychologic sensitivity d'T 

and interpreted as an individual performance of sample task. Thus, a high d'T value 

speaks for a good separation ability in the task. The cj
j+1 in between determine the 
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threshold at which a certain response is given based on the sensory input. In the 

different studies, the average memory performance of the samples varied strongly, 

which can be explained by different presentation times, number of stimuli and the 

additional task of naming. For example, the general memory performance at a 

presentation time of 200 ms was d'T = 1.49 (Ulrich, 2018), while a presentation time 

of 8 s resulted in d'T = 2.77 (Schubert, 2016). A recent study by Brütt (2020) exam-

ined which number of learning pictures represents a good middle course that nei-

ther underchallenges nor overchallenges the subjects. As suspected, there was a 

drop in performance with an increasing number of learning pictures, but this devel-

opment was not linear. Thus, the implementation of two, three or four learning pic-

tures showed no discernible differences in classification or naming performance. 
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2 Question and hypothesis 

2  Question and hypothesis  

Based on the theoretical and empirical research described above, this work applies 

a memory consolidation task based on context-independent pink noise stimuli with 

objective similarity control (called VSMT), in various experiments. On the one 

hand, this serves to further investigate the applicability of this novel task under 

different conditions, and on the other hand, the work aims to provide further insight 

into the memory function pattern separation.  

First, the paradigm of the VSMT was adapted with respect to planned experiments 

so that it can be performed under more specific conditions, such as implementation 

in the fMRI scanner or application to subjects who deviate from a young healthy 

norm group. For this purpose, a version of the paradigm was created that ad-

dressed all the specifics of the individual experiments and was thus practicable for 

all to use. This ensured comparability between the study results within this work.  

In a first step, this adapted version of the VSMT should be tested for its feasibility 

and validity. The results of various established neuropsychological tests will be 

used as reference values. Furthermore, the new parameters derived by Kaernbach 

will be compared with the established performance parameters of the MST. In ad-

dition, the data are examined for consistency with the SDT model postulated by 

Kaernbach and colleagues. Another important question that should be clarified in 

this course is the question of the repeatability of the test. It should be shown that 

there is no learning effect (when new targets are used) and that the test therefore 

has an advantage over the MST. 
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In the second step, the adapted version of the VSMT will be performed with sub-

jects who deviate from the young healthy norm group with whom the VSMT has 

been exclusively performed so far. For this purpose, the VSMT was measured with 

subjects of different ages: (i.) children of 4-5 years, (ii.) young adults around 25 

years and (iii.) elderly subjects over 65 years. The intention was firstly to show that 

the VSMT is also feasible for these groups of people, as evidenced by dispropor-

tionate correct responses to the stimuli, and secondly to show that children and 

older individuals show poorer performance in discriminating similar patterns than 

young adults, which is consistent with assumptions about hippocampal develop-

ment and aging. An inverse relationship between memory performance and age 

was expected. 

In the third and most extensive step, fMRI was used to investigate whether VSMT 

actually places high demands on brain regions associated with pattern separation. 

Here, the hippocampus in particular was the focus of the investigation. The effects 

were expected to be similar to those observed in previous fMRI studies of pattern 

separation performed with MST (e.g., Bakker, 2008). These showed high involve-

ment of the hippocampus and in particular the DG and CA3 region. Also in our 

studies, pattern separation and pattern completion could only be interpreted indi-

rectly by the activity of the brain regions. To this end, following Bakker et al. (2008), 

it was hypothesized that if a particular subregion were involved in processes of 

pattern separation, the lure would be treated more like a new stimulus (foil) rather 

than a repetition (target), and thus would show similar activity to the first presenta-

tion of a stimulus. In contrast, if a particular subregion were involved in processes 

of pattern completion, the lure would be treated as a repetition of the original stim-

ulus (target) and thus would exhibit activity similar to that of a repetition. 
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3 Material and Methods 

3.1 Visual Sensory Memory Test 

3.1.1 Paradigm 

The VSMT memory consolidation task developed by Kaernbach and colleagues 

was used in all studies to examine episodic memory and - in particular - the process 

of pattern separation. The VSMT was slightly adapted with respect to the upcoming 

experiments. For better comparability within this work, the same variant of the 

VSMT was used for both the behavioral and fMRI experiments.  

The paradigm adaptation is visualized in Figure 3-1. In an encoding phase, the test 

subjects were presented with three images of pink noise and were instructed to 

memorize the images as accurately as possible. The three targets were presented 

fifteen times in a row in the same order. Each image was presented for 2 seconds. 

Between the images there was an inter-stimulus interval (ISI) of 3 seconds. The 

end of the encoding phase and the beginning of the test phase were made clear 

to the subjects by again presenting a written instructions about the following task. 

During the recall phase, after each stimulus presented, subjects were asked to 

indicate with a corresponding key whether the image they had just seen was an 

‘old’, a ‘similar’, or a ‘new’ image (Appendix D-1). 

The test phase included 10 sequences in the behavioral experiments and 20 se-

quences in the fMRI. Each sequence consisted of 15 images, 3 targets, 3 foils and 

9 lures (3 per similarity level). The images were presented randomly within the 

sequence. As mentioned above, the similarity levels in this variance of the para-

digm were 25%, 50% and 75% agreement with the target. Again, the pictures were 

shown for 2 seconds. Afterwards, the test person had to answer within 1 sec by 

pressing a key. There is no feedback about the correctness of the answer. After a 
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keystroke in response or the expiration of the second, an interstimulus interval of 

3 seconds followed before the next image of the sequence was presented (Appen-

dix D-2). 

 

 

target

lure

foil

old sim new

pre 2 sec

ISI  3 sec 

after each pic

sequence consisting of

3 targets

3 foils

3 lures per similarity level
(25%, 50%, 75%)

Figure 3-1 Procedure of the VSMT. Subjects first encoded 3 images of pink noise, which 

were presented on a computer screen, with the task of memorizing the images as best as 

possible. In the subsequent test phase, the test persons were then confronted with either 

these, completely new images or images that were similar to the learning images to vary-

ing degrees. They were asked to decide by pressing a button whether the picture presented 

was a ‘new’, ‘similar’ or ‘old’ picture; pre = presentation, ISI = inter stimulus interval. 

Detailed demo in appendix C-1 and C-2. 
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3.1.2 General Procedure 

Changing the similarity levels from the previously common 20%, 40%, 60% and 

80% to 25%, 50% and 75% offered the advantages of a balanced number of stim-

ulus categories per sequence and a bait that was exactly in the middle between 

target and foil (50%) (Appendix C-2). The modified presentation times allowed to 

perform the test in combination with imaging techniques such as fMRI. The test 

sequence is shown schematically in Figure 3-1. The paradigm was generated us-

ing the script program Matlab R2018b (The Math Works, 1984).  

After a detailed explanation of the procedure, all subjects of the different experi-

ments signed a declaration of consent according to the standards of the University 

Hospital Schleswig-Holstein. All consent forms used in the project can be found in 

Appendix B. This was followed by an interview with questions on demographic 

data, such as age, gender, occupation and educational level. In addition, in each 

experiment the number of sleeps during the night before the test as well as the 

visual performance was surveyed (self-disclosure). Particularly in the groups of el-

derly persons, a detailed medical history was taken, especially with respect to neu-

rological or psychiatric diseases. With regard to fMRI testing, handiness was also 

assessed using the Edinburgh Handedness Inventory (Oldfield, 1971, Appendix C-

1). The VSMT was then performed either on the PC or in the fMRI scanner.  

After performing the VSMT, the same neuropsychological test battery was per-

formed with all subjects of the different experiments. It started with the Rey Audi-

tory Verbal Learning Test (RAVLT; Rey, 1941), followed by the Trail-Marking-Test 

(TMT; Reitan, 1992) in versions A and B, the Mehrfachwahl-Wortschatz-Intelli-

genztest (MWT-B; Lehrl, 2005), the Digit Span Test (DS; Wechsler, 1981) and 

ended with the Regensburger Word Fluency Test (RWT; Aschenbrenner et al., 

2000). The tests are presented in more detail in the following sections. All test 

results were reported as z-values. 
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Rey Auditory Verbal Learning Test (RAVLT). The RAVLT (Rey, 1941) tests ver-

bal learning and memory. The experimenter reads a list of 15 words at a speed of 

one per second. The subject is then asked to repeat all the words from the list that 

he or she can remember. This is done five times in total. The reviewer then pre-

sents a second list of 15 other words. The respondent only has one attempt to 

retrieve as many words as possible from the new list (B). Immediately afterwards, 

the participant is asked to name as many words as he remembers from the first list 

without it being read aloud again (VI). After 20 minutes delay with other tests, the 

participant is again asked to name as many words as he or she remembers from 

the first list (VII). A long list of words is then read to the respondent and he or she 

is asked to say whether this word was in the first, second or none of the lists (Rec). 

The RAVLT has been shown to be valuable in evaluating verbal learning and 

memory, including proactive inhibition, retroactive inhibition, retention, coding ver-

sus retrieval, and subjective organization. Of interest is the sum of remembered 

words from passage I to V, the number of remembered words according to the 

disturbance list (VI), the delayed reminder after 20min (VII) and the recognition of 

words (Appendix C-4). 

Trail-Marking-Test (TMT). The TMT (Reitan, 1992) is a neuropsychological 

screening procedure for the detection of attention disorders and executive dysfunc-

tions. The TMT is a paper and pencil test consisting of two parts, TMT-A and TMT-

B. In the first part, numbers have to be connected in ascending order and in the 

second part numbers and letters alternately. The aim of the test is for the subject 

to complete both sections as quickly as possible, using the time to finish the test 

(in seconds) as the score. The error rate is not captured in the paper and pencil 

version of the test, but it is assumed that the errors are reflected in the time to 

complete the test. The first part is mainly used to study cognitive processing speed 
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and the second part to study working memory and cognitive flexibility (Appendix 

C-5). 

Mehrfachwahl-Wortschatz-Intelligenztest (MWT-B). The MWT-B (Lehrl, 2005) 

serves to measure the general level of intelligence, especially the level of crystal-

line intelligence. Within the framework of the test, a sample of knowledge is col-

lected which makes only low demands on the currently available performance and 

thus has less influence on light to medium severe mental impairments. The MWT-

B consists of 37 lines with 5 items each. Each line contains one word known in 

colloquial or scientific language under four fictitious new constructions according 

to the multiple-choice principle. The test person gets the order to mark the existing 

word in each line. The items are arranged according to their degree of difficulty. 

The test score is the sum of correctly marked words (Appendix C-3). 

Digit-Span-Test. The Digit-Span-Test is a sub-test of the Hamburger-Wechsler-

Intelligenztest (HAWIE; (Wechsler, 1997). It consists of the forwards and back-

wards repetition of number series. This is tested separately. The subject should 

repeat two series of the same length, forward up to 9 digits, backward up to 8 digits. 

Both parts consist of 7 steps and thus a maximum score of 14 (28 total). The testing 

of memory spans is a traditional part of the clinical examination of short-term 

memory. With their help, statements can be made about its capacity. It is intended 

to provide information on the amount of information that a person can store at short 

notice and thus keep track of. In the case of "forward" numeric recurrence, the 

memory span for verbal information is checked. The measure for the memory span 

is the item number of the longest sequence reproduced correctly. Number repeti-

tion "backwards" additionally tests the verbal-auditive modality of the working 

memory (Appendix C-2). 
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Regensburger word-fluency Test (RWT). The RWT (Aschenbrenner et al., 2000) 

is a diagnostic procedure for the collection of the word liquid. The task for the test 

persons is to generate as many words of a category (formal lexical) or a letter 

(semantic) as possible within one minute. In this experiment, the category "first 

names" and the letter "S" were asked. The test value results from the respective 

number of correctly named words (Appendix C-2). 

3.2 Imaging techniques 

3.2.1 Functional magnetic resonance imaging (fMRI) 

Technical equipment. The study was performed with a 3-tesla whole-body MR 

system (Philips Ingenia CX 3T, Germany). A circularly polarized head coil from the 

same manufacturer was used to transmit and receive the radio frequency signals. 

The fixation of the head for the reduction of motion artifacts was achieved by a 

special construction with integrated pads. For the transmission of the paradigm, 

video glasses with small LCD screens (NordicNeurolab Visual System, Bergen, 

Norway) were used. The paradigm generated on a computer outside the scanner 

room was transferred to the LCD screens via a video output. An MRI patient re-

sponse system (Celeritas Fiber Optic Response System, Psychology Software 

Tools, Pittsburgh, USA) with 3 buttons was used to record the answers.  

Investigation protocol. First, a high-resolution structural T1-weighted MRI image 

(voxel size 1x1x1 mm) in 170 slices and a structural T2-weighted MRI image (voxel 

size 0.4x0.4 mm) in 57 slices was obtained from each subject. This is followed by 

the extraction of the functional data. The sequence Single Shot Technique TSE 

was used, an echo planar T2*sequence with a repetition time (TR) of 2000ms and 

an echo time of (TE) 30ms (flip of 90°, matrix 64x62 with 97% matrix reduction, 

FOV 192*158). Each measurement comprised 48 layers with a slice thickness of 
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3 mm and a slice gap of 0.3 mm. The layers were aligned parallel to an imaginary 

connection between the anterior and the posterior commissure (AC-PC). In this 

way, the entire cerebrum could be captured. The measurement took place in four 

blocks. In the first block (presentation phase) 149 measurements were taken from 

each participant, in the second block (first test block) 266 measurements, in the 

third block (second test block) 372 measurements and in the last block (third test 

block) 424 measurements were taken, each with 48 slices per measurement. In 

total the test took 44 min. All investigation protocols can be checked in Appendix 

E. 

As mentioned above, the task was generated using the MATLAB R2018b script 

program. With this program, it is possible to match the presented task to the start 

of a measurement of the MRI device with milliseconds accuracy. Within the inter-

stimulus interval, a so-called jitter was programmed, for which the duration of the 

presentation of the fixation cross was randomly set to a period between 2.5 and 

3.5 seconds. The jitter is to ensure that the same shift is not recorded every time. 

Evaluation procedure. In the presence of many disturbing factors, the change in 

the MR signal associated with a specific stimulus is only about 1-5% compared to 

the other signal intensity. Thus, the identification of functionally relevant cortex ar-

eas requires a number of statistical measures to process the data. The evaluation 

of the functional data was performed by means of the software Statistical Paramet-

ric Mapping 12 (SPM 12). In the course of preprocessing the data, a correction of 

the acquisition time of the slices (slice scan time correction) was performed. This 

was done because not all 21 slices of a functional image of the brain were acquired 

simultaneously, but one after the other. In the first step, data preprocessing, the 

data were freed from motion artifacts and signal jumps for statistical analysis and 

transferred to the stereotactic space in Talairach. The preprocessing included the 
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following steps: coregistration and realignment, normalization and smoothing. For 

the correct graphical representation of the results, a high-resolution 3D-MPR data 

set had to be acquired in addition to the actual fMRI data. In the course of the 

coregistration, a complete image was determined from the many individual images. 

Due to motion artifacts, however, individual images are not always congruent. The 

motion correction is therefore of elementary importance for the evaluation, be-

cause even small motion artifacts can simulate activations that cannot be distin-

guished from the searched activations. A complete fixation of the head is not pos-

sible in the course of the investigation, in addition there are artefacts caused by 

physiological parameters (e.g., breathing and heartbeat). By coregistration each 

single image in the space is exactly defined in its position and thus the displace-

ments of the single positions are calculated. Based on this data a movement cor-

rection can be carried out. Here the first image of a time series usually serves as 

a reference image. All other images are aligned with it and brought into alignment 

(rigid body transformation). Displacements up to 2 mm and 2° rotation can be cor-

rected by the software. The next step of pre-processing is normalization. Normali-

zation adapts the sometimes-large differences in individual anatomies to a stand-

ardized space, the Talairach coordinate system. This means that the same ana-

tomical structures are always located at the same coordinate, which makes it pos-

sible to compare within and between examination groups. Since the normalization 

results in a deviation from the individual anatomy, it should not be used for precise 

individual anatomical observations. The last step of pre-processing is the smooth-

ing. Smoothing eliminates large signal jumps within the data set. The aim is to 

improve the signal-to-noise ratio. Within the smoothing process, the links of a pixel 

with neighboring pixels are evaluated. The evaluation is done by a filter mask.  

In the next step, the data is analysed at first level, i.e., at individual level. A design 

matrix with the different conditions and their onsets for the blocks is created 
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separately for each test person. In this step the contrasts to be investigated are 

also defined. The last step is now the analysis on second level and thus the group 

analysis. Special attention was paid in the analysis to memory-associated regions 

such as the hippocampus. 

To ensure a qualtitative good evaluation, a three-day course on functional MR im-

aging (SPM) was attended at the University Medical Center Hamburg-Eppendorf 

(UKE) in September 2019. Content included theoretical lectures on topics such as 

preprocessing, first- and second-level statistics, connectivity, etc., but also practi-

cal work in small groups.
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4 Analysis of the adapted VSMT version 

4.1 Theoretical and empirical background 

The following section repeats certain theoretical background and empirical findings 

from the general Chapter 1 that are relevant to understanding the first experiment. 

An important characteristic of the brain is to judge incoming information by whether 

it is new or known. The hippocampus seems to matter a lot in this discrimination 

(Berron et al., 2016).  

Two processes frequently discussed in this context are pattern separation and pat-

tern completion. Both processes are trademarks of information processing by the 

hippocampus and enable it to store sequentially processed and overlapping input 

patterns separately in common networks. Pattern separation applies to the hippo-

campal ability to build non-overlapping orthogonal neuronal representations of sim-

ilar sequential episodic stimulus inputs and thus translate minor differences of stim-

uli into major differences (Knierim & Neunuebel, 2016; McClelland et al., 1995; 

Norman & O'Reilly 2003; Yassa et al., 2011). Whereas pattern completion de-

scribes the ability of a network to recall a complete activity pattern from memory, 

even if this is represented by incomplete or degraded input patterns (Hunsaker & 

Kesner, 2013; Knierim & Neunuebel, 2016; Leutgeb et al., 2007; Rolls, 2013, 

2016). Pattern separation and pattern completion are crucial functions of episodic 

memory. Both processes have remarkable survival value because they enable hu-

mans to elicit appropriate behavioral responses by comparing everyday situations 

with previously experienced situations. Studies suggest that significant memory 

deficits, as seen in disorders such as schizophrenia or autism, are due to impaired 

pattern separation (Bowler et al., 2014; Martinelli & Shergil, 2015). 
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The processes were investigated in a series of animal and human studies using 

modified paradigms of continuous recognition (Bakker et al., 2008; Berron et al., 

2016; Horner et al., 2015; Toner et al., 2009; Yassa et al., 2011).  

Stark et al., (2013) developed a recognition memory task, called the Mnemonic 

Similiter Task (MST), which is supposed to place a high demand on the brain re-

gion associated with pattern separation. This task has indeed proven to be a good 

investigative tool for pattern separation and pattern completion processes (Bakker 

et al., 2008; Kirwan et al., 2012; Stark et al., 2013; http://faculty.sites.uci.edu/stark-

lab/mnemonic-similarity-task-mst/). 

In an encoding phase, the subjects are presented with images of everyday objects 

as input stimuli. In a test phase the subjects see a repetition of already presented 

images (targets), target-like images (lures) and completely new everyday objects 

(foils). It is the respondent's task to decide whether the image is ‘old’, ‘similar’ or 

‘new’. The lure stimuli are divided into five stages with regard to their similarity to 

the target stimuli. However, this classification is not based on an objective meas-

urement of similarity, but was rated in advance by subjects in a pilot study with 

regard to their impression of similarity. In addition, the images of everyday objects 

are ecological and can be quickly memorized due to their familiarity. But, their con-

text and semantic dependence can also lead to biases in the shown memory per-

formance. 

To address these issues, Kaernbach and colleagues developed the Visual Sensory 

Memory Task (VSMT), a consilidation task with context-independent and quantita-

tively controllable input patterns.  

The aim is to first perform the adapted version of the VSMT for upcoming experi-

ments on a young, healthy sample.  
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On the one hand, this was to demonstrate that the subjects were able to adequately 

perform the variation of the test, which could be measured by the fact that the 

accuracy of the responses for all stimulus categories were above chance. In addi-

tion, the agreement of the experimentally collected data with the model of signal 

detection with free parameters postulated by Kaernbach and colleagues was 

tested. Memory parameters calculated on the basis of the model were also com-

pared with those commonly used in MST. Last but not least, it was examined-

whether the VSMT could be performed repeatedly without showing significant per-

formance improvement due to learning effects. Repeatability should be reflected 

in comparable performance of one subject at two test time points. 

4.2 Methods 

4.2.1 Participants  

37 younger [21 women, 18 men, 25.6 ± .56 y (mean ± SEM)] healthy, cognitively 

intact adults participated in the study. Recruitment was carried out via posters at 

the Institute of Psychology at the Christian-Albrechts-University of Kiel, e-mail dis-

tribution lists and word-of-mouth propaganda. The testing was remunerated with 

1.5 test person hours. The participants were asked about their demographic data, 

psychiatric and neurological history, mood, and sleep duration. All subjects were 

informed about the procedure and signed a consent form. The study was approved 

by the Ethical Committee of the University of Kiel. The data were originally col-

lected on 42 subjects, with 5 subjects had to be excluded from the analysis, e.g., 

due to technical difficulties.  

4.2.2 Task Design 

All subjects completed the VSMT with a presentation phase and test phase. The 

test started with the instruction to look closely at the coming pictures and to 



4 Analysis of the adapted VSMT version 56 

memorize them. The images of the VSMT were computer-generated so-called pink 

noise stimuli that share the physical properties of natural images (Figure 4-1) and 

were, among other things, scale-invariant with a power density spectrum of 1/f. A 

Gaussian envelope was placed around the noise images to avoid random promi-

nent edges at the edges of the image (for more information see chapter 1.4.1). 

Lures were represented by a mixture of two initial stimuli, the target and a new 

stimulus that is not correlated with the target (so-called confound).  

 

 

During the presentation phase the subject was presented with three of these pink 

noise stimuli, randomly selected from a pool of learning images. The targets to be 

learned were presented in the same order fifteen times for 2 s each with a 3 s inter-

stimulus interval (the long-selected ISI allowed that in future experiments the test 

can also be performed in the fMRI scanner or by subjects who deviate from the 

young and healthy norm group). This was followed by the test phase. The test 

subject was now visually instructed once again to classify each of the images pre-

sented in the test phase as ‘old’, ‘similar’, or ‘new’ by pressing a key. Again, the 

images were shown for 2 s, the test person had one second to decide whether it 

was an ‘old’, ‘similar’ or ‘new’ image. The possible answers were displayed at the 

bottom of the screen. The test person did not receive feedback about the 

Target Lure with high 

similarity (r4 = 0.75)

Lure with medium 

similarity (r4 = 0.50)
Lure with low

similarity (r4 = 0.25)

Foil

Figure 4-1 Selection of stimuli from the Visual Similarity Memory Task (VSMT). Each 

target has any number of lures that are generated at a specified degree of similarity (based 

on the correlation with the original image) at the runtime of the test. 
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correctness of their answer, only a short afterimage of the selected answer re-

mained to check whether the keystroke was made at the right time and the answer 

was recognized by the computer. The test phase was divided into ten sequences. 

Like the stimuli, these sequences were separated from each other by a fixation 

cross presented for 3 s, so that the test subject couldn’t recognize the division. 

Each sequence consisted of 15 images: the 3 targets of the presentation phase, 3 

new images (foils) that did not correlate with the targets and 9 lures that corre-

sponded to the targets in different proportions. The levels of similarity were 25%, 

50% and 75% concordance with the target. Therefore, three lures per level within 

a sequence were presented. The sequence of stimuli within a sequence was ran-

domized. The test phase consisted of nine sequences. The procedure of the VSMT 

is visualized in Figure 4-2.  

 

 

target

lure

foil

old sim new

pre 2 sec

ISI  3 sec 

after each pic

sequence consisting of

3 targets

3 foils

3 lures per similarity level
(25%, 50%, 75%)

Figure 4-2 Graphical representation of the procedurce used in the adapted 

VSMT version. pre = presentation time, ISI = inter-stimulus interval.  
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The answers of the test persons allowed the calculation of different performance 

measures:  

Pattern Separation Score (PatSep). PatSep is calculated by correctly distinguish-

ing a lure from its target counterpart as follows: PatSep = [p(correct ‘similar’ re-

sponse to lures) – p(false ‘similar’ response to foils)]. Thus, the score is corrected 

for response bias that shows a tendency to use the ‘similar’ response. PatSep rep-

resents the measure of pattern separation performance (Stark et al., 2013; Yassa 

et al., 2010, 2011; Yassa & Stark, 2011).  

Recognition memory (RM). RM is determined from the number of correctly an-

swered targets. To correct the response tendency to answer in preference with the 

target key, the number of incorrectly answered targets is subtracted. This results 

in the formula: RM = [p(correct ‘old’ response to targets) – p(false ‘old’ response to 

foils)]. RM displays a measure of general memory performance (Stark et al., 2013). 

