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Different  brain  structures  for  prototype-  and  exemplar-based  category  learning  has been  proposed.
Exemplar  based  category  learning  is  associated  with  fusiform  gyrus  activation.
Exception  learning  is associated  with  hippocampus  activation.
Coupling  between  Hippocampus  and  fusiform  gyrus  activation  showed  a time  displaced  course  for  categorization  of  Prototypes  and  Exceptions.
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a  b  s  t  r  a  c  t

The  aim  of the  present  study  was  to examine  the  contributions  of different  brain  structures  to prototype-
and  exemplar-based  category  learning  using  functional  magnetic  resonance  imaging  (fMRI).  Twenty-
eight  subjects  performed  a  categorization  task  in  which  they  had  to assign  prototypes  and  exceptions
to  two  different  families.  This  test procedure  usually  produces  different  learning  curves  for prototype
and  exception  stimuli.  Our  behavioral  data  replicated  these  previous  findings  by showing  an  initially
superior  performance  for prototypes  and  typical  stimuli  and  a switch  from  a  prototype-based  to  an
exemplar-based  categorization  for exceptions  in the  later  learning  phases.  Since  performance  varied,  we
divided participants  into  learners  and  non-learners.  Analysis  of  the functional  imaging data  revealed  that
the interaction  of  group  (learners  vs.  non-learners)  and  block  (Block  5 vs.  Block  1)  yielded  an  activation
ippocampus
usiform gyrus

of  the  left  fusiform  gyrus  for  the  processing  of  prototypes,  and  an  activation  of the  right  hippocampus
for  exceptions  after  learning  the  categories.  Thus,  successful  prototype-  and exemplar-based  category
learning  is associated  with  activations  of  complementary  neural  substrates  that  constitute  object-based
processes  of  the ventral  visual  stream  and  their  interaction  with  unique