Old-New Discrimination (OND). The OND is a further development of the Recog-

nition Memory Score (RM) and results from the perceived familiarity of the subjects 

with the targets and the foils and is calculated in the following way OND = [p(old 

response to targets + similar response to targets) - p(old response to foils + similar 

response to foils)]. OND is an alternative proposal of the measure of general 

memory performance. Unlike recognition memory (RM), which is the difference 

between all correctly recognized targets minus the foils classified as ‘old’, OND 

also includes the stimulus category of the lures in the calculation and thus does 

not only represent a distinction between ‘old’ and ‘new’.  
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Sensitivity Index (d'). d'T serves as a characteristic value of the dissimilarity of the 

distribution of the target from the distribution of the foils and is calculated based on 

the Signal Detection Theory (SDT), whereby target, lures, and foil have separate 

Gaussian distributions on one axis with equal variances. In contrast to the classic 

SDT model, in this variation of the test, we have more than one characteristic value 

d'. The distinguishability of the different lure distributions from the distribution of the 

foils can also be expressed by d' (d’Lx) characteristics. In this context, the larger d', 

the better the distinguishability of the targets or lures from the foils. Kaernbach et 

al. have developed an online service to determine the parameters of Gaussian 

multi-response and multi-stimulus signal recognition theory using maximum likeli-

hood methods. If this model can explain the collected data sufficiently well, there 

would be tight limits to the additional diagnostic utility of innovative memory perfor-

mance measures such as the PatSep, because they would be closely related to 

more general memory performance measures such as the OND. 

4.2.3 Experimental Design and Procedure  

The testing appointment started with a comprehensive explanation and the signing 

of a declaration of consent. This is followed by an interview about the subject's 

demographic data, neurological and psychiatric history, current mood, and the 

number of hours of sleep during the night before the test in order to exclude pos-

sible confounding variables. Subsequently, VSMT was performed on the computer 

in the version described above and took about 20 minutes. After completion of the 

VSMT, a neuropsychological test battery followed. This included valid and stand-

ardized tests for the evaluation of (1) verbal short-term memory by the Rey Audi-

tory Verbal Learning Test (RAVLT; Rey, 1941), (2) the executive functions of cog-

nitive processing speed and cognitive flexibility by the Trail Making Test A and B 

(TMT; Reitan, 1992), (3) verbal fluency by the Regensburg Word Fluency Test 

(RWT; Aschenbrenner et al., 2000), (4) working memory by the digit span test 
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(Wechsler, 1997), and (5) crystalline intelligence by the Multiple Choice Vocabulary 

Intelligence Test (MWT-B; Lehrl, 2005). (1) Three parameters were used for the 

evaluation of the RAVLT: The total score represents the total number of words 

retrieved for each of the 5 presentations of the equal 15-word lists (maximum 

score: 60), the immediate recall score mirrors the total number of words retrieved 

immediately after the presentation of an interference list of novel words (maximum 

score: 15), and the delayed recall score reflects the total number of words retrieved 

after a 20-minute delay after the immediate list retrieval (maximum score: 15). (2) 

The performance in the TMT is calculated from the total time taken to complete 

Trails A and B and is expressed in seconds. (3) The performance in the RWT re-

sults from the number of words at one minute time in the category "first name" 

(formal lexical) and the initial letter "S" (semantic). (4) The total Digit Span score 

represents the number of correct digits recalled, both forward and backward ver-

sions (maximum score of 30). (5) The performance in the MWT-B results from the 

sum of the words correctly recognized as existing (maximum score = 40). 

The first thirty of the 37 subjects were scheduled for a second appointment to per-

form the VSMT on a PC. Other learning images were randomly selected. The 

VSMT procedure remained otherwise the same. The full neuropsychological test 

battery was not performed at the second measurement time point. This was done 

to eliminate the possibility of an exercise effect when VSMT was performed more 

than once. 

4.2.4 Statistical Analysis  

The data analysis was performed with the Statistical Package for the Social Sci-

ences (SPSS), 17.0.  

The descriptive analysis expressed the data as group means ± standard error of 

means (SEM). Differences in means were tested by means of t-tests or ANOVAs. 
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Shapiro-Wilk test (normality) and Levene statistics (variance homogeneity) were 

applied to all parameters before statistical testing. Correlations between neuropsy-

chological measures and memory parameters were investigated and were tested 

by means of Pearson coefficients.  

The level of significance set to 0.05. Significant p-values are marked with asterisk 

icons, where “*” labels values p ≤ 0.05, “**” p ≤ 0.01, and “***” p ≤ 0.001.  

4.3 Results  

Results were analyzed using MATLAB R2019b, RStudio and IBM SPSS Statistics 

25. 42 subjects were recruited, with only the results of 37 being included in the 

analysis (t1). Subjects who did not meet the inclusion criteria and who subse-

quently stated that they did not understand the instruction after all, were excluded. 

The first 30 subjects in the sample were scheduled for a second test date (t2), 

although for technical reasons only 27 could be included in the analysis.  

Analysis of response frequencies. The frequency of ‘old’, ‘similar’, and ‘new’ 

responses to the stimuli was analysed separately for the time points. Nine blocks 

of 15 stimuli each (3 targets, 3 foils, 3 lures per level of similarity) were included in 

the analysis. Thus, the relative response frequencies could be calculated to 27 

targets, foils, and lures per level of similarity. Table 4-1 shows the relative response 

frequencies per per degree of similarity as correlation (r4) of the assessed stimuli 

with the respective target of all 37 participants. The correlation r4 = [0.25, 0.50, 

0.75] indicate the relative proportion of the target in the lures with q = [0.500, 0.608 

and 0.718]. As a reminder, in previous studies, the biquadratic correlation r4 has 

been shown to be an operationalizable measure of the similarity of a generated 

lure to its source image (target). This measure will also be used in this work as a 

representation for the similarities. Specifically, this means that a lure with r4 = 0.5 
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has such a similarity to its associated target that it is judged to be known or un-

known for approximately the same number of queries. 

 

Table 4-1 Relative frequencies of responses (mean ± SEM) 

 foil lure_25 lure_50 lure_75 target 

t1      

“new” 0.89 (0.02) 0.70 (0.03) 0.43 (0.03) 0.16 (0.03) 0.07 (0.02) 

“similar” 0.09 (0.01) 0.26 (0.03) 0.43 (0.03) 0.44 (0.03) 0.21 (0.03) 

“old” 0.01 (0.01) 0.04 (0.01) 0.13 (0.03) 0.39 (0.03) 0.71 (0.03) 

Note. Data were given as means (SEM in brackets). The relative frequencies of the correct answers 

are printed in bold, n = 37. 

 

The relative response frequencies per stimulus class are plotted and shown graph-

ically in Figure 4-3-A. There is a clear increase in ‘old’ responses as the stimulus 

becomes more like the target and peaks with the targets themselves. The same 

effect can be seen in the opposite direction. The frequency of ‘new’ responses 

increases the more the stimulus becomes dissimilar to the target and peaks with 

the foil itself. The maximum of ‘similar’ responses is at lures of level 0.50, which 

corresponds to an r4 = 0.608, and level 0.75, which corresponds to a r4 = 0.718. 

Since the single factor analysis of variance is relatively robust to the violation of 

the normal eradication assumption for large sample sizes, ANOVA and t-tests were 

preferred to a non-parametric method at this point, despite the non-normally dis-

tributed response frequencies. 

T-tests on a random sample showed a significantly different result from random 

(33%) for all matching answers to the stimulus class. Whereas, for the lures at level 

0.25, the response ‘similar’ was significantly below random (26%). For the remain-

ing stimulus classes, however, it was in the expected sense. Subsequently, a 5 

(stimulus classes) x 3 (answers) ANOVA revealed significant differences between 
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all stimulus classes with respect to response frequencies. A Tukey post-hoc test 

showed a significant difference (p < .001) between all relative response frequen-

cies. Only in the lures of level 0.50 did the frequencies of the responses ‘new’ and 

‘similar’ did not differ significantly from each other (-0.28, 95%-CI [-2.77, 2.20]). 

And, the lures of level 0.75 were not significantly more frequently pressed ‘similar’ 

than ‘old’, (-1.78, 95%-CI [-4.07, 0.51]). But all in all, the targets were recognized 

as ‘old’, the foils as ‘new’ and the lures as ‘similar’.  

 

 

Figure 4-3 (A) shows the relative response frequencies as a function of the correlation of 

a stimulus with the target, where r4 = 1 corresponds to the target and r4 = 0 to the foil. (B) 

shows the lure-Sensitivity (d’L) relative to the target-Sensitivity (d’T) as a function of the 

different similarity levels, where r4 = 1 corresponds to the target and r4 = 0 to the foil. The 

dotted line represents perfect linearity. (C) Gaussian distribution curve of the stimulus 

classes on the same one-dimensional axis. n = 37. 
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Signal detection model. Another primary objective of this work was to test an 

approximately proportional relationship between the memory sensitivity, as it re-

sults under the assumption of an underlying signal detection model, and the corre-

lation r4 of the lures with the target. The distribution of the relative sensitivities of 

the lures with adjusted mixing factors, which were obtained by inverting the equally 

distributed correlation function r4 = [0.25, 0.50, 0.75], should therefore follow a cor-

responding equal distribution.  

Following the work of Kaernbach and colleagues, a signal detection model was 

calculated with separate Gaussian distributions for targets, lures, and foils assum-

ing equal variances for all distributions. The d' describes the distances between 

lure or target distributions and the distribution of foils. As in the previous work, the 

best model response was obtained at six degrees of freedom, the decisive meas-

ure for the model fit being the coefficient log(p), the logarithmic probability function. 

Table 4-2 shows the results of the SDT analysis for free parameters. Figure 4-3-B 

shows on the right side the lure sensitivity in relation to the target sensitivity as a 

function of the different similarity levels. An almost perfect linearity is shown. The 

model response was also plotted as a Gaussian distribution curve of the stimulus 

classes on the same one-dimensional axis (Figure 4-3-C). The decision criteria are 

1.25 and 2.61. 
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Table 4-2 Maximum likelihood analysis of SDT model response with six df 

 n log a c1
2 c2

3 d’L25 d’L50 d’L75 d’T 

current study 34 -95.19 1.25 2.61 0.67 1.44 2.32 3.22 

Note. Data were given as over all test persons n = 37. df= degree of freedom. alogarithmic probability 

function showed the best model fit with free parameters, here applies, the more positive the 

coefficient the better the maximum likelihood fit. With n = 3 subjects the hypothesis was considered 

unrestricted, they were therefore excluded in further SDT analyses, this resulted in a sample of n = 

34 for further analysis. 

Different memory parameters. As described above, the memory parameters (1) 

pattern separation Score (PatSep), (2) Recognition Memory (RM), (3) Old-New 

Discrimination (OND) and (4) Sensitivity Index (d'T) were calculated for each sub-

ject based on the response matrices. Table 4-3 shows the mean scores of memory 

parameters across all subjects and the correlation coefficients of the scores with 

each other. The correlation analysis according to Pearson shows that all memory 

parameters correlate with each other. Almost all parameters of memory correlate 

strongly with each other.  

The d'T and OND correlate particularly strongly, r = 0.92, p < .001. It is also notice-

able that the newly postulated OND score seems to correlate more strongly with 

PatSep, r = 0.71, p < 0.001, than the RM score postulated by Stark et al. (2013) 

do, r = 0.21, p = 1.77. As assumed by Kaernbach et al., the scores differ signifi-

cantly from eachother, although both are supposed to represent a measure of gen-

eral memory performance; t = -4.98, p < .001.  

There were no significant differences in memory parameters between the gender 

groups.  
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Table 4-3 Simple memory parameters 

 mean ± SEM PatSep RM OND 

PatSep 0.29 (0.03)    

RM 0.70 (0.03) 0.21    

OND 0.83 (0.03) 0.71** 0.61**  

d’L25 0.67 (0.08) 0.67** 0.20 0.54** 

d’L50 1.44 (0.11) 0.67** 0.46** 0.75** 

d’L75 2.32 (0.17) 0.71** 0.62** 0.89** 

d’T 3.22 (0.17) 0.71** 0.76** 0.92** 

Note. Data were given as means (SEM in brackets). PatSep = Behavioral pattern separation, RM = 

Recognition Memory, Score, OND = Old-New-Discrimination, d’T = target-Sensitivity Index. d’L = 

lure-Sensitivy Index for the respective lure level, **indicates a high significant correlation (p < 

.001). n = 34.  

Inferential statistical comparison of the two test times. To compare the 

memory parameters between the two measurement time points, t-tests were cal-

culated for connected samples. The analysis included only data from subjects who 

repeated the VSMT at a second appointment (n = 27). The d' were only compared 

by those subjects where the model matched at both dates (n = 17).  

The relative frequencies are graphically illustrated in Figure 4-4. Response pat-

terns of the subsample at test time 1 were like those of the entire sample. Again, it 

was shown that with an increase in the target proportion the response frequency 

‘old’ increases and with decreasing similarity the response frequency ‘new’ in-

creases. At both times, the maximum of ‘similar’ responses was between the levels 

0.50 (r4 = 0.608) and 0.75 (r4 = 0.718). Again a 5 x 3 ANOVA and subsequent 

Tukey post-hoc tests were performed. At both test times, significant differences 

were found in the response frequencies to the different stimulus classes. As with 

the entire sample, the first post-hoc test of the reduced sample showed no signifi-

cant result for the lures at level 0.50 (-0.70, 95%-CI [-3.22, 1.87]) and level 0.75 (-

2.33, 95%-CI [-4.79, 0.13]). At the second time of the test, the results were equiv-

alent, again a 5 x 3 ANOVA showed significantly different response frequencies for 
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all stimulus classes. A subsequent post-hoc test showed that this time lures of level 

0.50 were also significantly more frequently titled ‘similar’ than ‘new’ (-3.62, 95%-

CI [-6.62, -0.64]) and lures of level 0.75 were also significantly more frequently 

assessed as ‘similar’ than ‘old’ (3.88, 95%-CI [-7.16, -0.62]). 

Figure 4-4 Relative response frequencies of the ‘old’, ‘similar’, and ‘new’ classifications 

for the stimulus categories targets, lures (with 25%, 50%, and 75% agreement with the 

target) and foils at the two test times (t1 and t2). The probability of a ‘new’ response in-

creases with decreasing similarity to the target and is highest when a foil is actually pre-

sented. The same trend can be observed in the other direction for the targets: here the prob-

ability of an ‘old’ response increases with increasing similarity to the targets and peaks 

when a target is actually presented. The probability of a ‘similar’ answer is higher for lures 

than for foils and targets. It was highest for the lures with 50% and 75% agreement to the 

target. There were no significant differences between the two test times. 
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Again a signal detection model was calculated with separate Gaussian distribu-

tions for targets, lures and foils assuming equal variances for all distributions (Fig-

ure 4-5-A).  

 

 

 

In Figure 4-5-B again the Gaussian distribution of the stimulus classes on the same 

one-dimensional axis is illustrated. Again, the slight shift to the right is evident, but 

but even here there is no inferential statistically significant difference.  

Table 4-4 shows the results of a maximum likelihood analysis with six degrees of 

freedom across all subjects. Although the criteria shifted slightly to the right at the 

second test time point, indicating a slightly more frequent bias toward the ‘new’ or 
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Figure 4-5 (A) show the Lure-Sensitivities (d’L) relative to the target-Sensitivities (d’T) 

as a function of the different similarity levels, where r4 = 1 corresponds to the target and 

r4 = 0 to the foil for both test times (t1 and t2). The dotted line represents perfect linearity. 

Figures (B) show Gaussian distribution curve of the stimulus classes on the same one-

dimensional axis. Data from n = 26 at t1 and from n = 20 at t2 are included in the analysis. 

Decision criteria are coloured (c1
2 = blue, c2

3 = orange). 
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‘similar’ responses, inferentially-statistically there was no difference between the 

test times. 

Table 4-4 Maximum likelihood analysis of SDT model response with six df across all 

subjects at both measurement times 

 n log a c1
2 c2

3 d’L25 d’L50 d’L75 d’T 

T1 26 -96.54 1.26 2.64 0.71 1.44 2.32 3.19 

T2 20 -91.95 1.45 2.91 0.76 1.61 2.47 3.26 

Note. Data were given as means over all test persons. df= degree of freedom. At the first 

measurement time, the free parameter model matched the data of n = 26 subjects, at the second 

measurement time it matched the data of n = 20. alogarithmic probability function showed the best 

model fit with free parameters, here applies, the more positive the coefficient the better the maximum 

likelihood fit. With n = 3 subjects the hypothesis was considered unrestricted, they were therefore 

excluded in further SDT analyses. 

Also, the memory parameters PatSep, RM and OND were again calculated for 

each subject (Table 4-5). 

Table 4-5 Simple memory parameters at the two test times 

 n T1 T2 t-test 

PatSep 27 0.30 (0.03) 0.36 (0.03) t(26) =-1.59, p = .123 

OND 27 0.82 (0.03) 0.83 (0.04) t(26) = -0.35, p = .735 

RM 27 0.68 (0.03) 0.65 (0.05) t(26) = 0.57, p = .572 

d’L25 18 0.67 (0.10) 0.74 (0.11) t(17) = -0.57, p = .579 

d’L50 18 1.39 (0.15) 1.59 (0.10) t(16) = -1.54, p = 0.14 

d’L75 18 2.18 (0.18) 2.51 (0.16) t(16) = -1.95, p = 0.07 

d’T 18 2.97 (0.21) 3.27 (0.18) t(16) = -1.52, p = 0.15 

Note. Data were given as means (SEM in brackets). PatSep = Behavioral pattern separation Score, 

OND = Old-New-Discrimination, d’L = lure Sensitivity Index of the degree of similarity, d’T = target 

Sensitivity Index, d’Lx = lure Sensitivity for the respective lure level. * indicates a significant result. 

In the calculation of the mean d', only the scores of the subjects whose data matched the SDT model 

with free parameters at both times were included, n = 18. 

They seem to be relatively stable over the two measuring points (Figure 4-6-A 

shows sensitivity indices d' for the lures of the respective similarity level and for the 
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targets for the two test times (Figure 4-6-B shows the memory parameters PatSep, 

RM and OND also for both test times).  

 

 

Analysis of the neuropsychological testing. All test persons completed a gen-

eral neuropsychological test battery. The subjects all performed within a normal 

range to above average (Table 4-6). There were no significant differences between 

the sexes in terms of test results. The results of the neuropsychological test battery 

were compared with the memory parameters of the entire sample (n=37). A corre-

lation analysis according to Pearson showed no significant correlations between 

the memory parameters d'L and d’T and the results of the neuropsychological test 

battery. The memory parameters correlate positively with the parameters of the 

RAVLT. PatSep correlated significantly with the sum score of the RAVLT (sum of 

the first five runs); r = 0.40, p = .02 and the delayed recall; r = 0.40, p = .02 (Table 

4-7). The OND score also correlated positively with delayed recall; r = 0.40, p = 

.02. Otherwise, the correlation analysis showed no significant correlations. Even 
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Figure 4-6 (A) shows the d' of the lures of the similarity level at the two test times t1 

(continuous) and t2 (dotted); n = 18. (B) shows the memory parameters Behavioral Pattern 

Separation Score (PatSep), Recognition Memory (RM) and Old-New-Discrimination 

(OND) at the two test times t1 (white) and t2 (black); n =27. 
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though the difference did not become statistically significant, it is notable that the 

parameter RM as a measure of general memory performance seems to correlate 

negatively with the parameters of the established RAVLT. 

Table 4-6 Neuropsychological data of the subjects (mean ± SEM) 

parameter  test result Z  

Age  25.6 (0.6)   

MWT-B  30.8 (0.6) 1.1 (0.1)  

TMT-A  17.5 (0.8) 0.8 (0.1)  

TMT-B  44.5 (2.4) 0.5 (0.2)  

RWT forenames  34.4 (1.3) 1.5 (0.2)  

RWT S  20.5 (0.9) 0.9 (0.2)  

Digit Span forward  10.7 (0.3) 1.4 (0.2)  

Digit Span backward  10.5 (0.4) 2.1 (0.2)  

RAVLT 

 

sum 

retention 

delayed 

62.0 (1.3) 

13.5 (0.4) 

13.6 (0.3) 

1.0 (0.2) 

0.8 (0.1) 

1.2 (0.2) 

 

Note. Data were given as means (SEM in brackets). Z values were calculated with the mean values 

and standard deviations of the official norm value tables of the corresponding test. The z values of 

the TMT variants were multiplied by -1 because a lower test value means better performance, n = 

37.  

Table 4-7 Correlation of the RAVLT Scores and the memory parameter PatSep, OND, 

d’ of the lures with 50% similarity and the targets 

parameter  PatSep RM OND d’L50 d’T 

RAVLT 

 

sum 

ret 

del 

0.40* 

0.24  

0.40* 

-0.18 

-0.02 

0.02 

0.14 

0.27 

0.39* 

0.10  

0.16 

0.19  

0.06  

0.15 

0.28  

Note. Data show the correlation coefficients between the parameters of the RAVLT and the memory 

parameters Behavioral pattern separation Score (PatSep), Alt-New-Discrimination (OND) and the 

sensitivity index d', ret = retention, del = delayed.* indicates a significant result with p < 0.05; n = 

34.  
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4.4 Discussion 

The aim of this work was to test the adapted version of the Visual Sensory Memory 

Test (VSMT) on a sample of young, healthy subjects at two test time points. 

The focus was on the one hand on the feasibility of the task, and on the other hand 

also on the postulated model fit based on SDT. Furthermore, novel memory pa-

rameters were compared with the established memory parameters of the MST and 

the results of standardized neuropsychological tests. Last but not least, it should 

be clarified whether the VSMT can be performed repeatedly at different time points, 

as predicted by Kaernbach and colleagues, without a significant improvement of 

performance due to learning effects. 

Data were collected from 37 subjects, with the first 30 being called up for a second 

appointment. 

First, a simple analysis of the data at the behavioral level was performed, i.e., with-

out explicit assumptions about the distribution of response frequencies. Descriptive 

observation of the response profiles of the test persons directly extracted from the 

response matrix showed an increased assessment of an image as ‘old’ with a 

growing proportion of old images and vice versa, an increased assessment of an 

image as ‘new’, the lower the relative proportion of old images. Such a course was 

already found by Kaernbach and colleagues in previous studies (Brütt, 2020; Kan-

czok, 2017; Schubert, 2016; Ulrich, 2018). These authors also found a non-linear 

course of the frequencies of assessment of an image to be similar. This could also 

be replicated in the present study, this time however with a maximum between the 

levels 50% and 75% agreement with the target. For Kaernbach and colleagues, a 

50:50 mix seemed more new than old on a psychological level. The results pre-

sented here also indicate that a mixing ratio with a higher proportion of old images 

is required to induce an assessment as similar and no longer as new. However, if 

the relative share of old pictures exceeds a certain level, the perception impression 
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seems to shift again, now from ‘similar’ to ‘old’. Expressed cautiously, this progres-

sion fits the relationship postulated by McClelland et al. (1995) between pattern 

separation and pattern completion, in the form of a sigmoidal function. It supports 

the assumption that pattern separation is dependent on the degree of difference in 

the stimuli, in that it is caused only within a limited range of similarity to an already 

known pattern. If this similarity is below the range, the probability of the assess-

ment as ‘similar’ decreases in favor of the assessment as new and if it exceeds the 

range, the probability of the assessment as old increases. The latter is equivalent 

to the construct of pattern completion. But this interpretation should be treated with 

caution, as this version of the VSMT is only partially a good paradigm for detecting 

pattern completion. For an actual detection of pattern completion, it is not sufficient 

to distinguish it from a single old image as used in this experiment. Kaernbach et 

al. added in previous studies a naming task to the test. They succeeded in demon-

strating a relatively stable differentiation performance of different pink noise stimuli, 

both implicit and explicit. In future versions of the VSMT, pattern separation and 

pattern completion could be captured with a paradigm that combines an encoding 

task with a memory task. However, since the focus of this work is to investigate the 

memory capacity of pattern separation, the naming of the stimuli has been omitted 

once again. 

The test persons were able to assign all stimuli to their stimulus category in a sig-

nificant better way than by chance. Only the lure images with 25% agreement to 

the target were titled significantly more often as ‘new’ than ‘similar’. Inferential sta-

tistics showed that the subjects were able to learn the Pink Noise simulations used 

and then distinguish them from similar and new stimuli. Therefore, the test can be 

implemented in this form for future experiments. 

Regarding one of the key questions, namely the proportional ratio of memory sen-

sitivity to r, a SDT model of pattern separation was first calculated based on the 
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experimentally obtained data using a maximum likelihood method. A model re-

sponse with six degrees of freedom showed a good correspondence with the ex-

perimentally obtained data, within the adapted paradigm. Applied to each individual 

subject, the memory sensitivities (d'L) per similarity gradation were now calculated 

as a measure of the individual ability to separate patterns. This could now be plot-

ted as relative lure sensitivities, approximately proportional to the correlation r4 with 

the target.  

A comparison with the simple memory parameters of the MST: Recognition 

Memory (RM) and pattern separation Score (PatSep) followed. 

According to Stark and colleagues (2013), RM maps the general memory perfor-

mance as the difference between the target correctly named as “old” and the foils 

incorrectly named as “old”. PatSep is regarded by the authors as a measure of 

pattern separation and is calculated from the difference between the lures correctly 

named ‘similar’ and the foils incorrectly named ‘similar’. Kaernbach and colleagues 

criticized the RM for neglecting the additional category of ‘similar’ or lure stimuli. 

They proposed a new score for general memory performance called Old-New-Dis-

crimination (OND). This is calculated as the sum of the targets that are labeled ‘old’ 

or ‘similar’, from which the sum of the foils labeled ‘old’ or ‘similar’ is subtracted. In 

addition, they introduced d'T as a sensitivity measure of the distinguishability of 

target and foil. This parameter could also represent a measure of general memory 

performance. The lure sensitivity indices d'L can signal the distinctnessof the differ-

ent lure classes from the foils. The d'L50 indicates the distinctnessof an image that 

has exactly the same number of pixels in a foil as in a target and can therefore also 

serve as a measure of pattern separation. 

A correlation analysis according to Pearson shows significant correlation between 

almost all simple memory parameters. However, the correlation between RM and 

PatSep predicted by Stark and colleagues could not be replicated (r = 0.21). 
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Instead, OND correlated more closely with PatSep as expected (r = 0.71). The 

strongest correlation was between OND and d'T (r = 0.92). This suggests that both 

OND and d'T could be a measure of general memory performance and may even 

more valid than the proposed RM. 

PatSep and d'L50 also correlated significantly with each other (r = 0.67). Contrary to 

the assumption that the sensitivity index of the similarity level 0.50 (d'L50) most 

closely reflects a pattern separation, d'L75 correlates likewise with the PatSep score 

(r = 0.71). This leads to the consideration of whether pattern separation perfor-

mance can also be measured at the 0.75 level when classifying lures.  

A closer look at the d' for the different lure levels revealed the assumed linearity. 

That is, the more different the stimuli were to the foils, the higher was the d' (max-

imum at d'T = 3.22). This observation supports the postulated assumption that d' is 

indeed a parameter for discriminability.  

Another question of the study was whether the VSMT was performed a second 

time on new learning patterns without the results being distorted by the repetition 

effects. No significant differences in response were found between the two meas-

urement times. Thus, they neither chose more extreme nor was there a stronger 

tendency towards the middle. This provides evidence that the VSMT can be per-

formed multiple times with other learning targets and that no learning effects influ-

ence the outcome. On the other hand, previous studies showed that the pink noise 

stimuli are also stored for longer and can be recognized even after a week at a 

second test time. Of course, this only applies if the targets remain the same. This 

can also be considered a major strength of the VSMT (Kanczok, 2020). 

Finally, the calculated parameters of the VSMT were combined with results from 

established neuropsychological tests. First, it should be noted that there were no 

significant differences in the results of neuropsychological tests between the gen-

der groups. Except PatSep, none of the postulated memory parameters correlated 
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with the results of the neuropsychological tests. PatSep correlated with the sum 

score and the delayed recall of the RAVLT. The results are contrary to our expec-

tations, since the OND score or d’T were also described as a measure of general 

memory performance, so that a significant connection between OND or d’T and the 

results of the RAVLT were expected. 

However, important for the further procedure of this study is above all, the feasibil-

ity of the adapted version of the VSMT and the in many points successful analysis 

regarding assumed underlying hypotheses and model proposals. For this reason, 

the robustness regarding these assumptions can be checked in the next step, if 

the test is not only performed by young healthy subjects.
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5 Age-related performance in the VSMT 

5.1 Theoretical and empirical background 

The following section repeats certain theoretical background and empirical findings 

from the general Chapter 1 that are relevant to understanding the first experiment. 

Episodic memory is a subset of declarative (conscious) memory and includes per-

sonal memories in space and time. Two processes frequently discussed in this 

context are pattern separation and pattern completion. Both processes are trade-

marks of information processing by the hippocampus and enable it to store se-

quentially processed and overlapping input patterns separately in common net-

works. Pattern separation relates to the hippocampal capacity to build non-over-

lapping orthogonal neuronal representations of similar sequential episodic stimuli, 

translating minor differences between stimuli into major differences (Knierim & 

Neunuebel, 2016; McClelland et al., 1995; Yassa & Stark, 2011). Pattern comple-

tion describes the ability of a network to retrieve a complete activity pattern from 

memory, even if this is represented by incomplete or degraded input patterns (Hun-

saker & Kesner, 2013; Knierim & Neunuebel, 2016; Leutgeb et al., 2007; Rolls, 

2013, 2016).  

The study of age-related changes in episodic memory is a classic field of research 

in both developmental psychology and cognitive age research. However, their find-

ings were rarely integrated or even different age groups on both sides of the life 

span were directly compared. Episodic memory develops during childhood and 

adolescence and declines with age. Age and memory performance are thus in an 

inverse U-shaped relationship to each other (Ngo et al., 2019, Rollins et al., 2018). 

In order to develop episodic memory over the life span, Shing et al. (2008) devel-

oped a two-component model that distinguishes between an associative 
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component, which describes the linking of different elements of an episode to a 

coherent representation (binding), and a strategic component, which enables cog-

nitive control processes such as the targeted use of memory and organizational 

strategies. Both components interact with each other and follow a different life-

span trajectory (Werkle-Bergner et al., 2006). According to the model, the associ-

ative component, which is primarily linked to the development of the temporal lobe 

and especially the hippocampus, achieves a high degree of functionality already in 

middle childhood, while the strategic component, which seems to be more closely 

linked to the development of the prefrontal cortex, probably reaches its full func-

tionality only in young adulthood. Both components show functional losses in 

higher adulthood.  

Pattern separation in Childhood. During childhood, the declarative and thus also 

the episodic memory develops considerably. Improvements in pattern separation 

and pattern completion skills can support episodic memory development during 

childhood. The hippocampus and its subregions, which are differently oriented to-

wards pattern separation and pattern completion, are strongly connected with 

these processes (e.g. Guzowski et al., 2004; Yassa & Stark, 2011). The hippocam-

pal formation shows a prolonged structural maturation (Insausti & Amaral, 2004; 

Lee et al., 2004) and its subregions develop at different rates during childhood. For 

example, the DG and subfield CA3 show a delayed development relative to the 

subiculum and subfields CA1 and CA2 (Lavenex & Lavenex, 2013). These results 

suggest that pattern separation and pattern completion may improve during child-

hood. Pattern separation, which appears to be dependent on the DG, should have 

a longer developmental trajectory compared to pattern completion. So far, only few 

studies have investigated the development of pattern separation in children. Ngo 

et al. (2018) found that 4-year-olds are impaired in bait discrimination compared to 

6-year-olds and young adults. Thus, they categorized lures as ‘old’ more often, 
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which is consistent with a deficit in pattern separation. They supplemented these 

results with the finding that relational memory in contexts of low similarity showed 

robust gains from age 4 to 6 years, while 6-year-olds performed similarly to adults. 

In contrast, relational memory in high similarity contexts showed more protracted 

development, with both 4- and 6-year-olds performing worse than young adults 

and not differing from each other (Ngo et al., 2019). The MST metric on the ability 

to discriminate lures as 'similar' was able to track hippocampal maturation. It 

showed a gradual increase in performance in 5-6 year olds, 8-9 year olds, 11-12 

year olds, and young adulthood. Recognition of repeated targets, meanwhile, was 

relatively stable in all groups (Stark et al., 2019). Rollins et al. (2018) studied the 

development of mnemonic discrimination from early childhood to young adulthood. 

They found age-related improvements in general memory performance and lure 

discrimination into middle childhood. Another study showed that in 4-8 year old 

children, there was a linear correlation with age and lure discrimination perfor-

mance, which was moderated by DG/CA3 volumes over development (Candada 

et al., 2018, Riggins et al., 2018). Based on these findings, it is important to recruit 

a sample of children between4-5 years old for the following study. 

Pattern separation in older Adulthood. Memory problems are the most common 

cognitive complaint of older people, which can be seen, for example, in a reduction 

of the ability to learn and remember new information (Craik & Rose, 2012). Age-

related memory impairments affect different types of memory, such as deficits in 

episodic or source memory, i.e., the knowledge of where and when information 

was encoded. This complaint can be associated with a high impairment of quality 

of life (Mol et al., 2007). The age-related decline in memory performance begins 

surprisingly early, in some memory functions as early as mid-20 years (Park et al., 

2002). Of course, it must be mentioned that some performance declines in certain 

memory tasks are considerable and others are practically unnoticeable (Craik & 
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Rose, 2012). Age-related changes in memory were partly reflected by a deficit in 

pattern separation. The deficits of pattern separation are shown by the increase in 

false recognitions in elderly persons and the stronger dependence of memory on 

general characteristics instead of specific details of the item under study (Schacter 

et al., 1997). Computational models suggest that the DG, a subregion of the hip-

pocampus, is responsible for reducing input similarity related to pattern separation. 

Imaging studies have shown that the DG provides a better response to small 

changes in input than other subareas of the brain (Bakker et al., 2008; Yassa & 

Stark, 2011). Concordant studies in rodents and humans have shown an age-re-

lated decrease in pattern separation. Studies in rodents have shown that the CA3 

place cells of aged rats could not encode changes in the environment, indicating 

rigidity in their representations (Lee et al., 2021, Robitsek et al., 2015; Wilson et 

al., 2005). In animal models of aging, decreased input to the DG is associated with 

a reduction in modulation by inhibitory neurons, resulting in a dysfunctional DG. 

Decreased activity of interneurons in the DG can result in failure of the DG to re-

duce input pattern similarity, leading to weaker performance in pattern separation 

(Wilson et al., 2006). Similarly, in older adults, deficits in mnemonic discrimination 

have also been associated with representational rigidity in the CA3/DG region 

(Lacy et al., 2011; Yassa et al., 2010, 2011). Studies of hippocampal subrgion CA3 

in aging have shown that hyperactivity may contribute to deficits in pattern separa-

tion by enhancing the autoassociative CA3 network, thereby favoring improved 

pattern completion (Haberman et al., 2017; Lee et al., 2021; Maurer et al., 2017; 

Robitsek et al., 2015; Wilson et al., 2006; Yassa et al., 2011). 

Stark and colleagues (2013) developed the Mnemonic Similarity Task (MST) to 

investigate the ability to separate patterns. This is a traditional recognition memory 

task that typically separates previously learned target items from novel foil items 

and lure items with varying degrees of similarity to the learned targets. By including 

highly similar lure items (which exhibit several "mnemonic similarities" 
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operationalized as a distribution of false alarm rates), the ability of the system to 

retain unique, detailed memories should be assessed. The common MST uses 

simple, everyday objects and proved to be an effective means of investigating the 

decrease in pattern separation behavior in old age. In this study, a task related to 

MST was used, which employs abstract sensory images of pink noise instead of 

nameable objects: the Visual Sensory Memory Task (VSMT), developed by Kaern-

bach and colleagues. The task of the VSMT is - identical to the MST - to distinguish 

known images from novel and similar images. The nature of the stimuli allows lure 

images to be generated with objective similarity levels.  

In this step of the work, on the one hand, the feasibility of VSMT is tested in indi-

viduals who deviate from a young healthy norm group and the results regarding 

model fit are investigated. On the other hand, further insights into the ability to 

separate abstract patterns across the lifespan will be drawn. For this purpose, the 

adapted version of the VSMT was performed by a group of pre-school children, 

young adults, and older adults. The ability to distinguish be-tween two similar stim-

uli was evaluated as a behavioral index of pattern separa-tion. Against the theo-

retical background and previous studies, the replication of an inverse U-relation-

ship between age and memory performance was expected. Based on the assump-

tion that the different subregions of the hippocampus followed their own maturation 

profile, with the regions DG and CA3 maturing more slowly than the other struc-

tures, it was expected that pre-school children will show poorer performance in 

pattern separation than young adults, which could result in a more frequent ‘old’ 

response. In the older people sample, the main expected deterioration in the dis-

crimination performance of lure is due to the dependence of memory on more gen-

eral characteristics. This should be reflected in increased ‘old’ and ‘new’ re-

sponses. 
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5.2 Methods 

5.2.1 Participants 

For the study, data were collected from 65 subjects from different age groups. Five 

(3 children, 2 old adult) additional individuals participated but were excluded from 

the analyses due to too high error rates and the associated assumption that the 

instruction was not understood (n = 3) or failured to meet inclusion criteria (e.g., 

previous neurological conditions; n = 2). In the end, data from 60 subjects were 

included in the analysis: twenty-one children (M = 4.66 ± 0.11 yr., 9 females), 

twenty young adults (M = 25.25 ± 0.56 yr., 10 females) and nineteen older adults 

(M = 68.79 ± 1.57 yr., 9 females).  

5.2.2 Task Design and Procedure 

The rough procedure of the experiment as well as the variant of the VSMT was the 

same for all age groups except for small adjustments. Adjustments regarding the 

age groups were listed in the following sections. 

Children. The project was carried out in Kiel as well as in Schwanenwede near 

Bremen. For flexible implementation, testing was performed home with the children 

on a research laptop provided by the Department of Neurology at the University 

Hospital Schleswig-Holstein. Prerequisites for the testing were quiet rooms and 

WLAN access. The testing started with the VSMT to avoid reduced performance 

due to fatigue (Ngo et al., 2018), which was conducted on a 15.6 inch screen 

(36.3x21.5cm). The test procedure was created and executed using Matlab 

R2018b software. The keys used to classify the stimuli as either ‘old’, 'similar', or 

‘new’ were covered with red, blue, and yellow tape in the same order for clear 

identification and mnemonic purposes. Since the Children's VSMT, unlike the MST, 

did not include a test phase with appropriate instruction, the children were in-

structed with a short cover story about the procedure and goal. They turned out to 



5 Age-related performance in the VSMT 83 

be assistants of a dragon, which must be helped to sort the pictures. The instruc-

tion was followed by the encoding phase. This phase consisted of three randomly 

selected targets, which were displayed in 15 sequences, in constant order, re-

peated for 2 seconds each. The learning phase took about five minutes. After-

wards, the children performed a key control by independently explaining the mean-

ing of the respective color-coded key to the experimenter. The aim of this was used 

to check and ensure the correct understanding of these colors for the subsequent 

test phase. The latter comprised a total of nine sequences, with one sequence 

consisting of the three targets, three lures per similarity level (r4=0.25, 0.5, 0.75), 

and three foils (Figure 5-1). The stimuli were presented in randomized order per 

sequence, and after the presentation of a stimulus, the request to discriminate it 

as 'old', 'similar', 'new' was displayed by showing an image with the three-color 

options. The children were given one second per response to make intuitive deci-

sions. Three sequences form a 'presentation block', after which a pause was de-

fined. The duration of this break could be adjusted to the child's exhaustion, but it 

did not exceed five minutes. 

 

 

 

Target Lure with high 

similarity (r4 = 0.75)

Lure with medium 

similarity (r4 = 0.50)
Lure with low

similarity (r4 = 0.25)

Foil

Figure 5-1 Selection of stimuli from the Visual Similarity Memory Task by Kaernbach 

and colleagues (2019). Each target has any number of lures that are generated at a specified 

degree of similarity (based on the correlation with the original image) at the runtime of the 

test. 
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Following the VSMT, a neuropsychological test battery was conducted with the 

subtests "Coding Symbols" and "Symbol Search" (age group 4;0-7;2) of the 

Wechsler Preschool and Primary Scale of Intelligence-III German Version (WPPSI-

III) (Petermann & Petermann, 2008). These tests are associated with cognitive 

processing speed and flexibility, concentration, attention, and working memory per-

formance. The test "symbol search" is designed to check a series of symbols for a 

target symbol and to identify it’s or the alternative answer. In the test "Encoding 

Symbols", the children are instructed to assign abstract symbols to geometric fig-

ures, and the figures, according to a given key, to supplement the symbols inde-

pendently. For both procedures, a time limit of 120 seconds is set for each. 

Young Adults. Testing was performed under the same conditions and in the same 

order as for the children. Only the neuropsychological test battery was adapted to 

the age group. This included valid and standardized tests for the evaluation of (1) 

verbal short-term memory by the Rey Auditory Verbal Learning Test (RAVLT; Rey, 

1941), (2) the executive functions of cognitive processing speed and cognitive flex-

ibility by the Trail Making Test A and B (TMT; Reitan, 1992), (3) verbal fluency by 

the Regensburg Word Fluency Test (RWT; Aschenbrenner et al., 2000), (4) work-

ing memory by the digit span test (Wechsler, 1997), and (5) crystalline intelligence 

by the Multiple Choice Vocabulary Intelligence Test (MWT-B; Lehrl, 2005). (1) 

Three parameters were used for the evaluation of the RAVLT: The total score rep-

resents the total number of words retrieved for each of the 5 presentations of the 

equal 15-word lists (maximum score: 60), the immediate recall score mirrors the 

total number of words retrieved immediately after the presentation of an interfer-

ence list of novel words (maximum score: 15), and the delayed recall score reflects 

the total number of words retrieved after a 20-minute delay after the immediate list 

retrieval (maximum score: 15). (2) The performance in the TMT is calculated from 

the total time taken to complete Trails A and B and is expressed in seconds. (3) 
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The performance in the RWT results from the number of words at one minute time 

in the category "first name" (formal lexical) and the initial letter "S" (semantic). (4) 

The total Digit Span score represents the number of correct digits recalled, both 

forward and backward versions (maximum score of 30). (5) The performance in 

the MWT-B results from the sum of the words correctly recognized as existing 

(maximum score = 40). 

Older Adults. The testing was identical to the testing of the young adults. Only the 

collection of demographic data was supplemented by the anamnesis of neurologi-

cal and psychological previous diseases. The neuropsychological test battery con-

sisted of the same tests, only the Digit-Span was omitted to prevent fatigue. 

The answers of the test persons allowed the calculation of different performance 

measures (identical to the first experiment):  

Pattern Separation Score (PatSep). PatSep is calculated by correctly distinguish-

ing a lure from its target counterpart as follows: PatSep = [p(correct ‘similar’ re-

sponse to lures) – p(false ‘similar’ response to foils)]. Thus, the score is corrected 

for response bias that shows a tendency to use the ‘similar’ response. PatSep rep-

resents the measure of pattern separation performance (Stark et al., 2013; Yassa 

et al., 2010, 2011; Yassa & Stark, 2011).  

Recognition memory (RM). RM is determined from the number of correctly an-

swered targets. To correct the response tendency to answer in preference with the 

target key, the number of incorrectly answered targets is subtracted. This results 

in the formula: RM = [p(correct ‘old’ response to targets) – p(false ‘old’ response to 

foils)]. RM displays a measure of general memory performance (Stark et al., 2013). 



5 Age-related performance in the VSMT 86 

Old-New Discrimination (OND). The OND is a further development of the Recog-

nition Memory Score (RM) and results from the perceived familiarity of the subjects 

with the targets and the foils and is calculated in the following way: OND = [p(old 

response to targets + similar response to targets) - p(old response to foils + similar 

response to foils)]. OND is an alternative proposal of the measure of general 

memory performance. Unlike recognition memory (RM), which is the difference 

between all correctly recognized targets minus the foils classified as ‘old’, OND 

also includes the stimulus category of the lures in the calculation and thus does 

not only represent a distinction between ‘old’ and ‘new’.  

Sensitivity Index (d'). d'T serves as a characteristic value of the dissimilarity of the 

distribution of the target from the distribution of the foils and is calculated based on 

the Signal Detection Theory (SDT), whereby target, lures, and foil have separate 

Gaussian distributions on one axis with equal variances. In contrast to the classic 

SDT model, in this variation of the test, we have more than one characteristic value 

d'. The distinguishability of the different lure distributions from the distribution of the 

foils can also be expressed by d' (d’Lx) characteristics. In this context, the larger d', 

the better the distinguishability of the targets or lures from the foils. Kaernbach et 

al. have developed an online service to determine the parameters of Gaussian 

multi-response and multi-stimulus signal recognition theory using maximum likeli-

hood methods.  

5.3 Results 

5.3.1 Visual Sensory Memory Test  

Analysis of response frequencies. Figure 5-2 shows the proportions of memory 

responses (‘old’, ‘similar’, and ‘new’) for each item type (target, lure, and foil) which 

were calculated for each participant. A one-way ANOVA test showed significant 
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age effects in the response frequencies. Homogeneity of variances was asserted 

using Levene’s Test which could not be assumed in a few cases (p < .05), why in 

the following the Welch-ANOVA and the Games-Howell post-hoc test was inter-

preted. In cases where variance homogeneity could be assumed (non-significant 

level test), a standard ANOVA followed by a Bonferroni-adjusted post-hoc test was 

calculated.  

 

 

First, the hit rates of the age groups to the individual stimulus classes were exam-

ined. The analysis showed a significant difference between the groups regarding 

the response frequency ‘old’ on targets, Welch’s F(2, 35.87) = 19.89, p < .001. A 

Games-Howell post-hoc analysis showed a significant difference between some 

age groups in terms of their response frequency ‘old’ on targets. Thus, young 

adults answered correctly with ‘old’ on targets significantly more often than children 
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Figure 5-2 Relative response frequencies of the age groups to the stimuli of the different 

categories; all figures are averaged and +SEM is displayed; * p < .05, ** p < .001. Dia-

grams show answer to (A) targets, (B) lures of all similarity levels, (C) foils, (D) lures with 

high similarity, (E) lures with medium similarity, (F) lures with low similarity. 
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(0.36, 95%-CI [0.22, 0.49], p < .001). Older adults responded correctly to targets 

significantly more often than children (0.19, 95%-CI [0.01, 0.36], p = .04). There 

was no significant difference between the older and younger adults regarding the 

hit rate of correctly detected targets (0.17, 95%-CI [-0.02, 0.36], p = .09).  

There was also a significant difference regarding the response frequency from 

‘new’ to foils, Welch’s F(2, 31.21) = 27.01, p < .001. The group of young adults 

responded correctly with ‘new’ to the stimuli of foils significantly more often than 

children (0.40, 95%-CI [0.24, 0.56], p < .001) and older adults (0.37, 95%-CI [0.18, 

0.55], p < .001). There was no significant difference between the older adults and 

children in the frequency of correctly detected foils (0.04, 95%-CI [-0.19, 0.26], p = 

.93).  

If all three similarity levels are combined for the lures, there were no significant 

differences between the age groups, Welch’s F(2, 31.15) = 3.22, p = .051. Signifi-

cant differences were found when looking at the different similarity levels. A closer 

examination of the lures with 50% agreement with the targets showed some sig-

nificant differences between the age groups. There was a difference in the re-

sponse rate of ‘similar’ to lures with 50% agreement with the target between young 

and older adults, Welch’s F(2, 34.48) = 7.45, p = .002. Thus, young adults correctly 

answered ‘similar’ significantly more often to lures of the medium similarity level 

than children (0.13, 95%-CI [0.01, 0.24], p = .04). Older adults also answered ‘sim-

ilar’ significantly more often than children to the lures in this class (0.01, 95%-CI 

[0.040, 0.212], p < .002). Also with regard to the lures with 25% agreement with 

the target, there were significant differences in the frequency of correct ‘similar’ 

answers between the age groups, F(2, 57) = 3.27, p = .045. Older adults, for ex-

ample, were significantly more likely to answer correctly with ‘similar’ to the lures 

of the similarity level than children, as a Tukey test showed, (0.09, 95%-CI [0.00, 
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0.18], p < .05). There was no significant difference between the groups with regard 

to the response ‘similar’ to lures of the 75% level, F(2, 57) = 2.14, p < .13. 

The analysis of error rates was of interest about the comparison of the three age 

groups. First, the wrong answers of the subjects to the targets were considered, 

there showed a significant difference in the frequency of the ‘new’ answers to the 

targets, F(2, 57) = 11.20, p < .001. A subsequent Tukey text showed that the chil-

dren's age group reacted significantly more often with ‘new’ to the targets than the 

young adults, (0.21, 95%-CI [0.10, 0.32], p < .001). With regard to the incorrect 

answer ‘similar’ to targets, there were no differences in the frequency of answers 

between the groups, F(2, 57) = 1.01, p = .037. 

A closer look at the lures of the high similarity level (75%) also revealed differences 

in the frequency of errors between the groups. On the one hand, regarding to the 

answer ‘new’ to this lure level, F(2, 57) = 3.72, p = .03. Here, children answered 

‘new’ significantly more often than young adults (0.12, 95%-CI [0.01, 0.23], p < 

.02). The error ‘old’ on lures with a high similarity level also showed significant 

differences in frequency between the age groups, F(2, 57) = 3.16, p = .05, with 

none of the subsequent Tukey tests showed a significant difference between the 

groups. Focus on lures of the medium similarity level (50%), there was only a sig-

nificant difference in the frequency of occurrence of the error ‘old’, F(2,57) = 4.54, 

p = .01, but not in ‘new’, F(2, 57) = 2.60, p = .08. Thus, the older subjects answered 

‘old’ significantly more often to the lures with medium similarity than the younger 

subjects, (0.12, 95%-CI [0.02, 0.23], p < .02). Concerning the lures with a low 

match to the targets (25%), there was a significant difference in the error frequen-

cies ‘old’ on this lure class between the age groups, Welch’s F(2, 26.53) = 19.07, 

p < .001. Whereby younger adults significantly more often answered ‘old’ incor-

rectly to the little similar lures than children (0.16, 95%-CI [0.07, 0.24], p < .001) 

and older adults (0.18, 95%-CI [0.07, 0.28], p < .001). For the error ‘new’ on lures 
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with low similarity to the target, Welch’s F(2, 33.29) = 18.28, p < .001, there was 

an exactly opposite trend, with children (0.28, 95%-CI [0.13, 0.43], p < .001) and 

older adults (0.28, 95%-CI [0.13, 0.43], p < .001) answering ‘old’ significantly more 

often than young adults. 

At the end, the incorrect answers to the foils were considered. This showed a very 

similar pattern to the error rates for the lures with low similarity to the target. Sig-

nificant differences in the frequency of the answers ‘similar’ were shown, Welch’s 

F(2, 33.72) = 13.68, p < .001, and ‘old’, Welch’s F(2, 26.32) = 19.33, p < .001. 

Children answered ‘old’ (0.16, 95%-CI [0.08, 0.25], p < .001) as well as ‘similar’ 

(0.16, 95%-CI [0.07, 0.25], p < .001) to foils significantly more often than younger 

adults. And the older adults also made the mistakes ‘old’ (0.18, 95%-CI [0.06, 0.29], 

p = .003) and ‘similar’ (0.18, 95%-CI [0.06, 0.29], p = .002) on foils significantly 

more often than young adults. The results of the relative response frequencies can 

be seen in Table 5-1. 

Table 5-1 Relative frequencies of responses (mean ± SEM) 

  foil lure_25 lure_50 lure_75 target 

“new” children 0.50 (0.06) 0.45 (0.05) 0.39 (0.04) 0.30 (0.03) 0.28 (0.04) 

 younger 0.90 (0.03) 0.73 (0.03) 0.44 (0.04) 0.18 (0.04) 0.07 (0.02) 

 older 0.53 (0.07) 0.45 (0.05) 0.32 (0.04) 0.25 (0.03) 0.18 (0.03) 

“similar” children 0.24 (0.03) 0.25 (0.03) 0.29 (0.02) 0.36 (0.03) 0.30 (0.04) 

 younger 0.09 (0.02) 0.23 (0.02) 0.42 (0.04) 0.44 (0.04) 0.24 (0.03) 

 older 0.27 (0.04) 0.32 (0.03) 0.41 (0.03) 0.36 (0.02) 0.29 (0.04) 

“old” children 0.17 (0.03) 0.18 (0.03) 0.23 (0.03) 0.26 (0.03) 0.32 (0.04) 

 younger 0.01 (0.01) 0.03 (0.01) 0.13 (0.03) 0.37 (0.04) 0.68 (0.04) 

 older 0.18 (0.04) 0.20 (0.04) 0.25 (0.03) 0.35 (0.04) 0.51 (0.06) 

Note. Data were given as means (SEM in brackets). The relative frequencies of the correct answers 

are printed in bold. n = 37. 
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Likelihood Analysis. The SDT models for the individual subjects were calculated 

using a maximum likelihood estimation algorithm according to Kaernbach and col-

leagues. As in previous work, the model parameters of sensitivities d’i and re-

sponse criteria cj
j+1 were used in particular for the comparison of individual and 

mean group performance in the VSMT. To consider the SDT parameters within the 

experimental groups, the SDT-MLE algorithm was applied separately to each sub-

ject, then the model fit was evaluated and then sensitivities and criteria were aver-

aged over the successfully fitted models. The resulting parameters are given in-

Table 2, as well as Figure 5-3-A. The maximum likelihood model had to be dis-

carded in the group of children for seven subjects, in the group of young adults for 

no subject and in the group of older adults for six subjects. All exclusions were 

conservatively based on the χ2-test described by Kaernbach et al. at the 5% level. 

All averaged sensitivities are shown in Table 2 and Figure 5-3-B. It is noticeable 

that in all age groups distinctiveness to foil increased with a non-linear increasing 

degree of dissimilarity. Whereby the increase was most obvious in the group of 

young adults.  
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According to this procedure, test results d'T for the children resulted in a d'T = 1.31 

(0.23), for the younger adults in a d'T = 3.16 (0.25) and for the older adults in a d'T 

= 1.87 (0.30). A one-way ANOVA showed a significant difference between the 

groups regarding their averaged scores of sensitivities to distinguish targets from 

foils, F(2,47) = 12.71, p < .001. A following Tukey post-hoc test showed a signifi-

cantly higher d'T for the group of young adults in contrast to the group of children 

(1.84, 95%-CI [0.92, 2.78], p < .001) and older adults (1.28, 95%-CI [0.40, 2.16], p 

= .003). There was no significant difference between the age groups of children 

and older adults regarding the ability to distinguish targets from foils (0.56, 95%-CI 

[-0.39, 1.51], p = .33). Regarding the lures with 50% agreement with the target, 

there was also a significant difference between age groups, F(2,47) = 6.73, p = 

.003. Here the Tukey post-hoc test showed a significantly higher d'L50 for the group 

of young adults in contrast to the group of children (0.69, 95%-CI [0.20, 1.19], p = 

.004) and older adults (0.53, 95%-CI [0.06, 0.99], p = .023). Also, the lures with 

75% agreement to the targets could distinguish the age groups differently well from 
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groups (children, younger and older adults) as a function of the squared correlations with 
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the foils, F(2,47) = 10.50, p < .001. The d'L75 was significantly higher in young adults 

compared to children (1.32, 95%-CI [0.57, 2.08], p < .001) and older adults (1.01, 

95%-CI [0.30, 1.73], p = .004).  

Figure 3-B shows the relative lure sensitivity d'L/d'T in the different age groups. As 

in the previous work by Kaernbach and colleagues, an approximately proportional 

relationship between relative memory sensitivity and r4 was shown.  

A closer look at the calculated decision criteria revealed that c1
2 and c2

3 have ap-

proximately the same distance in the different groups. The decision criteria for chil-

dren and older adults are very similar, whereas they are shifted to the right in the 

case of young adults (Table 5-2).  

Table 5-2 Results of the SDT analysis 

 n c1
2 c2

3 d’L25 d’L50 d’L75 d’T 

children 14 0.55 (0.23) 1.58 (0.26) 0.45 (0.08) 0.73 (0.12)  0.98 (0.21) 1.31 (0.23) 

younger  19 1.27 (0.09) 2.62 (0.18) 0.52 (0.10) 1.43 (0.13) 2.30 (0.20) 3.16 (0.25) 

older  17 0.24 (0.22) 1.58 (0.21) 0.36 (0.09) 0.90 (0.16) 1.29 (0.24) 1.87 (0.30) 

Note. Data are given as mean values (SEM). 

Analysis of different memory parameters. The memory parameters PatSep, 

OND and d'T were calculated individually for each subject as described above. The 

averaged group results are shown in Table 5-3. 

Table 5-3 Different memory parameters 

 children younger  older  ANOVA 

PatSep 0.09 (.04) 0.27 (.04) 0.10 (.05) F(2, 47) = 5.65, p < .01 * 

OND 0.33 (.08) 0.82 (.04) 0.37 (.10) F(2, 25.54) = 18.84, p < .001**1 

d’T 1.31 (.23) 3.16 (.25) 1.87 (.30) F(2,47) = 12.72, p < .001** 

Note. Data are given as mean values (SEM); 1Welch-ANOVA. 
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Figure 5-4 illustrates the mean scores of the different memory parameters sepa-

rated by age groups. It is noticeable that the young adults scored significantly 

higher, while children and older adults achieved very similar results.  

A one-way ANOVA revealed significant group differences for all three memory pa-

rameters. The memory parameter d'T was already analysed in the previous section. 

 

 

The OND as a measure of general memory performance also differed significantly 

in the age groups, Welch’s F(2, 25.54) = 18.84, p < .001. Again, the young adults 

had a significantly higher OND score than the children (0.49, 95%-CI [0.22, 0.75], 

p < .001) and older adults (0.45, 95%-CI [0.17, 0.73], p = .001), shown by a Games-

Howell post-hoc test. The PatSep score postulated by Stark et al. (2013) also var-

ied significantly between the age groups, F(2, 47) = 5.65, p = .006. Here, a subse-

quent Turkey post-hoc test showed again a significantly higher PatSep score in the 

young adults compared to the children (0.19, 95%-CI [0.03, 0.34], p < .02) and the 
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older adults (0.18, 95%-CI [0.03, 0.33], p < .02). The difference between the chil-

dren and the older adults was not significant. There were no significant differences 

between the children and the older adults regarding the calculated memory param-

eters.  

A Pearson correlation analysis showed that memory parameters were strongly cor-

related, so OND and PatSep correlated strongly positive, r = .72, p < .001, as did 

OND and d'T, r = .88, p < .001 and PatSep and d'T, r = .75, p < .001. 

5.3.2 Neuropsychological tests 

Table 4 presents the mean value, standard deviation and z-score compared to the 

norms of the age matrices for each neuropsychological task.  

To compare the mean performances of the samples of the different age groups, z-

values were calculated based on the age-dependent norm tables of the corre-

sponding test procedures. There were significant differences in the performance 

relative to the corresponding age nouns between the age groups. Thus, the sample 

of young adults consistently performed above their age average, while the perfor-

mance of the older subjects tended to be below their age average. Table 5-4 shows 

the results of the T-tests for independent samples.  

Table 5-4 Neuropsychological data of the subjects mean (± SEM, z-value) 

Neuropsych. test children young older t.test t.test 

Age  4.7 (0.1)  25.3 (0.6) 68.8 (1.6)  

MWT-B   31.6 (1.34) 30.2 (0.1) t(37) = 4.66 , p < .001** 

TMT-A   17.1 (0.9) 40.3 (-0.1) t(37) = 4.36 , p < .001** 

TMT-B   41.9 (0.6) 97.0 (-1.4) t(37) = 3.63 , p = .001** 

RWT names   34.0 (1.5) 21.9 (0.7) t(37) = 2.52 , p = .016* 

RWT S   20.1 (0.9) 12.1 (0.2) t(37) = 2.35 , p = .024* 

RAVLT 

 

sum 

imm. 

del. 

 62.0 (1.0) 

13.4 (0.7) 

13.6 (1.2) 

 34.9 (-1.6) 

 4.5 (-2.7) 

5.9 (-1.6) 

t(37) = 9.41 , p < .001** 

t(37) = 10.4, p < .001** 

t(37) = 7.71 , p < .001** 

SYS  21.9 (0.83)    

SK  26.7 (0.16)    

Note. Scores on standardized neuropsychological testing: mean raw value (z- score from standard-

ized mean). Z-scores greater than 1 reflect better performance than standardized norms. Multiple 
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Choice Vocabulary Intelligence Test (MWT-B), Trail Marking Test (TMT), Regensburger Word-

fluency Test (RWT), Rey Auditory Verbal Learning Test (RAVLT) with sum = sum of remembered 

words from trial 1 – 5, imm. = immediate after a trouble list, del. = delayed recall after 30 min; 

*denotes a significant difference in test performance between the two groups (p < 0.05, correcting 

for multiple comparisons).  

There were consistently significant differences between the young and old adults. 

Since other test procedures were carried out with the group of children to test only 

the same parameters, a direct inferential statistical comparison is not made here.  

5.4 Discussion 

The aim of the study was to identify developmental and age-related changes in 

pattern separation implicated in the development of episodic memory. Against the 

background of previous studies, a U-shaped relationship between age and 

memory performance was expected, which should show up in a deteriorated 

memory performance of older adults and children compared to young adults using 

a newly developed test procedure, the Visual Sensory Memory Test (VSMT).  

This U-shaped correlation could first be shown in the analysis of the response be-

havior. The young adults answered ‘old’ to the targets and ‘new’ to the foils signif-

icantly more often than the children and older adults. This speaks for a better ability 

to discriminate between familiar and unfamiliar pictures in young adulthood.  

For the similar pictures, there was no significant difference in response frequency 

between the age groups across all similarity levels. Only when looking more closely 

at the different similarity levels - high (75% match with target), medium (50% match 

with target) and low (25% match with target) similarity - significant differences be-

tween the age groups emerged. Young and older adults seemed to have an easier 

job identifying the lures with medium similarity as ‘similar’ to the learning pictures 

than the children. Note, that the categorization as ‘similar’ had their maxima in the 
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age groups at different levels of similarity: while the children and older adults were 

more likely to correctly categorize the lures with medium similarity, i.e., with 50% 

match to the target, it was more likely for the young adults to categorize the lures 

with high similarity, i.e., with 75% match to the target, which could provide an indi-

rect indication of better pattern separation performance, since the subjects in 

young adulthood seemed to be better able to discriminate the very similar stimuli 

and retrieve them as different contents. Consistent with the theories, children and 

older adults seemed to have problems differentially storing and retrieving very sim-

ilar inputs. 

The evaluation of the error rates also provided information about the response 

tendencies of the different age groups. Older adults and children answered ‘new’ 

more often to targets and lures with high similarity to the target and ‘old’ to foils and 

lures with low similarity than the young adults. Thus, the inverted U-shaped corre-

lation could be shown in the response behavior of the different age groups, which 

describes a poorer recognition performance of the children and older adults in con-

trast to the younger adults. 

Both on the basis of the response patterns and by means of the maximum likeli-

hood analysis calculated within the framework of a signal detection theory (SDT) 

and the resulting decision criteria of the respective age group, a more conservative 

response strategy of the children and older adults in comparison to the young 

adults could be seen, which is reflected in a reluctance to answer ‘old’ or to actually 

have recognized a picture. Children and older adults thus tended to answer more 

quickly with the answer ‘new’. Here too, children and older adults showed similar 

behavior patterns and differ from the young adults. The results are difficult to ex-

plain by the hippocampal maturation profile described earlier, in which the DG and 

CA3 region mature more slowly than the other hippocampal structures. Based on 

the assumption that the DG and CA3 are significantly involved in the ability to 
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separate patterns, this should mean a poorer ability to discriminate between new 

and learned signals, which in turn would be reflected in an increased response ‘old’ 

(Keresztes et al., 2018; Ngo et al., 2018). Problems in pattern separation were also 

predicted for the older subjects, again according to animal studies, due to an age-

related dysfunctional DG (Wilson et al., 2006).  

The fact that both the children and the older adults, contrary to expectations, 

tended to answer ‘new’ can, however, be attributed more to the difficulty of the task 

than to the good ability to separate patterns. Thus, it is not an unusual phenome-

non that subjects tend to resort to a more conservative response strategy when 

overwhelmed. Performance on this task, which places a high demand on pattern 

separation, is also significantly worse for the children and older adults in this study 

compared to the young adult sample. Both age groups also answered ‘old’ incor-

rectly to new or similar pictures significantly more often than the young adults. 

With regard to the calculated memory parameters, similar tendencies could be 

seen. The young adults achieved a significantly higher sensitivity index d'T than the 

children and older adults, which suggests that they were better able to distinguish 

the targets from the foils. For the lures of the three similarity levels, there was also 

a higher d'L for the young adults compared to the children and older adults. This 

suggests a better ability to distinguish between similar images and completely new 

images in middle age. The postulated inverted U-shaped relationship was also ev-

ident here. This could also be seen in the pattern separation Score (PatSep) pos-

tulated by Stark et al. (2013) (i.e. used by Yassa et al., 2010; Yassa, Lacy, et al., 

2011 or Yassa & Stark, 2011). Here too, the score was significantly higher among 

young adults than among children and older adults. The Old-New-Discrimination 

Score introduced by Kaernbach and collogues to measure general memory per-

formance also showed the familiar U-shaped relationship. Thus, children and older 
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adults also seemed to have more problems in distinguishing between old and new 

than the middle-aged subjects. 

As this is the first study with subjects from different age groups using the newly 

developed test procedure, limitations of the study and feasibility problems were 

almost to be expected.  

Thus, although the memory parameters determined successful discrimination per-

formance in the children and older adults, the study showed that they recognized 

targets only just at chance level (target selected = .28 and =.32, respectively). This 

result could be due to high variance in the two samples and could be improved by 

increasing the sample size of the specific age group. Alternatively, the VSMT 

should be further adapted in terms of difficulty for groups of individuals who deviate 

from a young healthy norm group. 

Another limitation of the study is the seemingly different performance levels of the 

subjects relative to the age-matched norm group, measured by established and 

standardized test procedures that measure, for example, short-term memory skills, 

working memory, cognitive speed and flexibility. Here, it was shown that the young 

adults were above average for their age group, while the samples of children and 

older adults were more in line with the average. The reason for this could be the 

selective choice of students in the young adult cohort, versus a random selection 

of children and older adults. This could imply that the differences in VSMT scores 

may not be due to age alone but could also reflect a generally higher level of per-

formance among younger versus older adults and children. In future studies, care 

should be taken to further equalize the age groups in their basic performance lev-

els. 

In the end, however, it can be said that many of the assumptions could be verified, 

and results replicated. For example, almost all parameters showed a U-shaped 

correlation between memory performance and age. This illustrates that memory 
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initially improves with age and later deteriorates again. Older adults over 60 years 

of age show similar patterns as children at the age of 4. 
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6 VSMT and the involvement of the hippocampus 

6 VSMT and the involvement of the hippocampus 

6.1 Theoretical and empirical background 

The following section repeats certain theoretical background and empirical findings 

from the general Chapter 1 that are relevant to understanding the first experiment. 

In the course of this chapter, the analysis of the underlying SDT model postulated 

by Kaernbach and colleagues was omitted, and recourse was made to the memory 

parameters established in the work with MST. The reason for this was a possible 

publication of the experiment even before Kaernbach and colleagues published 

the VSMT in a first official paper. 

In their everyday lives, people are constantly confronted with events that are similar 

in time, space or context. The avoidance of interference in the construction of epi-

sodic memories from this mnemonic information demands the distinction between 

the familiar and the new, but also the differentiation of the similar. The medial tem-

poral lobe (MTL), in particular the hippocampus, plays a decisive role in this ability. 

Theoretical models attribute two capabilities to the hippocampus in this context, 

which support the rapid retention of this new information separate from already 

existing similar representations: pattern separation and pattern completion. Pattern 

separation serves to create non-overlapping representations of similar neural in-

puts to form new independent memory representations (Knierim & Neunuebel, 

2016; McClelland et al., 1995; Yassa & Stark, 2011). Pattern completion, on the 

other hand, supports the storage of memory for incomplete or noisy cues (Hun-

saker & Kesner, 2013; Knierim & Neunuebel, 2016; Leutgeb et al., 2007; Rolls, 

2013, 2016).  
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It is generally accepted that the hippocampus is significantly involved in this sub-

function of episodic memory (Bakker et al., 2008; Berron et al., 2016; Lacy et al., 

2011; Lee et al., 2004; Leutgeb et al., 2007; Nash et al., 2021). Thus, it assigns 

different neural codes to similar events to prevent them from being interchanged 

in retrieval (Lee et al., 2004; Leutgeb et al., 2007). The memory process of pattern 

separation is considered a critical computation performed by an episodic memory 

system, specifically the hippocampal subregion of the DG (Berron et al., 2016; 

Hainmueller & Bartos, 2020; Hanert et al., 2019; Marr, 1971; Neunuebel & Knierim, 

2014; O’Reilly & McClelland, 1994; Riphagen et al., 2020; Treves & Rolls, 1994). 

Previous research in rodent physiology has highlighted that activation of hippo-

campal subnetworks is associated with various mnemonic functions. While the DG 

has been shown to be primarily involved in pattern separation, the CA3 subregion 

is capable of both pattern separation and completion computations depending on 

the degree of similarity of sensory input (Guzowski et al., 2004; Lee et al., 2004; 

Leutgeb et al., 2007; Neunuebel & Knierim, 2014; Riphagen et al., 2020). Studies 

in humans have directly or indirectly demonstrated a similar role for hippocampal 

subregions in the processes of pattern separation and completion (Bakker et al., 

2008, 2008; Berron et al., 2016; Hanert et al., 2019; Lacy et al., 2011; Rolls, 2016; 

Yassa et al., 2010; Yassa & Stark, 2011).  

A frequently used and established recognition task in this course is the Mnemonic 

Similarity Task (MST), which has been shown to validate hippocampal pattern sep-

aration (Hanert et al., 2019; Kirwan & Stark, 2007; Nash et al., 2021; Stark et al., 

2013). The MST uses images of familiar and nameable everyday objects (targets) 

as stimuli to be learned, which, after an encoding phase, have to be discriminated 

from completely new (foils) or to different degrees similar images of objects (lures). 

The test is thus intuitively understandable and can be performed by different 

groups of people, such as children or persons with neurological diseases. 
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However, problems arise on the one hand due to the familiarity and concreteness 

of the depicted objects. Thus, it cannot be excluded that the memory performance 

is also influenced by different prior knowledge about the pictures of objects to be 

remembered. Also, 1611an objective determination of different levels of similarity 

of concrete objects proves to be difficult.  

A working group of the Psychological Institute of the Christian-Albrechts-University 

of Kiel countered these difficulties by developing a novel test procedure based on 

the MST: the Visual Sensory Memory Task (VSMT). This uses abstract sensory 

images of pink noise instead of everyday objects as learning images. The images 

can be transformed into images that are similar or dissimilar to a very specific de-

gree, as well as into completely new images.  

A high-resolution 3T MR device was used to measure brain activity while the sub-

jects perform the innovative recognition memory task. Previous studies showed, 

that the DG/CA3 subregions showed suppressed activity toward targets compared 

to lures and foils, a sample consistent with pattern separation, while adults per-

formed a similar memory task (Bakker et al., 2008; Lacy et al., 2011). The activa-

tion of the CA1 subfield varied continuously depending on the degree of mnemonic 

similarity between targets and lures, while activation of the CA3 subregion did not 

vary (Lacy et al., 2011). Therefore, following previous study results, it is hypothe-

sized that when a certain subregion was involved in pattern separation processes, 

a stimulus similar to the learned stimulus (lure) would be treated as a new stimulus 

(foil) rather than a known stimulus (target) and would exhibit an activity similar to 

the first presentation of a stimulus.  

The aim of this study is to show a similar involvement of hippocampal subfields in 

the discrimination of unknown and asemantic pink noise images. Furthermore, it is 

hypothesized that the VSMT places similar demands on brain regions associated 
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with pattern separation as does the established MST, and thus may serve as an 

alternative procedure with the advantages listed. 

6.2  Methods 

6.2.1 Participants 

In the fMRI analysis we included 23 right-handed subjects (laterality quotient 89.6 

± 8.7) according to the Edinburgh Handedness Inventory (Oldfield, 1971) (14 fe-

male and 9 male; age: M± SD = 25.3 ± 0.8 years), all free of neurological or psy-

chiatric pre-existing diseases and without regular medication. Written informed 

consent was obtained from all participants. The study was approved by the Ethics 

Committee of the Medical Faculty of the University of Kiel and was conducted in 

full accordance with the Declaration of Helsinki.  

6.2.2 Visual Sensory Memory Task  

Kaernbach and collegues designed the VSMT to address certain difficulties and 

potential disadvantages of the established MST. As with the MST, the task is to 

distinguish learned images (targets) from similar images (lures) and new images 

(foils), where the lures are similar to the targets to different degrees. In contrast to 

the MST that is using everyday objects, the VSMT uses asemantic -so called- pink 

noise stimuli. For generating these stimuli, white noise stimuli were Fourier trans-

formed, multiplied with a 1/f filter and back transformed. These offer the advantage 

of having the same frequency composition as natural images (Field, 1987). It can 

therefore be assumed that encoding and retrieval processes are similar to those of 

natural images, despite the abstractness of the stimuli. After back transforming it 

was multiplied with a Gaussian envelope, to inhibit memory strategies that concen-

trated on artifacts at the edge of the stimuli. For an example stimulus, see figure 1. 

One advantage of this type of stimuli, in contrast to namable and familiar images 
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of everyday objects, is the exclusion of prior knowledge, which can confound 

memory performance.  

Each target has an indefinite number of lures, which are generated at a fixed de-

gree of similarity. This also shows a clear benefit over the MST, in which the simi-

larity levels can only be set based on subjective perceptions.  

As with the MST (Stark et al., 2013; Yassa et al., 2010; Yassa & Stark, 2011), a 

pattern separation Score (PatSep) (1) and a parameter for Recognition Memory 

(RM) (2) can also be calculated for the VMST: 

The (1) PatSep is calculated by correctly distinguishing a lure from its target coun-

terpart. Thus the score is thus corrected for a distortion of the response, which 

shows a tendency to use the ‘similar’ response. Thus, PatSep = [p(correct ‘similar’ 

response to lures) – p(false ‘similar’ response to foils)]. PatSep represents the 

measure of pattern separation performance. (Stark et al., 2013; Yassa et al., 2010, 

2011; Yassa & Stark, 2011). And the (2) RM is determined from the number of 

correctly answered targets. To correct the response tendency to respond in pref-

erence with the target key, the number of incorrectly answered targets is sub-

tracted. Thus, RM = [p(correct ‘old’ response to targets) – p(false ‘old’ response to 

foils)]. RM displays a measure of general memory performance (Stark et al., 2013). 

6.2.3 Experimental Design 

Pretest. As a quality control for the fMRI-adapted version of the VSMT pre-test on 

the PC was conducted during a pilot study (n = 37). This was done to make sure, 

that performance within the MRI scanner was comparable to the PC test. For this 

pre-test, the task was shortened (10 blocks), but was otherwise structured exactly 

in the same way. Since the VSMT can be performed multiple times, this was to 

ensure the understanding of the instruction and feasibility of the task under scanner 
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conditions. In this session, a comprehensive neuropsychological test battery was 

conducted to test episodic memory (Rey auditory verbal learning test, RAVLT; Rey, 

1941), working memory (digit span forward and backward; Wechsler, 1997), exec-

utive functioning (Trail-Making Test A and B, TMT; Reitan, 1992), verbal fluency 

(Regensburg word fluency test, RWT; Aschenbrenner et al., 2000) and premorbid 

general intelligence (Mehrfach-Wortschatz-Intelligenztest-B, MWT-B; Lehrl, 2005).  

VSMT. The paradigm was divided into an encoding and a test phase. In the en-

coding phase, three images were presented one after the other in the same order 

15 times with an interstimulus interval of 3 sec (Figure 6-1-A). An instruction sig-

naled the beginning of the test phase and formulated the task of the test persons 

to judge the following pictures with regard to the categories ‘old’, ‘similar’ and ‘new’.  

The test phase consisted of three blocks, which were separated by breaks: The 

first block of the test phase consisted of 5, the second of 7 and the last of 8 se-

quences. Each sequence consisted of the three targets, three foils and 9 lures (3 

per similarity level 25% (lure25), 50% (lure50) and 75% (lure75) similarity with the 

images to be learned). Within one sequence the images were presented in a ran-

dom order. Each image was presented for two seconds. The test person then had 

one second to categorize this image as ‘old’ with the left key, ‘similar’ with the 

middle key and ‘new’ with the right key. The possible answers were displayed in 

different colors at the bottom edge (see Figure 6-1-B) and in an order correspond-

ing to key arrangement. The test persons did not receive any feedback about the 

correctness of their answers. After a keypress, the selected answer remained on 

the edge of the screen, but as an afterimage, so that the test person could make 

sure that the computer had logged in their answer. A fixation cross appeared be-

tween the images, which had a pseudo-randomized length of 2.5, 2.75, 3, 3.25 or 

3.5 sec. This jitter was built in to prevent the scanner, which takes a picture every 

2 seconds, from randomly photographing the same layer on the same target every 
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time. All in all, the test took about 44min. The task was generated using the 

MATLAB R2018b (MathWorks Inc., Natick, Massachusetts, USA) script program. 

 

Statistical analysis of behavioral data. To analyze the memory performance in 

the VSMT, the frequencies of the different correct responses (old, similar, new) to 

the stimuli were analysed separately for the pre-test and for the test within the 

scanner. Since the condition of normal distribution was not given due the small 

Figure 6-1 Experimental design of the VSMT. (A) shows the procedure of the test that is 

divided into an encoding phase with three targets to be learned, which are presented in the 

same order 15 times, and a test phase with 20 sequences in three blocks (5,7 and 8 se-

quences each). Within each sequence the three learned targets, three foils and three lures 

per similarity level (25%, 50% and 75% match with the target) are presented in a random-

ized order, so that at the end 300 images have to be classified by the test persons. Breaks 

are given between the blocks, the length of which the test person may determine himself 

for up to 2 min and which are intended to prevent a fatigue effect. (B) shows an exemplary 

excerpt from the test phase. After each image, the subject had 1 sec to decide by keypress 

whether the image was an ‘old’, ‘similar’ or ‘new’ image. 

Target Lure with high 

similarity (r4 = 0.75)

Lure with medium 

similarity (r4 = 0.50)
Lure with low

similarity (r4 = 0.25)

Foil

old sim new

1 sec

+ + +

2 secca. 3 sec

…

Encoding phase (5min) Test phase (35min)

A
B

C
… 15 x

Block 1 (5 Seq) Block 2 (7 Seq) Block 3 (8 Seq)

one sequence = 3 targets (A, B, C), 3 foils, 3 lures25, 3 lures50, 3 lures75

randomiced within equal sequence

(A)

(B)
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sample size, the non-parametric Wilcoxon signed rank test was used to check 

whether the subjects were able to rate the stimuli correctly greater than random 

probability. Although all 23 subjects completed a PC based pre-test of the VSMT, 

only the data of 22 subjects could be included at the behavioral level because the 

recordings of one person on the PC was erroneous. In the course of the pre-test 

10 blocks and in the context of fMRI testing 20 blocks of 15 stimuli each (3 targets, 

3 foils, 3 lures per level of similarity) were included in the analysis. Thus, the rela-

tive response frequencies could be calculated to targets, foils and lures per level 

of similarity. Using a paired Wilcoxon sign rank test, it was checked, whether there 

was a difference in the results depending on the test setting (scanner vs. PC). The 

purpose of this was to show that subjects are similarly able to perform the VSMT 

regardless of the test setting.  

Image acquisition and processing. Anatomical and functional images were ac-

quired with a 3.0 T whole-body MRI scanner (Achieva; Philips, Best, the Nether-

lands) with a 32-channel head coil. An Invivo IFIS fMRI system (Invivo, Gainesville, 

Florida, USA) was used for stimulus presentation. The fMRI acquisition took place 

in four blocks: The presentation phase of the VSMT comprised 149 scans, the first 

test block 266 scans, the second test block 372 scans and the third test block 424 

scans each with 48 slices per scan.  

The first three scans of each session were discarded due to non-equilibrium of 

magnetization, followed by echo planar images, mentioned above, with 48 ascend-

ing transversal slices (Field of view = 192x192x158 mm3, voxel size = 3.00 x 3.00 

x 3.00 mm³, slice thickness = 3.0, gap = 0.3, TR = 2000 ms, TE=30.0 ms, flip angle 

= 90).  

For spatial normalization and exclusion of gross structural abnormalities, a 3D T1-

weighted image was acquired (scan duration = 334 sec, slices = 170 sagittal, slice 
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thickness = 1 mm, field of view = 270x253x204 mm3, voxel size = 1.05 x 1.05 x 

1.20 mm3, TR = 6.73 ms, TE = 3.13 ms, flip angle = 9.0). 

Pre-processing and analysis of the fMRI data were performed with SPM 12 

(SPM12; Welcome Department of Imaging Neuroscience, London, 

http://www.fil.ion.ucl.ac.uk) executed in MATLAB R2019b (MathWorks Inc., Natick, 

Massachusetts, USA). The anatomical T1-weighted images were spatially normal-

ized to the standard coordinates of the Montreal Neurological Institute (MNI) space. 

The realigned EPI images were then co-registered with the corresponding individ-

ual T1-weighted image. By concatenating these two steps, the SPM software wrote 

normalized versions of the EPI images (1 × 1 × 1 mm3) allowing a voxel wise anal-

ysis of the BOLD time-series and statistical group comparisons. Finally, the func-

tional MRI data were smoothed with a Gaussian kernel filter of 9 mm full-with at 

half-maximum (FWHM). 

Functional Analysis (fMRI). For the first level analysis on individual subject level, 

the task was modelled as a block design using a General linear model (GLM) with 

these specific regressors of interest: the target regressor includes all targets that 

were correctly responded to with the ‘old’ key. The lure25, 50, 75 regressor contains 

all lures with 25%, 50 % respectively 75% match to the target to which subjects 

answered with ‘similar’ and the foil regressor with all foils to which subjects an-

swered with ‘new’. As regressors of no interest the realignment parameters were 

included.  

On the second (group) level, a separate SPM models was used to compute BOLD-

signal change to targets, lures25, lures50 and lures75 and foils as well as the differ-

ences between foils and targets (foils > targets), lures25 and targets (lures25 > tar-

gets) and lures50 and targets (lures50 > targets).  
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Special attention was paid to the hippocampus as a memory-associated region. 

For this purpose, masks were created for the complete hippocampal formation (in-

cluding CA1, CA2, CA3, DG, subiculum) as well as for all subfields individually 

using the 3T in vivo high- resolution atlas of the hippocampus and subfields: CA1, 

CA2/CA3, CA4/DG (Winterburn et al., 2013). For each second level analysis (tar-

get, lures25, lures50, lures75, foils) a different number of subjects were included in 

the analysis. The reason for this was that only those images of persons with a 

sufficient number of events could be included in the second level analysis. ‘Suffi-

cient’ has been defined as a significantly higher than random frequency of correct 

answers to the respective categories. Since hardly any test person achieved this 

for the three lure categories, the answers ‘old’ to lure75 and ‘new’ to lures50 and 

lures25 were also evaluated as correct, in order to proceed further in the analysis. 

In the end n = 19 for target, n = 12 for the lures75, n = 19 for the lures50, n = 21 for 

the lures25 and n = 21 for the foils that were included in the analysis. In addition, 

beta coefficients for the foil, lure50 and target stimulus categories were analyzed in 

the CA1, CA2/CA3, CA4/DG and subiculum subregions. Comparisons between 

the stimulus categories were made using a paired Wilcoxon test with Bonferroni 

correction within the subregions and each hemisphere.  

6.3 Results 

6.3.1 Analysis of behavioral data 

Response frequencies. In the relative response frequencies per similarity level 

was a clear increase in ‘old’ responses as the stimulus became more similar to the 

target and peaked with the targets themselves (Table 6-1, Figure 6-2). The same 

effect could be seen in the opposite direction: The frequency of ‘new’ responses 

increased the more dissimilar the stimulus became to the target and peaked with 
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the foil itself. The maximum of ‘similar’ responses for both conditions (PC and scan-

ner) was at lures75. 

A Wilcoxon sign rank test showed that the subjects were able to classify the targets 

with a frequency significant above 0.20 (indicating the level of chance) correctly as 

‘old’ (z = 4.11, p < .001 the foils correctly as ‘new’ (z = 4.12, p < .0001). Since 

stimuli of the lure category were presented three times as often as targets and foils, 

the hit chance was 0.6. For all lures regardless of their degree of similarity, the hit 

rate was found to be significantly below chance (lure75: z = - 4.11, p < .001; lure50: 

z = -3.31, p < .001; lure75: z = -2.16, p = .31). 

Only the lures with low and medium similarity (lures50, lures25) could not be reliably 

recognized correctly by the test persons.  

A comparison of the pre-test (PC) and the performance within the scanner using a 

Wilcoxon test for paired samples showed significant differences between the test 

settings with regard to the correct recognition of foils and lures25. Significantly more 

subjects detected the foils as ‘new’ in the scanner than in the course of their first 

test run on the PC (z = -3.15, p = .002), which points to a better performance within 

the scanner. Similarly, the subjects classified the lures25 (z = 3.29, p = .001) and 

the lures50 (z = 2.62, p = .009) significantly more often as ‘similar’ within the fMRI 

than in the first test run on the PC.  
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Table 6-1 Relative frequencies of responses (mean ± SEM) during both test settings 

 foil lure25 lure50 lure75 target 

PC      

“new” 0.89 (0.03) 0.68 (0.04) 0.39 (0.03) 0.15 (0.02) 0.07 (0.02) 

“similar” 0.08 (0.02) 0.26 (0.03) 0.45 (0.03) 0.52 (0.03) 0.27 (0.03) 

“old” 0.01 (0.00) 0.04 (0.02) 0.16 (0.03) 0.33 (0.03) 0.65 (0.04) 

fMRI      

“new” 0.95 (0.02) 0.83 (0.03) 0.61 (0.04) 0.34 (0.05) 0.06 (0.02) 

“similar” 0.03 (0.01) 0.14 (0.03) 0.33 (0.03) 0.52 (0.05) 0.26 (0.05) 

“old” 0.00 (0.00) 0.01 (0.00) 0.05 (0.01) 0.12 (0.03) 0.64 (0.06) 

Note. Data were given as means (SEM in brackets). The relative frequencies of the correct answers 

are printed in bold. Almost every stimulus category was followed by omissions, which is why the 

columns over the response options do not add up exactly to 1. N = 22. 

Figure 6-2 Relative response frequencies of the ‘old’, ‘similar’, and ‘new’ classifications 

for the stimulus categories targets, lures (with 25%, 50%, and 75% agreement with the 

target) and foils. The probability of a ‘new’ response increases with decreasing similarity 

to the target and is highest when a foil is actually presented. The same trend can be ob-

served in the other direction for the targets: here the probability of an ‘old’ response in-

creases with increasing similarity to the targets and peaks when a target is actually pre-

sented. The probability of a ‘similar’ answer is higher for lures than for foils and targets. 

It was highest for the lures with 75% agreement to the target. 
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Memory parameter. According to Stark et al. (2013), the memory parameters 

PatSep and RM were calculated from the VSMT data. This resulted in a mean 

PatSep score of 0.98 (0.09) and a mean RM of 0.64 (0.06). The respective SEM is 

listed in the brackets. 

Neuropsychological Data. To ensure the comparability of the cohort with a norm 

cohort concerning cognitive functions, an extensive neuropsychological test bat-

tery was conducted with all test persons. The subjects showed average to above 

average performance on the specific tests of the test battery (Table 6-2). 

Table 6-2 Neuropsychological data of subjects (raw and z-values) 

Test 

 

raw value   z-value 

  
 mean SEM 95% CI mean SEM 

RAVLT sum 63.10 1.42 [60.14, 66.06] 1.34 0.18 

  del 13.67 0.45 [12.72, 14.61] 0.96 0.18 

  rec 14.48 0.24 [13.99, 14.99] 0.83 0.20 

TMT A 22.23 4.95 [11.90, 32.56] 0.70 0.16 

 B 41.95 2.37 [37.00, 46.90] 0.68 0.26 

DS for 11.00 0.49 [9.97, 12.02] 1.70 0.26 

  back 10.47 0.54 [9.34, 11.60] 1.80 0.33 

MWT-B 
 

30.19 0.78 [28.56, 31.82] 1.14 0.20 

WF cat 32.90 1.79 [29.17, 36.64] 1.17 0.25 

 let 19.52 1.19 [17.05, 21.99] 0.63 0.20 

Note. RAVLT = Rey Auditory Verbal Learning Test (sum = trial 1 – 5, del = delayed recall, rec = 

recognition), TMT = Trial Making Test (version A & B), DS = Digit Span Test (for = forward, back 

= backward), MWT = Multiple Choice Vocabulary Intelligence Test-B (a German version of the 

National Adult Reading Test); RWT = Regensburger word fluency test. 

6.3.2 fMRI analyses 

Neuronal activation within the hippocampal formation. First, the entire hippo-

campal formation, including CA-subfields, DG and subiculum, was considered as 

region of interest (ROI). The hippocampal formation was activated for all stimulus 

categories (Table 6-3) on a FWE- corrected significance level of p < .05 except for 
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the lures75. Here, activation reached significance just on an uncorrected level (p < 

.001).  

Table 6-3 Main effects within the hippocampal formation over all subjects for the dif-

ferent stimulus categories (target, lure, foil) 
 

left hemisphere right hemisphere 

 α x y z t α x y z t 

target .05 -36 -25 -13 8.20 .05 33 -16 -16 7.67 

lure25_new .05 -33 -28 -10 7.13 .05 33 -16 -19 7.95 

lure50_new .05 -33 -28 -10 7.08 .001 30 -22 -19 5.96 

lure75_new .001 -33 -22 -13 4.32      

foil .001 -33 -31 -10 5.91 .001 33 -16 -19 6.21 

Note. Small brain corrected (mask of the hippocampal formation including CA-subfields, DG and 

subiculum) cluster peaks after correction for multiple comparsion (P < 0.05; FWE corrector uncor-

rected (P < 0.001, uncorrected) as indicated. The coordinates are given in MNI space.z. 

Neuronal activation within the hippocampal subfields. As a next step, left and 

right hemispheric subfields of CA1, CA2CA3, CA4/DG and subiculum were exam-

ined in detail. The average activity within each of the ROIs was then calculated for 

the target trials, foil trials, and lure trials by summing all voxels within an ROI (Fig-

ure 6-3). Differences were observed between the stimulus types in almost each 

ROI.  

Table 6-4 shows the cluster peaks of the individual subregions within the respec-

tive stimulus categories target, lures and foil. First, it should be noted that almost 

all subfields were activated for all three stimulus categories. CA1 was significantly 

activated for targets (t(19) = 7.72, p < .001, uncorrected), as well as for foils (t(21) 

= 6.01, p < .001, uncorrected). A similar trend can be seen in the CA2/CA3 region 

(targets: t(19) = 8.20, p < .05, foils: t(21) = 7.08, p < .001) as well as in the left 

CA4/DG region (targets: t(19) = 7.07, p < .001, foils: t(21) = 6.54, p < .001). Results 

were reported for the left hemisphere.  
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Figure 6-3 illustrates these activities on representative coronal slices through the 

MTL. The bar graphs show the mean activity (estimated beta coefficients) to the 

images of the different stimulus classes (target, lures25,50,75 and foils) in the different 

hippocampal subfields (CA1, CA2/CA3, CA4/DG and subiculum). In all the ROIs 

target trail showed a lower mean activity compared with the foil trials and the lure 

trials.  

In all but one of the ROIs, activity associated with lure trials was between the ac-

tivity of the target trials and the foil presentation trials. Only in the right and left 

CA2/CA3 activity associated with lure trials was indistinguishable from foil trials. 

Figure 6-3 Mean effect of the VSMT for each of the ROIs. A model segmentation of hippo-

campal subfields is overlaid on each brain slice to indicate the location of the subiculum 

(black), CA1 (darkblue) and CA2/CA3(lightblue) and CA4/DG (green). Bar graphs show 

mean activity (estimated beta-coefficients) in each ROI for each trial condition (left col-

umn = left hemisphere; right column = right hemisphere). Asterisks within the bar plots 

reflect a significant paired Wilcoxon test (Bonferroni corrected for multiple comparisons). 
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Table 6-4 Main effects within the hippocampal subfields over all subjects for the dif-

ferent stimulus categories (target, lure, foil) 
  

left hemisphere right hemisphere 

  
 α x y z t α x y z t 

target CA1 .05 -36 -28 -13 7.72 .001 33 -22 -19 4.30 

  CA2/CA3 .05 -36 -25 -13 8.20 .05 33 -16 -16 7.67 

  CA4/DG .05 -30 -28 -10 7.07 .001 33 -19 -16 6.54 

 Sub           

lure50_new CA1 .05 -33 -19 -22 6.01 .05 18 -10 -22 7.22 
 

CA2/CA3 .05 -33 -28 -10 7.13 .05 33 -16 -16 7.46 

  CA4/DG .05 -33 -16 -19 6.94 .05 33 -16 -19 7.55 
 

Sub .001 -27 -19 -22 6.04 .001 27 -19 -22 5.75 

foil CA1 .001 -36 -28 -13 6.01 .001 30 -22 -19 5.96 

 CA2/CA3 .05 -33 -28 -10 7.08 .001 33 -16 -16 5.17 

 CA4/DG .05 -33 -31 -10 6.54 .001 33 -16 -19 5.81 

 Sub .001 -21 -28 -13 4.24 .001 27 -19 -22 4.51 

Note. Small brain corrected (mask of the hippocampal formation including CA-subfields, DG and 

subiculum) cluster peaks after correction for multiple comparison (P < 0.05; FWE corrected or un-

corrected (P < 0.001, uncorrected) as indicated. For the targets the scans of n = 19, for the lures of 

level 0.5 of n = 19 and for the foils of n = 21 are included in the analysis. The coordinates are given 

in MNI space. t = t-value. 

In a last step, differences between the stimulus categories in the different subre-

gions were considered (Table 6-5, Figure 6-4). It turns out that especially in the left 

CA4/DG region more activation is triggered by foils than by targets (t(19) = 4.44, p 

< .001, uncorrected). However, also in the right CA1 subfield (t(19) = 5.31, p < 

.001, uncorrected) and in the left subiculum (t(19) = 5.29, p < .001, uncorrected) 

the activation for foils was greater than for targets. All results are shown in Tabel 

6-6. These differences can also be seen in the lures with lower similarity to the 

targets (lures25 and lures50) compared to the targets.  
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Table 6-5 Main effects within the hippocampal subfields over all subjects for the dif-

ferences between the different stimulus categories (target, lure, foil) 

Condition Region Left hemisphere Right hemispher   

x y z t-Value x y z t-Value 

foil > target CA1 -30 -19 -22 3.99 30 -22 -19 5.31 

 CA2/CA3     21 -19 -16 3.68 

  CA4/DG -24 -19 -19 4.44 30 -16 -19 3.87 

  Sub -24 -22 -19 5.29 27 -19 -22 4.79 

lure25_new > target CA1 -30 -28 -16 3.63 27 -25 -16 5.36 

 CA2/CA3     21 -19 -16 5.00 

  CA4/DG -21 -19 -19 4.17 30 -16 -19 6.79 

  Sub -21 -22 -19 4.83 27 -19 -22 5.20 

lure50_new > target  CA1     33 -34 -10 5.82 

 CA2/CA3         

  CA4/DG     30 -34 -7 5.42 

  Sub -21 -22 -19 4.31 24 -22 -16 3.61 

Note. Small brain corrected (mask of the hippocampal formation including CA-subfields, DG and 

subiculum) cluster peaks (p < 0.001, uncorrected, n =19). lure25_new = all lures with 25% match to 

tthe target to which ‘new’ was answered; lure50_new = all lures with 50% match to the target to 

which ‘new’ was answered. The coordinates are given in MNI space.  
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6.4 Discussion 

In the present study, a novel encoding task, the Visual Sensory Memory Task 

(VSMT) was used, consisting of an encoding and recall phase. The VSMT is com-

parable to the Mnemonic Similarity Task (MST), which is often used to study pat-

tern separation processes (Kirwan & Stark, 2007; Stark et al., 2013). In the course 

of this task, subjects were shown targets in an encoding phase, which they were 

Figure 6-4 Differences in terms of activation to the different stimulus categories in the 

ROIs. A model segmentation of hippocampal subfields is overlaid on each brain slice to 

indi-cate the location of the parahippocampal gyrus (turquoise) and the perirhinal cortex 

(blue); (1) more activation for foils compared to targets, (2) more activation for lures25, 

(3) more activation for lures with 50% similarity to target. Bar graphs show mean activity 

(estimated beta-coefficients) in each ROI for each trial condition. 
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then asked to distinguish from images that were similar to varying degrees (lures) 

and completely new images (foils) in a test phase. 

The overall goal of the study was to examine activation in hippocampal subregions 

while participants solved the novel asemantic discrimination task. It was hypothe-

sized that the VSMT would place high demands on brain regions associated with 

pattern separation, comparable to the established MST (Kirwan and Stark 2007; 

Stark et al. 2013). Except that in the VSMT, the nature of the stimuli ensures an 

objective similarity assessment, and different subjects' prior knowledge of the stim-

uli can be ruled out. 

To this end, a high-resolution 3-T-fMRI was used to investigate processes of pat-

tern separation in the human hippocampus by scanning subjects while they com-

pleted an adapted version VSMT.  

Based on the assumption that if a particular subregion was involved in processes 

of pattern separation, the lure would be treated as a new stimulus (foil) rather than 

a repetition (target) and would show similar activity to the first presentation of a 

stimulus, a tendency toward pattern separation was expected in hippocampal sub-

regions CA1, CA2/CA3, CA4/DG, and subiculum (Bakker et al., 2008). In the 

choice of ROIs, it was particularly important to separate the DG and CA3 subre-

gions, as these are expected to play a central role but distinct in pattern separation 

(Berron et al., 2016). Thus, the DG appears to sparsely encode neural activity from 

the EC to the CA3, decoding overlapping neural modules (Rolls, 2016; Treves & 

Rolls, 1994). In contrast, the pyramidal neurons of the CA3 region operate as an 

auto-associative network, meaning that large changes in input cause pattern sep-

aration and small changes in input cause pattern completion (Norman & O'Reilly, 

2003; O'Reilly & McClelland, 1994). Area CA1, on the other hand, appears to ex-

hibit pattern separation in a different manner, as evidenced by a linear relationship 

between input and output (Guzowski et al.,2004). Within the trisynaptic circuit, CA1 
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acts as the main hippocampal output area, transmitting CA3 ensemble activity to 

neocortical areas (Insausti & Amaral, 2004; Knierim & Neunuebel, 2016). However, 

previous experiments showed stronger pattern separation in CA3 than in CA1 

(Guzowski et al., 2004). Lesion and imaging studies in humans have confirmed 

these findings (Bakker et al., 2008; Berron et al., 2016; Hanert, Rave, et al., 2019). 

Contrary to the predictions of computer models but following recent studies (Nash 

et al., 2021), activation in the subiculum is expected to be consistent with that of 

pattern separation. 

At the behavioral level, it became apparent that subjects were able to discriminate 

the targets as ‘old and the foils as ‘new’. Discrimination of lures regardless of sim-

ilarity level proved difficult, with, as expected, a bias in response tendencies toward 

lures with 25% and 50% similarity with the ‘new’ response and lures with 75% sim-

ilarity to the target with the ‘old’ response.  

Even though the behavioral data suggest that the implementation of the task was 

associated with a high degree of difficulty for the subjects, the results show exciting 

effects at the neural level. Here, a holistic hippocampal activation during VSMT 

performance was shown. 

First, it should be noted that almost all subfields were activated for all three stimulus 

categories and in all the hippocampal subfields target trail showed a lower mean 

activity compared with the foil trials and the lure trials.  

Regarding to CA4/DG an increased activation was found in responses to new, un-

familiar images (foils) compared to learned, familiar images (targets). Also, lures 

in these subregions were treated more like foils than targets and showed similar 

activity to them as when a stimulus was first presented. These results support com-

putational models of hippocampal subregions. In several rodent studies, it has 

been shown that the hippocampal DG is actually involved in pattern separation, 
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while the CA3 subfield executes pattern separation and completion in response to 

the change in sensory input, thus balancing the discriminative function related to 

the formation of a new memory representation (Guzowski et al., 2004; Lee et al., 

2004; Leutgeb et al., 2007; Neunuebel & Knierim, 2014).  

Also, in CA2/CA3 lures were treated more like foils than targets and showed similar 

activity to them as when a stimulus was first presented. Even though the difference 

did not become significant, the gap here was smaller than in the CA4/DG region, 

which could very cautiously speak for a weaker pattern separation in this region. 

The difference between activations on lures and targets is smallest in this region, 

which may provide initial evidence for a pattern completion process. It should be 

emphasized once again that the interpretations of the results can only be formu-

lated very cautiously at this point. However, it should be noted that they do not 

contradict the postulated auto-associative network of the CA3 region (Guzowski et 

al., 2004; Lee et al., 2004; Leutgeb et al., 2007; Riphagen et al., 2020). 

In CA1 regions lures were also treated more like foils than like targets and triggered 

an activation that was more comparable to those to new images, which according 

to our hypothesis is more associated with a pattern separation. The difference was 

even more pronounced than in the CA3 region, which is contrary to the hypothesis 

that CA3 shows more pattern separation than CA1 (Guzowski et al., 2004). 

Another exciting observation is also that Lures were treated more like foils in the 

subiculum subregion as well. Here, the difference to the targets was even more 

obvious. This may indicate that the subiculum may also be involved in pattern sep-

aration processes, as Nash et. 2021 showed in a study. 

Limitations. Even though most of the previous results using the novel task with all 

its previously mentioned advantages could replicated, our method had its limita-

tions. (1) All results of this study depend on a change in BOLD activity across the 
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conditions of our task. Now, if the overall activity remained stable across the differ-

ent repetition conditions, the pattern separation in this region would not be as de-

tectable in its strength as it actually appears. (2) Fine dissection of hippocampal 

subregions is only possible to a limited extent with a 3 T MR. (3) Each of the sub-

regions examined showed activity consistent with novelty (and repetition) detec-

tion, this was reflected in lower activation to simple repetition (target) compared to 

activation to first presentation (foil). Thus, it must be debated whether the results 

reflect a simple old-new discrimination. In several studies, correctly endorsed 'old' 

test items were reported to elicit a smaller response than correctly classified 'new' 

items (Rombouts et al., 2001; Suzuki et. al., 2010). Explanation for this could be 

the difficulty of the VSMT. Possibly, the learning images could not be stored se-

curely enough in the end, so that no similarity could be recognized afterwards, and 

the lures were classified as "new". Against it can be argued at this point however 

with the hit rates on behavioral level. Here it was shown that 64% of the targets 

shown were correctly answered with 'old' and 52% of the lures with a 75% match 

with the target were correctly answered with 'similar'. At least in this category the 

similarity could be recognized as similarity (and not known or unknown) by the test 

persons. The situation was different for the lures with 50% and 25% agreement 

with the target not disproportionately often correctly answered with 'similar', which 

again may speak for too high difficulty. (4) Since fMRI examinations require many 

repetitions for reasons already described, the 44min examination was very stren-

uous even for young healthy adults. Fatigue effects can not be excluded at this 

point despite breaks. The paradigm would necessarily have to be adapted and 

simplified for performance with subjects who deviate from this norm group.  

Outlook. Since the VSMT, in contrast to the MST, has great flexibility in its imple-

mentation (e.g., with regard to different learning images, presentation duration, ob-

jective similarity gradations), much experimentation can continue. At this point, 
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some ideas for meeting the listed weaknesses in future studies will be discussed. 

(1) A larger sample size could lead to a more visible activation triggered by the 

process of pattern separation. At this point, a larger sample was not appropriate 

because this was the first study of this type using the fMRI scanner. In addition, 

subjects were recruited under conditions of the Corona pandemic and the study 

was only possible under difficult conditions. (2) A 7 T MRI could be used to distin-

guish subregions even more precisely. In particular, the role of the DG and the 

CA3 subregions could be investigated in more detail in this course. (3) In a next 

study, the paradigm could be further simplified, for example, presenting only two 

targets instead of three. This would on the one hand shorten the duration and on 

the other hand simplify the learnability. In view of the fact that mainly the lures with 

75% match with the target were recognized as 'similar', it could be considered to 

define the lure levels rather in the upper range of match, for example 60%, 70% 

and 80% match with the target. Once the paradigm has been adapted to be easily 

feasible for young healthy subjects, it would be exciting to see how the to see how 

hippocampal activation behaves in children, older subjects, or patients with neuro-

logical diseases.  
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7 Generel discussion 

7 General Discussion  

 

Since a detailed intermediate discussion was formulated after each step, the gen-

eral discussion will be kept brief at this point. 

Memories of the past are essential for the formation of our own identity, they help 

us to understand who we are, and provide orientation for the future. They define 

our view of past actions and influence the future (Tulving, 1991). Different brain 

areas can be assigned to biological substrates of memory (Squire & Zola, 1996). 

In this regard, episodic memory contents of our personal experiences are critically 

dependent on the hippocampus (McClelland et al., 1995). An effective memory 

system, which is defined by minimal interference and maximal capacity, must per-

form at least two cognitive functions: (1) rapid storage of experiences as individual 

events and (2) effortless retrieval of these memories when similar events occur 

(O’Reilly & McClelland, 1994).  

In the context of the present work, various functions of episodic memory were in-

vestigated in several studies with the help of a new test procedure. The focus was 

on the investigation of a skill called pattern separation, which, in addition to pattern 

completion, is an essential cognitive process in the encoding and retrieval of epi-

sodes. Both can be attributed to specific hippocampal subnetworks (Marr, 1971; 

O’Reilly & McClelland, 1994). Theories of pattern separation and completion pro-

cesses derived from computational approaches have been consistently supported 

by studies in rodents (for a review, see (Yassa & Stark, 2011). Pattern separation 

refers to the ability of the hippocampus to form non-overlapping orthogonal neural 

representations of similar sequential episodic stimulus inputs and thus to translate 
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smaller differences of stimuli into larger differences (Knierim & Neunuebel, 2016; 

McClelland et al., 1995; Yassa & Stark, 2011). While pattern completion describes 

the ability of a network to retrieve a complete activity pattern from memory, even if 

this is represented by incomplete or degraded input patterns (Hunsaker & Kesner, 

2013; Knierim & Neunuebel, 2016; Leutgeb et al., 2007; Rolls, 2013, 2016). One 

hippocampal subregion strongly associated with this pattern separation ability is 

the dentate gyrus. It is thought that the DG assigns different neural codes to similar 

environmental stimuli, reducing the similarity between neural patterns and thus fa-

cilitating separation (McClelland et al., 1995; Yassa & Stark, 2011).  

The Mnemonic Similarity Task (MST) is considered the gold standard for investi-

gating processes in humans that are associated with pattern separation. The MST 

uses 64 photos of everyday objects as stimuli, this leads to some disadvantages 

weaknesses. For example, the classification of nameable objects into different lev-

els of similarity cannot follow any objective procedure. How similar is one apple to 

another apple? In addition, the familiar objects as learning stimuli pose the danger 

of distorting the memory performance of the subjects due to different prior 

knowledge of the subjects. Kaernbach and colleagues (2019) addressed these dif-

ficulties by adapting or further developing the paradigm. Instead of familiar, name-

able everyday objects, they used asemantic, unfamiliar pink noise stimuli. These 

offered the advantage that prior knowledge of the subjects could be excluded and 

pictures similar to the learning pictures could be generated quite accurately by 

means of objective mixing procedures. The number of pictures to be learned had 

to be reduced to 3 learning pictures, so called targets, due to the complexity of the 

task. Kaernbach et al. have already conducted various studies to verify the feasi-

bility of the VSMT and to optimize its procedure.  
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In this course, the VSMT was administered in a first study with 37 young healthy 

subjects to ensure the feasibility of the modified version. The first 30 subjects were 

invited to participate in a second test time point to demonstrate that the VSMT can 

be performed multiple times without significant improvement in demonstrated per-

formance due to learning effects. In a second study, 21 children (between 4 and 5 

years of age), 20 young healthy adults, and 19 older healthy subjects (over 65 

years of age) performed the VSMT. The aim was to demonstrate that the VSMT 

can be administered to individuals who deviate from a young healthy norm group 

and to replicate the postulated inverted U-shaped relationship between age and 

memory performance. In a final study, the VSMT of 22 young healthy subjects was 

performed in an fMRI scanner. The aim was to show that the VSMT places similar 

demands on hippocampal subregions associated with pattern separation as the 

established MST.  

The data obtained were examined with regard to different aspects:  

Analysis of relative response frequencies. When looking at the response fre-

quencies, all studies and groups show the expected patterns: The categorization 

of the stimuli as ‘old’ increases with increasing correlation of the stimuli to the tar-

get. Categorization as ‘new’ decreases in contrast. These courses are very pro-

nounced in studies I - III in the group of young, healthy subjects, both on the PC 

and in the fMRI scanner. In the children and older subjects, these trends are 

weaker but still evident. The categorization as ‘similar’ have their maxima in the 

different groups and test settings at different similarity levels: while the children and 

older adults were more likely to correctly categorize the lures with medium similar-

ity, i.e., with 50% match to the target, in the young adults it was more likely to 

categorize the lures with high similarity, i.e., with 75% match to the target, which 

could provide an indirect indication of better pattern separation performance, since 



7 General Discussion 127 

the subjects in young adulthood seem to be better able to discriminate the very 

similar stimuli and retrieve them as distinct content. The analysis of the relative 

response frequencies showed that young and older adults identified targets as 

"old" and foils as "new" significantly above chance. Only among children did the 

rate of correct responses to targets roughly correspond to chance probability. 

Thus, it could be argued that the VSMT is too complex for preschool children due 

to its abstractness in execution and that they cannot follow the instructions. Inter-

estingly, in contrast, foils were identified as "new" significantly more often than by 

chance, and response rates to lures were also comparable to those of adults. Thus, 

the VSMT seems to be feasible also with young children, but it still requires some 

adjustment of the test procedure, e.g., in the number of pictures to be learned, the 

time of stimulus presentation, or response, so that in future studies children will 

preferably also have a hit rate significantly higher than chance.  

Analysis of the calculated memory parameters. Different memory parameters 

can be derived from the individual response profiles of the subjects. All studies 

conducted in this work used the same two established parameters (PatSep and 

RM), as well as two newly postulated parameters (d'T and OND). While RM and 

OND are considered parameters of general memory performance, PatSep and d'T 

are intended to quantify pattern separation performance. Both the parameters of 

general memory performance and pattern separation performance were signifi-

cantly higher in young adults than in children and older adults. This result is con-

sistent with the assumptions of slower maturation and later decline of hippocampal 

subfields associated with pattern separation ability. Also, the analysis of memory 

parameters in all present studies showed that the OND score as a representative 

of General Memory performance correlated more strongly with pattern separation 

parameters, both PatSep and d' than the RM score postulated by Stark et al. 

(2013). Which leads to the suggestion that OND may better represent general 
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memory performance. Both PatSep and d'T remained relatively stable for the young 

healthy subjects across different studies, suggesting a robust measure.  

Results of SDT analysis. Kaernbach et al. postulated a Signal-Detection-Theory 

(SDT) model underlying the VSMT. SDT models were calculated for all subjects 

individually in all studies using a maximum likelihood estimation algorithm. As in 

previous studies, the model parameters of sensitivities d'i and response criteria cj
j+1 

bwere primarily used to compare individual and mean group performance in VSMT. 

To consider SDT parameters within a sample, the SDT-MLE algorithm was applied 

to each subject individually, then model fit was assessed, and finally sensitivities 

and criteria were averaged. The maximum likelihood model had to be rejected in 

significantly more cases in the groups of children and older adults than in the group 

of young healthy adults. This suggests that the model postulated by Kaernbach 

and colleagues fits a sample of high achievers and loses robustness in samples 

that deviate from them. Looking at the criteria, we find comparable c1
2 and c2

3 for 

the young healthy sample across all experiments, while the criteria are shifted to 

the left. The increase in "similar" and "old" response frequencies argues for a liberal 

response tendency and may in fact be an expression of overload and poorer pat-

tern separation performance in the children and older subjects compared to the 

younger adult group. The lure sensitivities d'i derived from the model also differed 

significantly between the different sample groups, but not between the young adult 

samples. Thus, this also appears to be a relatively robust construct. Here, the d'i 

for all lure levels were significantly higher for the young adults than for the children 

and elders. Thus, young adults appear to be better able to distinguish not only 

targets from foils, but also lures with all three levels of similarity. 
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Robustness of the VSMT. In addition to the listed advantages of the VSMT over 

the MST, as well as the stability of the sensitivity indices d'i and the general 

memory parameter OND, the VSMT provides further advantages. In Study I, it was 

shown that the test can be administered multiple times with different learning im-

ages without showing any training effects. The performance of the individual sub-

jects appeared to be relatively stable on an individual level. In addition, it seems to 

be feasible without problems under other test conditions, such as in the fMRI scan-

ner, without this being reflected in a change in the performance shown by the sub-

jects.  

Pattern Separation in different ages. The assumed inverted U-shaped relation-

ship between age and memory performance could be replicated. Thus, children 

and older persons showed significantly poorer performance, measured by their hit 

rates and the calculated memory parameters. These results are consistent with 

models of hippocampal development, which assume that regions responsible for 

pattern separation develop later than other regions and show deficits more rapidly 

with age (Ngo et al., 2018, 2019; Riggins et al., 2018; Yassa et al., 2011) 

Hippocampal activation. Almost all subfields were activated for all three stimulus 

categories and in all hippocampal subfields the target showed lower mean activity 

compared to the foils and the lures. A closer look at the subregions showed that in 

all ROIs the activation of the lures was like the activation by foils than to the acti-

vation of the targets, which is more indicative of a pattern separation. Although the 

differences did not become significant, this was shown to be the case particularly 

in the CA4/DG region, consistent with postulated computer models and previous 

studies (e.g. Rolls, 2016; Treves & Rolls, 1994). This effect was also observed in 

the subiculum, which is a subregion that has only recently been associated with 

pattern separation (Nash et al., 2021). 
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7.1 Limitation of the present work and future directions 

Despite the fact that the work provides important new insight into the implementa-

tion, evaluation and interpretation of the VSMT, it is a new procedure, which is still 

in its development phase. Thus, the study results can "only" be interpreted as in-

dicative. Sample sizes are limited and will need to be increased in future work. The 

test does not yet have a standardized form and thus has not yet been normed, 

making it difficult to compare results between different studies. This study has at-

tempted to work against this by using the exact same variant of the VSMT for all 

experiments. However, this has very long presentation times for adaptation to the 

fMRI scanner, which makes it unsuitable for a standardized form for future studies.  

The VSMT places complex demands on the test subjects, which is why it can 

quickly cognitively overtax samples far from young healthy subjects. For future ex-

periments, it is important to define standardized versions for different samples so 

that the test performances shown can be compared.  

As is common in psychological studies, mainly students of psychology and medi-

cine were recruited for the samples of young healthy subjects in this study. This 

led to a bias in terms of general cognitive performance compared to the sample of 

older subjects and children. In future studies, care should therefore be taken to 

balance the baseline level between the samples in order to be able to really attrib-

ute effects regarding memory performance to age. Furthermore, in Study II, a sam-

ple of adolescents aged about 14 years could have provided even more infor-

mation about the development and decline of pattern separation ability. This survey 

was also planned but was unfortunately postponed due to the Corona pandemic.  

Another criticism of the present work is that the investigations were often purely 

exploratory due to their novelty. Since the experiments yielded many exciting re-

sults, future studies should be able to generate more directed hypotheses. 
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Using a behavioral pattern separation task (Stark et al., 2013) and recording brain 

activity using an fMRI, Study III used a combination of behavioral and neurophysi-

ological markers of memory processing. However, these methods allowed only in-

direct inferences about hippocampal activation. In addition, a3 T high-resolution 

fMRI to measure the activity during a novel random memory coding, which actually 

does not have sufficient resolution to assess hippocampal subfields. Future studies 

assessing hippocampal subfield involvement should therefore use higher resolu-

tion scanners, potentially providing a direct link between changes in hippocampal 

subfield activity and processing of the abstract pink noise stimuli. 

7.2 Summary 

 

The Visual Sensory Memory Test (VSMT) is a good procedure and a versatile 

game-player for examining pattern separation processes. It counters many of the 

weaknesses of the MST and can be used well in its place. What is evident in the 

study results that can be replicated with its help.  

It can be easily adapted to the needs of a sample or a test setting, for example by 

adjusting presentation or reaction time, optional feedback, or the number of stimuli 

to be learned. It offers the chance to generate a lure with any possible degree of 

similarity to the target by an objective procedure online. It can be performed with 

different groups of people and has the advantage that it can be performed several 

times by one person. The SDT model postulated by Kaernbach and colleagues to 

underlie the VSMT appears robust, at least in young healthy subjects. The sensi-

tivity indices d' calculated from the SDT models appear to be robust parameters 

for measuring lure and target discriminability. Also, the parameter OND seems to 

be a better predictor of general memory performance than the previously applied 

RM score. The VSMT should therefore still find application in future studies. 
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8 Deutsche Zusammenfassung 

 

8.1 Kurzzusammenfassung 

 

Bei klassischen Gedächtnisaufgaben muss häufig zwischen alten und neuen Rei-

zen unterschieden werden. In neueren Studien werden auch Aufgaben verwendet, 

bei denen Reize auftauchen, die den bekannten Stimuli ähnlich, aber nicht mit 

ihnen identisch sind, so genannte Lures. Diese Aufgaben wurden entwickelt, um 

zwei postulierte Teilfunktionen des Gedächtnisses zu untersuchen: Mustertren-

nung und Mustervervollständigung. Bei den Stimuli handelt es sich in der Regel 

um Bilder von Alltagsgegenständen, bei denen jedoch unterschiedliches Vorwis-

sen die Gedächtnisleistung beeinflussen kann und der Grad der Ähnlichkeit zwi-

schen zwei Bildern nicht objektiv bestimmt werden kann. In diesem Zusammen-

hang ist der Mnemonic Similarity Task (MST) der Goldstandard für die Untersu-

chung von Mustertrennungsprozessen (Stark et al., 2013). 

Der von Kaernbach und Kollegen entwickelte Visual Sensory Memory Task 

(VSMT) ist eine auf visuellem rosa Rauschen basierende Aufgabe, die zur Kon-

struktion von Lure-Stimuli mit genau quantifizierbaren Ähnlichkeitsgraden verwen-

det werden kann. In der vorliegenden Dissertation wurden insgesamt einhundert 

Probanden gebeten, eine angepasste Version des VSMT in verschiedenen Expe-

rimenten durchzuführen. Dabei wurden den Probanden in einer Lernphase drei 

verschiedene Lernbilder (Targets) präsentiert, die sie sich so gut wie möglich ein-

prägen sollten. In einer anschließenden Testphase wurden sie mit den Targets, 

Lures mit unterschiedlichen Ähnlichkeitsgraden (25%, 50% und 75%-Ähnlichkeit 

zu einem der Targets) und völlig neuen Reizen (Foils) konfrontiert. Nach jedem 
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Bild mussten die Teilnehmer entscheiden, ob das Bild, das sie sahen, ein "altes", 

ein "ähnliches" oder ein "neues" Bild war. 

In einem ersten Experiment wurde die angepasste Version des VSMT mit 37 Ver-

suchspersonen durchgeführt. Ein Großteil von ihnen wiedererholte den VSMT 

(n=30) zu einem späteren Zeitpunkt erneut. In beiden Durchgängen zeigten die 

Probanden eine hohe Erkennungsleistung, und die Daten stimmten mit dem von 

Kaernbach und Kollegen postulierten zugrundeliegenden Multi-Response-Gauß-

Signalerkennungsmodell überein. Außerdem gab es, wie angenommen, keinen 

Lerneffekt: die Leistung in der zweiten Sitzung mit neuen Targets unterschied sich 

nicht signifikant von der Leistung in der ersten Sitzung. Damit kann der VSMT ohne 

Probleme von einer Person mehrmals durchgeführt werden. Weiterhin wurden Da-

ten von 21 Kindern, 20 jungen gesunden Erwachsenen (zufällig aus der Stichprobe 

des ersten Experiments ausgewählt) und 19 gesunden älteren Personen über 65 

Jahren erhoben. Auch hier zeigten alle Probanden eine mittlere bis hohe Erken-

nungsleistung, obwohl die Ergebnisse hinsichtlich der verschiedenen Gedächtnis-

parameter bei den Kindern und älteren Erwachsenen erwartungsgemäß deutlich 

schlechter ausfielen als bei den jungen Erwachsenen, was mit Modellen zur Ent-

wicklung des Hippocampus im Einklang steht. Schließlich wurde die angepasste 

Version des VSMT noch mit 23 Probanden im 3-T-MRT durchgeführt. Es zeigte 

sich, dass der VSMT erwartungsgemäß hohe Anforderungen an die hippocampa-

len Unterregionen - DG, CA3, CA1 und Subiculum - stellt, die mit der Mustertren-

nung verbunden sind. 

Zu beachten ist, dass die im Rahmen dieser Arbeit durchgeführten Experimente 

zum großen Teil unter Corona-Bedingungen stattfinden mussten, was die Rekru-

tierung, Durchführung und Auswertung erheblich erschwerte. 
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8.2 Einleitung 

 

Jeden Tag sprechen wir mit Freunden, Bekannten und Fremden, wir weinen, wir 

lachen, wir treiben Sport, wir denken an die Vergangenheit und planen die Zukunft. 

Wir machen ständig neue Erfahrungen und lernen dazu. So muss unser Gehirn 

jede Minute und jede Sekunde unseres Lebens eine riesige Menge an Sinnesin-

formationen verarbeiten. In der Regel sind wir uns der Schwierigkeit dieser kom-

plexen Prozesse nicht bewusst. Doch das Gehirn ist ständig gefordert. Selbst 

wenn wir schlafen, muss es speichern, was es tagsüber gelernt hat. Es muss nicht 

nur den ständigen Strom von Sinneseindrücken aufnehmen, sondern auch neue 

speichern und sich gleichzeitig an alte erinnern. Dafür benötigen wir ein effizientes 

Gedächtnissystem.  

Gedächtnis beschreibt eine Vielzahl von zeitlich und inhaltlich unterschiedlichen 

Lern- und Erinnerungsleistungen mit dem Ziel, Informationen, Sinneseindrücke 

und Emotionen in einem Verhaltenskontext zu speichern und wieder abrufbar zu 

machen (Bartsch & Falkai, 2014). Verschiedene Formen von Gedächtnisprozes-

sen basieren auf unterschiedlichen kognitiven und emotionalen Prozessen, die auf 

spezifischen Anatomie- und Transmittersystemen beruhen (Piefke & Fink, 2014). 

Sie können durch die Dimensionen Zeit und Inhalt definiert werden. In zeitlicher 

Hinsicht unterscheiden sich das Arbeitsgedächtnis und das Langzeitgedächtnis. 

Innerhalb des Langzeitgedächtnisses wird inhaltlich zwischen deklarativen (expli-

ziten, bewusst zugänglichen Inhalten) und nicht-deklarativen (impliziten, nicht be-

wusst zugänglichen Inhalten) unterschieden. Das deklarative Gedächtnis umfasst 

dabei episodisches und semantisches Wissen, wie beispielsweise persönliche Er-

innerungen in Zeit und Raum sowie Faktenwissen (Tulving, 1991). Dem nicht-de-

klarativen Gedächtnis werden impliziten Prozessen wie prozeduralem Wissen 

(Fertigkeiten, Gewohnheiten), Fertigkeitserwerb, Priming und Konditionierung 
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zugeschrieben (Milner et al., 1998; Squire, 1986; Squire & Wixted, 2011; Squire & 

Zola, 1996).  

Theoretische Modelle gehen davon aus, dass das deklarative Gedächtnis einer-

seits auf der Fähigkeit beruht, überlappende und ähnliche Aktivierungsmuster zu 

orthogonalisieren und als nicht überlappende neuronale Repräsentationen zu 

speichern. Somit können kleinere Unterschiede von eingehenden Reizen in grö-

ßere Unterschiede übersetzt und abgespeichert werden - dieser Prozess wird als 

Mustertrennung bezeichnet (Knierim & Neunuebel, 2016; McClelland & Goddard, 

1996; Yassa & Stark, 2011). 

Andererseits betonen sie die Fähigkeit, partielle sensorische Inputs zu vervollstän-

digen oder ähnliche Aktivierungsmuster zu einer gemeinsamen neuronalen Reprä-

sentation zu kombinieren, was als Mustervervollständigung bezeichnet wird 

(Squire & Zola, 1991). 

Beide Fähigkeiten stehen in Abhängigkeit zum Hippocampus. Der Hippocampus 

wird weitgehend als das Zentrum eines Gehirnnetzwerks angesehen, das die Ko-

dierung, Konsolidierung und den Abruf von Erinnerungen unterstützt (Bartsch & 

Butler, 2013). Er spielt eine wichtige Rolle in der Erforschung des menschlichen 

Gedächtnisses, und es gibt starke Belege für seine Beteiligung am episodischen 

und semantischen Langzeitgedächtnis, an der Erkennung von Neuem, an der 

schlafabhängigen Gedächtniskonsolidierung, an der Mustertrennung, an der 

räumlichen Navigation und an der Verknüpfung zeitlich und räumlich verteilter Re-

präsentationen (z.B. Bartsch, 2012; Squire et al., 1993). Der Hippocampus umfasst 

den Archicortex, welcher dreischichtig ist und als Hippocampusformation be-

zeichne wird. Die drei Schichten sind unterteilt in den Gyrus Dentatus (DG), das 

Ammonshorn (Cornu Ammonis; CA) und das Subiculum. Wobei der DG das wich-

tigste afferente System und das Subiculum einen Großteil des efferenten Systems 

des Hippocampus bildet. Das Ammonshorn kann aufgrund der unterschiedlichen 
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Gewebestruktur in vier Regionen unterteilt werden. Diese werden CA1, CA2, CA3 

und CA4 genannt (Hanert, 2019; Insausti & Amaral, 2004). Die zentrale Rolle des 

Hippocampus bei der Verarbeitung neuer Informationen und der Bildung stabiler 

Erinnerungen basiert auf der komplexen zellulär-molekularen Struktur des Hippo-

campus und der besonderen Verflechtung seiner Subregionen (Amaral & Lavenex, 

2007). Dabei ist der so genannte trisynaptische Schaltkreis durch einseitig gerich-

tete Projektionen vom Entorhinalen Kortex (EC) zum DG über CA3 zu CA1 ge-

kennzeichnet (Amaral & Witter, 1989). Theoretische Modelle deuten darauf hin, 

dass insbesondere die DG und CA3-Region am Prozess der Mustertrennung be-

teiligt sind (Marr, 1971; McClelland et al. 1994; Rolls, 2016). Es wird angenommen, 

dass der DG ähnlichen Umweltreizen unterschiedliche neuronale Codes zuordnet, 

wodurch die Ähnlichkeit zwischen neuronalen Mustern reduziert und eine Unter-

scheidung somit erleichtert wird (McClelland et al., 1995; Yassa & Stark, 2011). 

Hinsichtlich der Mustervervollständigung betonen theoretische Modelle vor allem 

die Beteiligung der CA3 Region mit ihren inneren Verbindungen. Hier wird auch 

bei einer unvollständigen Reaktivierung eines bereits enkodierten Musters der Ab-

ruf der gesamten Repräsentation ermöglicht (O’Reilly & McClelland, 1994). Sowohl 

Studien an Nagetieren (Guzowski et al., 2004; Lee et al., 2007; Leutgeb, 2004; 

Neunübel & Knierim, 2014) als auch Humanstudien unter Verwendung von Bild-

gebungsverfahren (Bakker et al., 2008; Berron et al., 2016; Lacy et al., 2011; 

Yassa et al., 2010) zeigten Evidenz für die Validität der theoretischen Modelle in 

Hinblick auf die subfeldspezifische Beteiligung an Mustertrennungs- und Muster-

vervollständigungsprozessen. Auf der Grundlage der funktionellen Bildgebung 

können Studien zum menschlichen Hippocampus allerdings ausschließlich korre-

lative Verknüpfungen zwischen der Aktivierung von Subregionen und der Muster-

trennung auf Verhaltensebene zeigen. In Anlehnung an Tierstudien werden die 

Prozesse der Mustertrennung und der Mustervervollständigung beim Menschen in 

der Regel durch Match-to-Sample-Aufgaben gemessen. Im Allgemeinen 



8 Deutsche Zusammenfassung 137 

umfassen diese Aufgaben eine Kodierungs- bzw. Lernphase von Reizen einer be-

stimmten Kategorie, z. B. Gesichter, Objekte oder Szenarien, und eine Abruf- bzw. 

Testphase, in der die gelernten Reize von neuen Reizen und ähnlichen Reizen 

unterschieden werden müssen. Die gelernten Stimuli werden als Targets bezeich-

net, die neuen Stimuli als Foils und die ähnlichen Stimuli als Lures (Bakker et al., 

2008; Berron et al., 2016; Kirwan & Stark, 2007; Stark et al., 2013; Stark & Stark, 

2017). Lures, d. h. Reize, die dem Target in gewissem Maße ähnlich, aber nicht 

identisch sind, dienen der Steuerung von Mustertrennungsprozessen im Hippo-

campus. Korrekt als ‚ähnlich‘ identifizierte Lures implizieren eine korrekte Muster-

trennung, während falsch als ‚alt‘ identifizierte Lures als Hinweis auf eine Verzer-

rung zur Mustervervollständigung interpretiert werden können (Lacy et al., 2011; 

Stark et al., 2013; Yassa et al., 2010). Eine Verhaltensaufgabe, die sich im Laufe 

der Jahre etabliert hat, ist der Mnemonic Similarity Task (MST; Kirwan & Stark, 

2007).  

Auch von den Autoren selbst vorsichtig formuliert, stellt der MST eine Aufgabe für 

das Wiedererkennungsgedächtnis dar, welche auf der Grundlage von Computer-

modellen und Tierstudien eine hohe Anforderung an die mit der Mustertrennung 

verbundenen Hirnregionen stellt (Kirwan & Stark, 2007; Bakker et al. 2008; Stark 

et al. 2013). In einer Präsentationsphase werden den Probanden 128 Bilder von 

Alltagsgegenständen dargeboten. Die sich unmittelbar anschließende Testphase 

umfasst 192 Bilder, die jeweils zu einem Drittel aus Targets, Foils und Lures be-

stehen. Nach jedem präsentierten Bild geben die Probanden per Knopfdruck an, 

ob es sich um ein ‚altes‘, ein ‚neues‘ oder ein ‚ähnliches‘ Bild handelt. Die Lures 

werden in fünf Stufen der Ähnlichkeit zu einem Target eingeteilt. Die Stufen gehen 

von 1 (größte Ähnlichkeit) bis 5 (geringste Ähnlichkeit). Die Fähigkeit zur Muster-

trennung wird also auch in Abhängigkeit von der Ähnlichkeit der Lures bewertet 

(Lacy et al., 2011; Yassa et al., 2010). 
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Zwei Scores, die aus der Leistung im MST berechnet werden können, sind (1) 

Pattern Separation Scores (PatSep), früher bekannt als Lure Discrimination Index 

(LDI) und (2) Recognition Memory (RM) Scores, jeweils korrigiert um einen 

Response Bias (Stark et al., 2013; Stark & Stark, 2017). Der MST untersucht die 

Mustertrennung auf der Verhaltensebene basierend auf der Präsentation alter, 

ähnlicher und neuer Stimuli, welche darüber hinaus auch die hippocampale Mus-

tertrennung anspricht. Somit kann anhand des Antwortverhaltens auf die Aktivität 

und Funktion des Hippocampus geschlossen werden (Stark et al., 2013). Dies 

konnte bereits in einer Vielzahl von Studien, auch unter Anwendung einer funktio-

nellen Magnetresonanztomographie, nachgewiesen werden (Bakker et al., 2008; 

Lacy et al., 2011; Yassa et al., 2010).  

Neben erheblichen Vorteilen, wie der schnellen und einfachen semantischen Ko-

dierung ökologischer Stimuli, beispielsweise Bildern von Alltagsgegenständen, 

birgt der MST jedoch auch einige Nachteile. Einerseits gibt es kein objektives Ähn-

lichkeitsmaß. Die Bestimmung des Grads an Ähnlichkeit zwischen Lures und Tar-

gets basiert auf der Einschätzung einer Gruppe von Versuchspersonen im Rah-

men einer Vorstudie. Ein zweiter Nachteil ist die Verzerrung des Testergebnisses 

durch ein mögliches Vorwissen der Proband. Es ist nicht auszuschließen, dass die 

Versuchspersonen einen unterschiedlichen Grad an Vertrautheit mit den verschie-

denen Alltagsgegenständen haben, was sehr wahrscheinlich die Unterschei-

dungsfähigkeit beeinflusst (Roberts et al., 2012). Darüber hinaus werden die Pro-

zesse der Mustertrennung und der Mustervervollständigung nach dem Modell von 

Rolls verschiedenen Phasen der Gedächtnisfunktion zugeordnet, so dass die Mus-

tertrennung in der Enkodierungsphase und die Mustervervollständigung in der Ab-

rufphase eine Rolle spielt (Rolls, 2013). Bei der Verwendung von Alltagsgegen-

ständen als Stimuli, wie im MST verwendet, können die Prozesse so interferieren, 
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dass anstelle der jüngsten kodierten Repräsentation Gedächtnisinhalte aktiviert 

werden, die bereits vor dem Test vorhanden waren (Hunsaker & Kesner, 2013).  

Um diesen Schwierigkeiten zu begegnen konstruierten Kaernbach et al. der sen-

sorische Visual Sensory Memory Task (VSMT) mit abstrakten, unbekannten und 

asemantischen Reizen. Ziel war eine kontextunabhängige Darstellung sowie 

quantitative Messbarkeit und Kontrolle der Eingangsreize, die durch visuelles rosa 

Rauschen erzeugt wurden. Rauschbilder können dabei als ökologisch angesehen 

werden, da sie die statistische Eigenschaft eines 1/f-Amplitudenspektrums natürli-

cher Bilder aufweisen (Field, 1987). Die Reize können objektiv ineinander umge-

rechnet werden, wobei der Prozentsatz der Übereinstimmung zwischen Target und 

Lure genau bestimmbar ist. Ein objektives Ähnlichkeitsmaß ist somit gewährleistet.  

In dieser Arbeit fand eine angepasste Version des VSMT in mehreren Experimen-

ten Anwendung. Zum einen sollte das neuartige Verfahren mit den von Kaernbach 

und Kollegen postulierten zugrundeliegenden Theorien in unterschiedlichen expe-

rimentalen Settings sowohl auf Verhaltens- als auch auf neuronaler Ebene validiert 

werden. Und zum anderen der Prozess der Mustertrennung im menschlichen Hip-

pocampus weiter untersucht werden.  

In einer Enkodierungsphase wurden den Versuchspersonen drei Bilder mit rosa 

Rauschen präsentiert und sie wurden angewiesen, sich die Bilder so genau wie 

möglich einzuprägen. Die drei Targets wurden fünfzehnmal hintereinander in der 

gleichen Reihenfolge dargeboten. Jedes Bild wurde für 2 Sekunden präsentiert. 

Zwischen den Bildern gab es ein Interstimulusintervall von 3 Sekunden. Das Ende 

der Enkodierungsphase und der Beginn der Testphase wurden den Versuchsper-

sonen durch erneute schriftliche Instruktionen zur Aufgabe deutlich gemacht. Wäh-

rend der Abrufphase wurden die Versuchspersonen nach jedem dargebotenen Sti-

mulus gebeten, mit einer entsprechenden Taste anzugeben, ob es sich bei dem 

gerade gesehenen Bild um ein ‚altes‘, ein ‚ähnliches‘ oder ein ‚neues‘ Bild 
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handelte. Die Testphase umfasste 10 Sequenzen in den Verhaltensexperimenten 

und 20 Sequenzen in der fMRI. Jede Sequenz bestand aus 15 Bildern: 3 Targets, 

3 Foils und 9 Lures (3 pro Ähnlichkeitsstufe). Die Bilder wurden innerhalb der Se-

quenz zufällig präsentiert. Die Ähnlichkeitsstufen waren in der Version des VSMTs 

25%, 50% und 75% Übereinstimmung mit dem Target. Auch hier wurden die Bilder 

2 Sekunden lang gezeigt. Danach musste die Versuchsperson innerhalb von 1 

Sekunde durch Drücken einer Taste antworten. Es erfolgte keine Rückmeldung 

über die Richtigkeit der Antwort. Nach einem Tastendruck als Antwort oder dem 

Ablauf der Sekunde folgte ein Intervall von 3 Sekunden, bevor das nächste Bild 

der Sequenz vorgespielt wurde. Die Durchführung des VSMT dauerte somit ent-

weder knapp 20 Minuten oder rund 44 Minuten.  

Zur Auswertung des VSMT schlagen Kaernbach und Kollegen eine neuartige Me-

thode für die Matrix-Analyse vor, um ein allgemeines Maß für die Gedächtnisleis-

tung zu gewinnen. Zunächst kritisieren sie den im MST erfassten Gedächtnispara-

meter RM, der die Häufigkeit der korrekt als ‚alt‘ eingestuften Targets abzüglich 

der fälschlicherweise als ‚alt‘ eingestuften Foils berechnet und als Maß für die all-

gemeine Gedächtnisleistung unabhängig von der Mustertrennung dienen soll. Sie 

argumentieren, dass diese Unabhängigkeit nicht ohne weiteres angenommen wer-

den kann, da RM auf älteren Gedächtnisparametern basiert, die nur zwischen ‚alt‘ 

und ‚neu‘ unterscheiden und Ähnliches außen vor lassen. Sie schlagen einen al-

ternativen Koeffizienten für die allgemeine Gedächtnisleistung vor, der die Stimu-

luskategorie in ähnlicher Weise berücksichtigt. Die Alt-Neu-Diskriminierung (OND) 

wird nach der folgenden Formel berechnet: 

OND = [p (korrekt ‚alt‘ Antwort auf Targets) + p (falsche ‘ähnlich’ Antwort 

auf Targets)] - [p (falsche 'alt' Antwort auf Foils) + p (falsche ‘ähnlich‘ Ant-

wort auf Foils)]  
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Zweitens basiert die weiteführende Analyse der Gedächtnisleistung auf der Signal 

Detection Theory (SDT) mit getrennten Gaußverteilungen für Targets, Lures und 

Foils, wobei eine Modellvariante mit gleichen Varianzen für alle Verteilungen an-

genommen wird (Green & Sweets, 1966). Der Sensitivitätsindex d' dient als Maß 

für die Unähnlichkeit der Verteilung von Targets (d'T) und Lures (d'L) gegenüber 

der Verteilung der Foils und wurde mit Hilfe einer Maximum-Likelihood-Methode 

ermittelt. Je höher die Empfindlichkeit d' ist, desto besser ist die Unterscheidung 

zwischen Targets und Lures zu den Foils. Das Modell basiert auf einer 3 x 3 Re-

aktionsmatrix, da den Versuchsteilnehmern drei verschiedene Reaktionsalternati-

ven (‚alt‘, ‚ähnlich‘, ‚neu‘) auf drei verschiedene Stimuluskategorien (Target, Lure, 

Foil) zur Verfügung standen und stellt somit eine Erweiterung des klassischen 

SDT-Modells mit einer 2 x 2-Matrix dar, die wiederum zwei Gauß-Verteilungen mit 

den Wahrscheinlichkeiten p (e | Foil) und p (e | Target) und ein Entscheidungskri-

terium postuliert. 

Die Gedächtnisleistung kann also in diesem Zuge nicht durch einen einzigen Pa-

rameter d' dargestellt werden, sondern durch mindestens zwei Sensitivitätsindizes 

d' für die Verteilungen der Targets (d'T) und für die Verteilungen der Lures (d'L), 

wobei d'L als ein Vektor zu verstehen ist, der alle Lure-Sensitivitäten pro Ähnlich-

keitsgrad enthält.  

Im Rahmen dieser Arbeit wurde das SDT-Modell auf die Daten der einzelnen Pro-

banden angewendet. Es wurde geprüft, ob die Antwortmatrix mit den durch das 

Gaußsche SDT-Modell auferlegten Einschränkungen vereinbar ist. Dafür wurden 

Likelihood-Ratio-Tests durchgeführt, die das Gaußsche Modell und die Nullhypo-

these für jeden einzelnen Teilnehmer verglichen. Die neu definierten Gedächtnis-

parameter OND und d' wurden mit den etablierten Gedächtnisparametern der MST 

(PatSep und RM). Zudem wurde mit allen Probanden eine umfassende neuropsy-

chologische Testbatterie durchgeführt. Diese umfasste valide und standardisierte 
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Tests zur Beurteilung (1) des verbalen Kurzzeitgedächtnisses mit dem Rey Audi-

tory Verbal Learning Test (RAVLT; Rey, 1941), (2) der exekutiven Funktionen der 

kognitiven Verarbeitungsgeschwindigkeit und der kognitiven Flexibilität mit dem 

Trail Making Test A und B (TMT; Reitan, 1992), (3) der verbalen Wortflüssigkeit 

mit dem Regensburger Wortflüssigkeitstest (RWT; Aschenbrenner et al, 2000), (4) 

des Arbeitsgedächtnis mit dem Digit Span Test (Wechsler, 1997) und (5) der kris-

tallinen Intelligenz mit dem Multiple Choice Vocabulary Intelligence Test (MWT-B; 

Lehrl, 2005). Die daraus abzuleitenden Gedächtnisparameter wurden ebenfalls mit 

den sich aus den VSMT-Ergebnissen verglichen. 

Weiterführend wurde untersucht, ob der VSMT auch von Probanden durchgeführt 

werden kann, die von einer jungen, gesunden Normgruppe abweichen und ob die 

Antwortmatrizen dieser Personengruppen weiterhin mit den durch das Gaußsche 

SDT-Modell auferlegten Einschränkungen vereinbar sind. Im Rahmen dieser Dis-

sertation handelt es sich bei den Personengruppen einerseits um Kinder im Alter 

von 4-5 Jahren und andererseits um ältere Menschen (>65 Jahre). Die aus der 

gezeigten Leistung im VSMT abgeleiteten Gedächtnisparameter der einzelnen Al-

tersgruppen sollten auch mit den Modellen zur Entwicklung des Hippocampus 

übereinstimmen, was sich in einer deutlich schlechteren Gedächtnisleistung bei 

Kindern und älteren Erwachsenen niederschlagen müsste. Schließlich sollte mit 

Hilfe einer 3-T-MRT gezeigt werden, dass der VSMT ähnlich wie der MST hohe 

Anforderungen an die Subregionen des Hippocampus - DG, CA3, CA1 und Subi-

culum - stellt, die mit der Mustertrennung verbunden sind. Die Subregionen, die an 

Prozessen der Mustertrennung beteiligt sind, sollten auf Lures eine Aktivierung 

zeigen, die der Aktivierung auf neue Reize ähnlicher ist als die Aktiveirung auf 

bekannte Reize (Bakker et al., 2008).  
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8.3 Studie I: Analysis of the adapted VSMT version 

 

Ziel dieser Studie war es, die angepasste Version der VSMT (wie zuvor beschrieben) für 

kommende Experimente zunächst an einer jungen, gesunden Stichprobe durchzuführen.  

Damit sollte zum einen gezeigt werden, dass die Probanden in der Lage sind, die Variation 

des Tests adäquat durchzuführen, was daran gemessen werden konnte, dass die Treffer-

quote der Antworten für alle Stimuluskategorien über dem Zufall lag. Darüber hinaus 

wurde die Übereinstimmung der experimentell erhobenen Daten, mit dem von Kaernbach 

und Kollegen postulierten Modell der SDT mit freien Parametern überprüft. Die auf der 

Grundlage des Modells berechneten Gedächtnisparameter wurden auch mit denen vergli-

chen, die üblicherweise im MST verwendet werden. Nicht zuletzt wurde untersucht, ob der 

VSMT wiederholt durchgeführt werden kann, ohne dass sich die Leistung aufgrund von 

Lerneffekten signifikant verbessert. Die Wiederholbarkeit sollte sich in vergleichbaren 

Leistungen eines Probanden zu zwei Testzeitpunkten widerspiegeln. In diesem Zuge wur-

den 37 junge und gesunde Probanden (25.6 ± .56 Jahre; 21 Frauen) aufgefordert 

der VSMT durchzuführen. Die ersten 30 Teilnehmer wurden gebeten, den Test zu 

einem zweiten Zeitpunkt (nach ca. 2 Wochen) ein zweites Mal zu absolvieren.  

Zunächst wurde eine einfache Analyse der Daten auf der Verhaltensebene durch-

geführt, d.h. ohne explizite Annahmen über die Verteilung der Antworthäufigkeiten. 

Die deskriptive Betrachtung der direkt aus der Antwortmatrix extrahierten Antwort-

profile der Probanden zeigte, dass die Bewertung eines Bildes als ‚alt‘ mit zuneh-

mendem Ähnlichkeitsgrad steigt und umgekehrt die Bewertung eines Bildes als 

‚neu‘ zunimmt, je geringer der relative Anteil alter Bilder ist. Ein solcher Verlauf 

wurde bereits von Kaernbach und Kollegen in früheren Studien gefunden (Brütt, 

2020; Kanczok, 2017; Schubert, 2016; Ulrich, 2018). Auch diese Autoren fanden 

einen nicht-linearen Verlauf der Häufigkeiten der Bewertung eines Bildes. Dies 

konnte auch in der vorliegenden Studie repliziert werden. Die Probanden konnten 
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alle Stimuli signifikant besser als zufällig ihrer Stimuluskategorie zuordnen. Ledig-

lich die Lures mit 25%iger Übereinstimmung mit dem Target wurden signifikant 

häufiger als ‚neu‘ als ‚ähnlich‘ betitelt. Etwas anders als bei den vorherigen Ergeb-

nissen zeigte die beste Trefferquote bei der Antwort "ähnlich" bei den Lures mit 

einer Übereinstimmung von 75 % mit dem Target. Die Inferenzstatistik zeigte, dass 

die Versuchspersonen in der Lage waren, die verwendeten Pink-Noise-Simulatio-

nen zu erlernen und sie anschließend von ähnlichen und neuen Reizen zu unter-

scheiden. Somit konnte der VSMT in dieser Form für zukünftige Experimente ein-

gesetzt werden.  

Mit Hilfe der SDT-Analyse wurde der VSMT-Verhaltensdaten anschließend analy-

isiert. Im Zuge dieser Studie wurden vor allem Modellparameter der Senisitivitäten 

d′L und der Antwortkriterien cj
j+1 für den Vergleich der individuellen und der mittleren 

Gruppenleistung im VSMT verwendet. Um die SDT-Parameter innerhalb der Ver-

suchsgruppen zu berücksichtigen, wurde SDT-Modelle für jeden Probanden mit 

einem Maximum-Likelihood-Estimation-Algorithmus nach Kaernbach et al. berech-

net. 

Das Maximum-Likelihood-Modell musste für drei Probanden verworfen werde. Alle 

Ausschlüsse erfolgten konservativ auf der Basis der von Kaernbach et al. empfoh-

lenen χ2-Tests auf dem 5 %-Niveau. Die Modellantwort wurde auch als Gaußsche 

Verteilungskurve der Reizklassen auf derselben eindimensionalen Achse aufge-

tragen. Die Entscheidungskriterien lagen hier bei 1.25 und 2.61. 

Die Gedächtnisparameter (1) PatSep, (2) Recognition Memory (RM), (3) Old-New 

Discrimination (OND) und (4) Sensitivity Index (d'T) wurden für jeden Probanden 

anhand ihrer Antwortmatrizen berechnet. Eine Pearson Korrelationsanalyse 

zeigte, dass alle Gedächtnisparameter stark miteinander korrelierten. Entgegen 

der Annahme, dass der Sensitivitätsindex der Ähnlichkeitsstufe 0,50 (d'L50) eine 

Mustertrennung am ehesten widerspiegelt, korreliert d'L75 ebenfalls mit dem 
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PatSep-Score (r = 0.71). Dies führt zu der Überlegung, ob die Leistung der Mus-

tertrennung bei der Klassifizierung von Lures auch auf dem Niveau von 0.75 ge-

messen werden kann. Eine genauere Betrachtung der d' für die verschiedenen 

Lure-Stufen ergab die angenommene Linearität. Das heißt, je mehr sich die Stimuli 

von den Foils unterschieden, desto höher war d' (Maximalwert bei d'T = 3.22). 

Diese Beobachtung unterstützt die Annahme, dass d' tatsächlich ein Parameter für 

die Unterscheidbarkeit ist. 

Eine weitere Frage der Untersuchung war, ob der VSMT bei neuen Targets ein 

zweites Mal durchgeführt werden kann, ohne dass die Ergebnisse durch Wieder-

holungs- oder Lerneffekte verzerrt würden. Es wurden keine signifikanten Unter-

schiede im Antwortverhalten der Versuchspersonen zwischen den beiden Mess-

zeitpunkten festgestellt. Der VSMT kann somit – anders als der MST – wiederholt 

durchgeführt werden. Dies kann insbesondere für diagnostische Zwecke von gro-

ßer Bedeutung sein.  

8.4 Studie II: Altersabhängige Leistung im VSMT 

 

Ziel der Studie war es zum einen, der VSMT hinsichtlich ihrer Durchführbarkeit von 

Personen unterschiedlichen Alters zu erproben und die Robustheit des postulier-

ten SDT-Modells zu testen. Und zum anderen entwicklungs- und altersbedingte 

Veränderungen in der Mustertrennung zu identifizieren, die bei der Entwicklung 

des episodischen Gedächtnisses eine Rolle spielen. Vor dem Hintergrund bisheri-

ger Studien wurde ein U-förmiger Zusammenhang zwischen Alter und Gedächt-

nisleistung erwartet, der sich in einer schlechteren Gedächtnisleistung älterer Er-

wachsener und Kinder im Vergleich zu jungen Erwachsenen bei einem neu entwi-

ckelten Testverfahren, dem VSMT zeigen sollte und mit Modellen der Hippocam-

pusentwicklung übereinstimmt (Ngo et al., 2019, Rollins et al., 2018).  
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Für die Studie konnten die Daten von 60 Probanden in die Analyse einbezogen 

werden: einundzwanzig Kinder (M = 4,66 ± 0,11 J., 12 Mädchen), zwanzig junge 

Erwachsene (M = 25,25 ± 0,56 J., 10 Frauen) und neunzehn ältere Erwachsene 

(M = 68,79 ± 1,57 J., 9 Frauen). Der erwartete U-förmige Zusammenhang konnte 

zunächst bei der Analyse des Antwortverhaltens gezeigt werden. Die jungen Er-

wachsenen antworteten signifikant häufiger bei den Targets korrekt mit ‚alt‘ und 

bei den Foils korrekt mit ‚neu‘ als die Kinder und älteren Erwachsenen. Dies spricht 

für eine bessere Unterscheidungsfähigkeit zwischen bekannten und unbekannten 

Bildern im jungen Erwachsenenalter. In Bezug auf die Lures schienen Kinder und 

ältere Erwachsene in Übereinstimmung mit den Theorien zur Entwicklung des Hip-

pocampus Probleme zu haben, sehr ähnliche Inputs unterschiedlich zu speichern 

und abzurufen. Ältere Erwachsene und Kinder antworteten zudem häufiger auf 

Targets und Lures mit hoher Ähnlichkeit zum Target mit ‚neu‘ und auf Foils und 

Lures mit geringer Ähnlichkeit mit ‚alt‘ als die jungen Erwachsenen. 

 Sowohl anhand der Antwortmuster als auch mittels der im Rahmen einer Signal-

Detection-Theory (SDT) berechneten Maximum-Likelihood-Analyse und den dar-

aus resultierenden Entscheidungskriterien der jeweiligen Altersgruppe konnte eine 

konservativere Antwortstrategie der Kinder und älteren Erwachsenen im Vergleich 

zu den jungen Erwachsenen festgestellt werden, die sich in einer Zurückhaltung 

bei der Antwort ‚alt‘ bzw. dem tatsächlichen Erkennen eines Bildes widerspiegelt. 

Das Maximum-Likelihood-Modell musste in der Gruppe der Kinder für sieben Per-

sonen, in der Gruppe der jungen Erwachsenen für keine Person und in der Gruppe 

der älteren Erwachsenen für sechs Personen verworfen werden. Alle Ausschlüsse 

erfolgten konservativ auf der Grundlage des von Kaernbach et al. beschriebenen 

χ2-Tests auf dem 5 %-Niveau. Das Modell scheint somit auf eine junge gesunde 

Normgruppe besser zu passen als auf die jüngere und ältere Personengruppe.  
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Bei den berechneten Gedächtnisparametern zeigten sich ähnliche Tendenzen. Die 

jungen Erwachsenen erreichten einen signifikant höheren Sensitivitätsindex d'T als 

die Kinder und älteren Erwachsenen, was darauf hindeutet, dass sie die Targets 

besser von den Foils unterscheiden konnten. Bei den Lures der drei Ähnlichkeits-

stufen war d'L bei den jungen Erwachsenen ebenfalls generell höher als bei den 

Kindern und älteren Erwachsenen. Dies deutet darauf hin, dass die Fähigkeit, zwi-

schen ähnlichen Bildern und völlig neuen Bildern zu unterscheiden, im mittleren 

Alter besser ist. Die postulierte umgekehrte U-förmige Beziehung war auch hier 

eindeutig erkennbar.  

Es ist jedoch anzumerken, dass die Tatsache, dass sowohl die Kinder als auch die 

älteren Erwachsenen dazu neigten, eher mit ‚neu‘ zu antworten, auch auf die 

Schwierigkeit der Aufgabe zurückzuführen ist. Es ist erwiesen, dass Probanden 

bei Überforderung zu einer konservativeren Antwortstrategie neigen. Dies sollte in 

zukünftigen Studien weiter beleuchtet werden. Es sollte überlegt werden, ob der 

VSMT für Personengruppen, die von einer gesunden und jungen Normgruppe ab-

weichen, weiter vereinfacht werden kann, beispielsweise durch längere Präsenta-

tionszeiten der Bilder, weniger Lernbilder, einer längeren Antwortzeit oder eine 

größerer Ähnlichkeitsstufen. 

8.5 Studie III: VSMT und die Beteiligung des 

Hippocampus 

 

Das übergeordnete Ziel dieser Studie war es, die Aktivierung in den Subregionen 

des Hippocampus zu untersuchen, während die Teilnehmer die neuartige aseman-

tische Unterscheidungsaufgabe lösten. Es wurde die Hypothese aufgestellt, dass 

der VSMT hohe Anforderungen an die mit der Mustertrennung verbundenen Hirn-

regionen stellen würde, vergleichbar mit dem etablierten MST (Kirwan und Stark 
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2007; Stark et al. 2013). Nur dass bei der VSMT durch die Beschaffenheit der 

Stimuli eine objektive Ähnlichkeitsbeurteilung sichergestellt und ein unterschiedli-

ches Vorwissen der Probanden über die Stimuli ausgeschlossen werden kann. 

Zu diesem Zweck wurde eine hochauflösende 3-T-fMRI verwendet, um Prozesse 

der Mustertrennung im menschlichen Hippocampus zu untersuchen, indem 23 

rechthändige Probanden (25.3 ± 0.8 Jahre; 14 Frauen) gescannt wurden, während 

sie die angepasste Version der VSMT durchführten. 

Ausgehend von der Annahme, dass, wenn eine bestimmte Subregion an Prozes-

sen der Mustertrennung beteiligt ist, Lures eher als neue Reize (Foils) und nicht 

als Wiederholung (Targets) behandelt werden würden und somit ähnliche Aktivitä-

ten wie bei der ersten Präsentation eines Reizes zeigen würden, wurde eine Ten-

denz zur Mustertrennung in den Hippocampus-Subregionen CA1, CA2/CA3, 

CA4/DG und Subiculum erwartet (Bakker et al., 2008).  

Fast alle Subfelder waren bilateral für alle drei Stimuluskategorien aktiviert und in 

allen hippocampalen Subfeldern zeigte sich auf das Target eine geringere mittlere 

Aktivität als auf die Foils und die Lures. 

Eine genauere Betrachtung der Subregionen zeigte, dass in allen ROIs die Akti-

vierung der Lures der Aktivierung durch die Foils eher ähnelte als der Aktivierung 

der Targets, eher auf eine Mustertrennung hindeutet. Dies steht im Einklang mit 

der postulierten Hypothese und früheren Studienergebnissen (z.B. Bakker, 2008; 

Berron, 2016).  

Obwohl die Unterschiede nicht signifikant wurden, zeigte sich, dass dies insbeson-

dere in der CA4/DG-Region der Fall war, was mit postulierten Computermodellen 

und früheren Studien übereinstimmt (z. B. Rolls, 2016; Treves & Rolls, 1994). Der 

Effekt wurde auch im Subiculum beobachtet, einer Subregion, die erst kürzlich mit 

der Mustertrennung in Verbindung gebracht wurde (Nash et al., 2021).  
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8.6 Diskussion 

 

Der Visual Sensory Memory Task (VSMT) ist ein gutes Verfahren und ein vielsei-

tiges Instrument zur Untersuchung von Mustertrennungsprozessen. Er versucht 

einigen Schwächen des MST zu begegnen und kann gut an ihrer Stelle eingesetzt 

werden. Was sich in den Studienergebnissen zeigt, die mit seiner Hilfe repliziert 

werden können.  

Er lässt sich leicht an die Bedürfnisse einer Stichprobe oder eines Testsettings 

anpassen, zum Beispiel durch Anpassung der Präsentations- oder Reaktionszeit, 

optionales Feedback oder die Anzahl der zu lernenden Stimuli. Er bietet die Mög-

lichkeit, durch ein objektives Online-Verfahren einen Lure mit beliebigem Ähnlich-

keitsgrad zum Target zu erzeugen und kann mit verschiedenen Personengruppen 

durchgeführt werden. Zudem hat er den Vorteil, dass er von einer Person mehr-

mals durchgeführt werden kann. Das von Kaernbach und Kollegen postulierte 

SDT-Modell, das dem VSMT zugrunde liegt, scheint robust zu sein, zumindest bei 

jungen gesunden Probanden. Für andere Personengruppen sollte die Passung in 

zukünftigen Studien weiter untersucht werden.  

Die aus den SDT-Modellen berechneten Sensitivitätsindizes d' scheinen robuste 

Parameter zur Messung der Unterscheidbarkeit von Foil bzw. Lure und Target zu 

sein. Auch der Parameter OND scheint ein besserer Prädiktor für die allgemeine 

Gedächtnisleistung zu sein als der früher verwendete RM-Score. Zudem scheint 

der VSMT wie erwartet hohe Anordnungen an hippocampale Subregionen zustel-

len, die mit der Mustertrennung assoziiert sind. Der VSMT sollte daher in zukünfti-

gen Studien weiterhin verstärkt Anwendung finden. 
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Notices and informations about the various studies 

A-1  Posting for recruitment of study participants (in german) 

A-2  Posting for recruitment of underage participants (in german) 

A-3  Parent and child information for the memory study with children (in german) 

 

Declaration of Consent  

B-1  Consent form behavioral experiments (in german) 

B-2  Consent form fMRI testing (in german) 

B-3  Declaration of consent by the legal guardians on behalf of the minor sub-

jects (in german) 

 

Neuropsychological test battery 

C-1  Edinburgh Handedness Inventory (Oldfiedl,1971) 

C-2  Wechsler Adult Intelligence Scale / Subtest Digit Span (Wechsler, 1997) 

C-3  Mehrfachwahl-Wortschaft-Intelligenztest MWT-B (Lehrl, 2005) 

C-4  Rey Auditory Verbal Learning Test (Rey, 1941) 

C-5  Trail Making Test (Reitan, 1992) 

 

Demo of the VSMT paradigm used 

D-1  Presentation phase 

D-2   Test phase 

 

 



10 Appendix 160 

Investigation Protocols fMRI  

E-1  Investigation Protocol T1 

E-2  Investigation Protocol Presentation Phase 

E-3  Investigation Protocol Test Phase  

 

Unpublished sources 

F-1 Kaernbach, C., Bartsch, T., Schubert, A., Kanczok, J., Ulrich, A.M., & Brütt, 

M. How similar is similar? A novel sensory memory task based on visual 

noise for pattern separation.Unpublished manuscript, University of Kiel. 
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A-1 Posting for recruitment of study participants(in german) 

 

  

  

 

 

 

 

 

 

 

KONTAKT  
 
 
 
Dipl.-Psych. Isabel Schneider 

Olshausenstraße 62, R. 336 

i.schneider@neurologie.uni-kiel.de 

 

STUDIENTEILNEHMER GESUCHT 

 

 
Der Visual-Sensory-Memory-Task (VSMT) ist ein von Christian 

Kaernbach und Kollegen entwickelter Gedächtnistest. Inhalt dieses 

Tests ist es sich abstrakte Bilder zu merken und in einer Testphase 

von neuen und ähnlichen Bildern zu unterscheiden.  
Im Rahmen meiner Doktorarbeit führe ich Untersuchungen mit 

diesem Test auf Verhaltens- und neuronaler Ebene durch. Zunächst 

wirst du den Test zu zwei Zeitpunkten am Computer durchführen und 

bei Interesse vielleicht später noch einmal im fMRT-Scanner.  

 

Für die ersten beiden Termin am PC (Dauer 1. Termin in etwa 1h, 

Dauer 2. Termin in etwa 30min) bekommst du  

2 Versuchspersonen-Stunden.  
 

Ort: IPN, 3. Etage in der Schallkabine   

Termin: QR-Code (https://doodle.com/poll/fry26xh55qf4ekmq) 

 

Ort und Termin können wir aber auch gern individuell per E-Mail 

absprechen.  

 

Vielen Dank im Voraus.  

 
 

GEDÄCHTNISSTUDIE 
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A-2 Posting for recruitment of underage participants (in german) 
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A-3 Parent and child information for the memory study with children  
(in german) 
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Anhang B 

Die zur Aufklärung verwendete Eltern- und Kinderinformation  

ELTERN- UND KINDERINFORMATION 

Gedächtnisstudie für Kinder 

Liebe Eltern, liebe Kinder, 

die folgenden Seiten sollen Sie und euch über das Untersuchungsziel und den geplanten 

Ablauf der Studie informieren. Bevor Sie sich für die Teilnahme Ihres Kindes an der Studie 

entscheiden, lesen Sie sich bitte dieses Informationsblatt gut durch. Falls etwas nicht 

verständlich sein sollte, fragen Sie bitte noch einmal nach. 

Was ist das Ziel der Studie? 

Damit wir uns im Alltag gut zurechtfinden, uns weiterentwickeln, uns konzentrieren, neue 

Dinge erlernen und uns anschließend dar an erinnern können, benötigen wir unser 

Gedächtnis. 

Das Institut für Psychologie der Christian-Albrechts-Universität zu Kiel hat einen neuen 

Gedächtnistest entwickelt, der die korrekte Diagnostik bei Gedächtnisstörungen 

gewährleisten soll.  

Im Rahmen meiner Diplomarbeit überprüfe ich nun,  ob dieser Test auch mit euch Kindern 

durchführbar ist und Auffälligkeiten, hinsichtlich der Gedächtnisleistung,  mit diesem 

erfasst werden können. 

Hierfür benötige ich Ihre/eure Unterstützung! 

Teilnehmen dürfen Kinder: 

• Im Alter von 4 bis 5 Jahren 

• Ohne bekannte Vorerkrankungen 

Wie wird die Studie durchgeführt? 

Um den Aufwand für Sie so gering wie möglich zu halten,  ist es möglich, die Testung in 

der Kindertagesstätte Flintbek „Kleine Füße e.V.“, als auch bei Ihnen zuhause 

durchzuführen. Die Kinder werden spielerisch durch diese geleitet. 

Die Testung: 

• Dauert ca. 45 Minuten 

• Erfolgt anonymisiert
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B-1 Consent form behavioral experiments (in german) 

 

 

 

  

1		

 	

 	

		

	
Klinik	für	Neurologie,	Universitätsklinikum	Schleswig-Holstein,		
Campus	Kiel,		Arnold-Heller-Straße	3,	24105	Kiel	,	D	–	24105	

Kiel		
		

		

		

		

		

		

		

		

		

		
Campus Kiel  

 	
Klinik für Neurologie 	
Neurozentrum 	
Direktorin: Prof. Dr. med. D. Berg 	

 	
Zugang über: Rosalind-Franklin-Str. 10, 24105 Kiel 	

 	
Ansprechpartner:      Prof. Dr. Thorsten Bartsch 	
Durchwahl:      0431 500- 23842 	
Privatambulanz:       0431 500-23801, Fax: -23804 	
Chefarztsekretariat:   0431 500-19010, Fax: -24028 	
E-Mail:        t.bartsch@neurologie.uni-kiel.de Internet:      

www.uksh.de/neurologie-kiel       www.uksh.de   	

 	

Einverständniserklärung	-	Probanden	 
		

Ich,	______________________________________________________,	wurde	vollständig	über	das	Wesen	

und	die	Bedeutung	der	Studie:		

		

‚Neuropsychologische	Untersuchungen	zur	Gedächtnisfunktion’			

		

aufgeklärt.		

		

Ich	weiß,	dass	ich	jederzeit	meine	Einwilligung	ohne	Angaben	von	Gründen	widerrufen	

kann,	ohne	dass	in	irgendeiner	Weise	ein	Nachteil	für	mich	entsteht.		

		

Ich	bestätige	durch	meine	Unterschrift,	dass	ich	mich	mit	den	geplanten	Untersuchungen	

einverstanden	erkläre.			

		

Ich	bin	ausreichend	in	mündlicher	und	schriftlicher	Form	über	die	Ziele	und	Methoden,	

die	möglichen	Risiken	und	den	Nutzen	der	Studie	informiert	worden.	Ich	habe	die	

Information	gelesen	und	den	Inhalt	verstanden.	Ich	hatte	ausreichend	Gelegenheit,	die	

Studie	zu	besprechen	und	Fragen	zu	stellen.	Alle	meine	Fragen	und	Bedenken	wurden	zu	

meiner	Zufriedenheit	beantwortet.			

	

		Version	8	vom	03.01.2018		
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2		

	

Ich	 weiß,	 dass	 meine	 Studienteilnahme	 freiwillig	 ist	 und	 dass	 ich	 jederzeit	 ohne	

Angabe	von	Gründen	meine	Zusage	zur	Teilnahme	zurückziehen	kann	ohne	dass	

mir	daraus	Nachteile	entstehen.		

	

Mit	meiner	Unterschrift	erkläre	ich	mich	damit	einverstanden,	dass	die	im	Rahmen	der	

Untersuchung	erhobenen,	im	Aufklärungsprotokoll	beschriebenen	Daten	aufgezeichnet	

und	anonymisiert	für	diese	Studie	verwendet	werden	dürfen.	Anonymisiert	bedeutet,	

dass	Ihre	Daten	verschlüsselt	werden	und	nicht	auf	Ihre	Identität	geschlossen	werden	

kann.	Einer	wissenschaftlichen	Auswertung	der	anonymisierten	Daten	und	einer	

möglichen	Veröffentlichung	stimme	ich	zu.			

	

Datenschutz		

Ich	bin	darüber	informiert	worden,	dass	bei	dieser	wissenschaftlichen	Studie	persönliche	

Daten	und	medizinische	Befunde	über	mich	erhoben	werden.	Die	Weitergabe,	

Speicherung	und	Auswertung	dieser	studienbezogenen	Daten	erfolgt		anonymisiert	nach	

gesetzlichen	Bestimmungen.	Anonymisiert	bedeutet,	dass	Ihre	Daten	verschlüsselt	

werden	und	nicht	auf	Ihre	Identität	geschlossen	werden	kann.	Die	Teilnahme	an	der	

Studie	setzt	die	folgende	freiwillige	Einwilligung	voraus:		

	

Einer	wissenschaftlichen	Auswertung	der	anonymisierten	Daten	und	einer	möglichen	

Veröffentlichung	der	Ergebnisse	stimme	ich	zu.				

			

Ich	bin	einverstanden,	dass	ich	zu	einem	späteren	Zeitpunkt	telefonisch	oder	per	E-Mail	

kontaktiert	werde,	um	mein	Einverständnis	für	eine	Folgestudie	einzuholen.			

			

Ich	gebe	hiermit	meine	freiwillige	Zustimmung	zu	Teilnahme	an	dieser	Studie.	Eine	

Kopie	dieser	Einwilligung	habe	ich	erhalten.			

			

Ich	bin	darüber	informiert,	dass	keine	persönlichen	Daten	erhoben	werden,	so	dass	sich	

für	Dritte	keine	Hinweise	auf	meine	Identität	ergeben.			

		

		

			

Ort,	Datum	______________	Unterschrift	des	Probanden	_________________________________________		

		

Ort,	Datum	______________	Unterschrift	der	Psychologin	________________________________________		

		

		Version	8	vom	03.01.2018		
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B-2 Consent form fMRI testing (in german) 
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  Version 8 vom 03.01.2018 

2 

Mit meiner Unterschrift erkläre ich mich damit einverstanden, dass die im Rahmen der 

Untersuchung erhobenen, im Aufklärungsprotokoll beschriebenen Daten aufgezeichnet 

und anonymisiert für diese Studie verwendet werden dürfen. Anonymisiert bedeutet, 

dass Ihre Daten verschlüsselt werden und nicht auf Ihre Identität geschlossen werden 

kann. Einer wissenschaftlichen Auswertung der anonymisierten Daten und einer 

möglichen Veröffentlichung stimme ich zu.  

 

Einverständnis zum Vorgehen bei Zufallsbefunden 

Die im Rahmen dieser MR-Untersuchung erhobenen Daten dienen ausschließlich 

wissenschaftlichen Zwecken und entsprechen in Art und Qualität nicht denen einer 

neuroradiologisch-diagnostischen MR-Untersuchung. Es findet routinemäßig eine 

Begutachtung der erhobenen Daten durch einen Neuroradiologen mit Facharztstandard 

statt. Sollte im Rahmen dieser Begutachtung der Verdacht entstehen, dass eine (nicht-

krankhafte) Normabweichung oder einer krankhaften Veränderung des Gehirnes 

vorliegt, willige ich ein, dass mich der Untersuchungsleiter über diesen Verdacht 

informiert. Eine Diagnose, medizinische Beratung oder Behandlung durch den 

Untersuchungsleiter findet nicht statt. Bitte beachten Sie, dass Ihnen durch einen 

Zufallsbefund oder dessen weitere diagnostische Abklärung unter Umständen Nachteile 

entstehen können. Zum Beispiel, könnte Ihnen beim Feststellen einer Erkrankung der 

Abschluss einer Lebensversicherung erschwert werden. 

 

Ich habe das oben beschriebene Vorgehen bei Zufallsbefunden verstanden und erkläre 

mich damit einverstanden. 

 

 

Datum__________________Unterschrift______________________________________________________________ 

 

 

 

Datenschutz 

Ich bin darüber informiert worden, dass bei dieser wissenschaftlichen Studie 

persönliche Daten und medizinische Befunde über mich erhoben werden. Die 

Weitergabe, Speicherung und Auswertung dieser studienbezogenen Daten erfolgt  

anonymisiert nach gesetzlichen Bestimmungen. Anonymisiert bedeutet, dass Ihre Daten 

verschlüsselt werden und nicht auf Ihre Identität geschlossen werden kann. Die 

Teilnahme an der Studie setzt die folgende freiwillige Einwilligung voraus: 
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3 
 

Version 8 vom 03.01.2018 

 

Einer wissenschaftlichen Auswertung der anonymisierten Daten und einer möglichen 

Veröffentlichung der Ergebnisse stimme ich zu.   

  

Ich bin einverstanden, dass ich zu einem späteren Zeitpunkt telefonisch oder per E-Mail 

kontaktiert werde, um mein Einverständnis für eine Folgestudie einzuholen.  

  

Ich gebe hiermit meine freiwillige Zustimmung zu Teilnahme an dieser Studie. Eine Kopie 

dieser Einwilligung habe ich erhalten.  

  

Ich bin darüber informiert, dass keine persönlichen Daten erhoben werden, so dass sich 

für Dritte keine Hinweise auf meine Identität ergeben.  

 

 

  

Ort, Datum ______________ Unterschrift des Probanden _________________________________________ 

 

Ort, Datum ______________ Unterschrift der Psychologin ________________________________________ 
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B-3 Declaration of consent by the legal guardians on behalf of the mi-

nor subjects (in german) 
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6 Anhang  

Anhang A 

Einverständniserklärung  

Einverständniserklärung  

„Der Einfluss der Tageszeit auf das Lernen bei Kindern“ 

__________________________________/___________________________________ 
Vor- und Nachnamen beider Sor geberechtigten 

__________________________________/___________________________________ 
Anschriften 

Wir sind ausreichend in schriftlicher Form über Inhalt und Ablauf der Studie sowie die Vor- und 

Nachteile der Teilnahme informiert worden. Wir haben die Elterninformationen gelesen und den 

Inhalt verstanden. Wir hatten ausreichend Gelegenheit, die Studie mit dem Versuchsleiter zu 

besprechen und Fragen zu stellen. Alle unsere Fragen und Bedenken wurden zu unserer 

Zufriedenheit beantwortet. 

Wir sind darauf hingewiesen worden, dass im Rahmen der Studie keine therapeutisch relevante 

Diagnostik stattfindet und die Untersuchungen lediglich wissenschaftlichen Zwecken dienen. 

Unserem Kind entsteht kein persönlicher Vorteil aus der Teilnahme an dieser Studie. 

Wir erklären uns damit einverstanden, dass im Rahmen dieser Studie personenbezogene Daten 

über unser Kind – insbesondere auch die im Rahmen der Diagnostik erstellten Tonband- und 

Videoaufnahmen – erhoben und in Papierform sowie auf elektronischen Datenträgern in der 

Forschungsabteilung der Klinik für Kinder- und Jugendpsychiatrie und –psychotherapie (ZiP 

gGmbH, UK-SH, Niemannsweg 147, 24105 Kiel) aufgezeichnet werden. Wir erklären uns damit 

Zentrum für Integrative 
Psychiatrie gGmbH 
Prävention - Therapie - Rehabilitation 

Campus Kiel 

Psychiatrie u. Psychotherapie 

Kinder- und Jugendpsychiatrie 
und -psychotherapie  

Psychosomatik u. Psychotherapie 

Niemannsweg 147, 24105 Kiel 

www.zip-kiel.de 

Campus Lübeck 

Psychiatrie u. Psychotherapie 

Psychosomatik u. Psychotherapie 

Ratzeburger Allee 160, 23538 Lübeck 

www.zip-lübeck.de 

Ansprechpartner:  

Dipl.-Psych Dr. A. Prehn-Kristensen 

Tel.: 0431 9900-2531  Fax: 0431 9900-5262 

E-Mail: a.prehnzip-kiel.de 

Datum: 11.03.2020
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C-1 Edinburgh Handedness Inventory (Oldfield, 1971) 
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C-2 Digit Span (Wechsler, 1997) and Regensburger word-fluency test 

(Aschenbrenner et al., 2000) 

 

 

  

Zahlenmerkspanne 

Vorwärts Rückwärts Corsi 
   

 

 
 

 

 

 

 

 

 

 

 

Wortflüssigkeit 
 

 

„Vornamen“  

„S“  

„K“  

„Tiere“  

 

 

 

„Vornamen“  

„M“  

„P“  

„Berufe“  
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C-3 Mehrfachwahl-Wortschatz-Intelligenztest (Lehrl, 2005) 
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C-4 RAVLT (Rey, 1941) 

 

 

 

Wortlistenlernen nach Rey (RAVLT) 
 
Bitte tragen Sie die Anzahl der in den jeweiligen Testdurchgängen erinnerten Wörter in die Tabelle 
ein. 
 

Wortliste A 
Liste I  I II III IV V Liste II B VI VII (30 

Min.) 

 

Trommel 1      Tisch    1 

Vorhang 2      Förster    2 

Glocke 3      Vogel    3 

Kaffee 4      Schuh    4 

Schule 5      Ofen    5 

Eltern 6      Berg    6 

Mond 7      Gläser    7 

Garten 8      Handtuch    8 

Hut 9      Wolke    9 

Bauer 10      Boot    10

Nase 11      Lamm    11

Ente 12      Gewehr    12

Farbe 13      Bleistift    13

Haus 14      Kirche    14

Fluß 15      Fisch    15

richtig       richtig     

W       W     

I       I     

 

Wortlistenlernen nach Rey  

I II III IV V ∑  I-V B VI VII V - VI 

          

          

Word List 1 for Testing RAVLT Recognition 

W R In FP W R In FP W R In FP W R In FP 

Glocke A   Baum    Wachs    Garten A   

Fenster    Ballon    Kirche  B  Gläser  B  

Hut A   Vogel  B  Ente A   Lager    

Scheune    Berg  B  See    Schuh  B  

Förster  B  Kaffee A   Boot  B  Lehrer    

Nase A   Maus    Glut    Ofen  B  

Wetter    Fluss A   Eltern A   Nest    

Schule A   Handtuch  B  Wasser    Kinder    

Hand    Vorhang A   Bauer A   Trommel A   

Bleistift  B  Blume    Rose    Tasche    

Heimat    Farbe A   Wolke  B  Lamm  B  

Fisch  B  Tisch  B  Haus A       

Mond A   Gewehr  B  Fremde    Σ    
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C-5 Trail Making Test A & B (TMT; Reitan, 1992) 

 

 

  

Trail Making Test 
 

Part A 
 
 

 

Beispiel 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Trail Making Test 
 

Part B 
 

 
 

Beispiel 
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D-1 Presentation phase (15 x 3 targets in same order) 

 

 

 

 

 

 

+

+

… 

1 – 3 sec 

2 sec 
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D-2 Test phase 

 

 

 

 

 

 

+

alt ähnlich neu

2 sec 

1 – 3 sec 

1 sec 
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alt ähnlich neu

neu

+

… 
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E-1 Investigation Protocol T1  
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E-2 Investigation Protocol Presentation phase  
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E-3 Investigation Protocol Test phase  
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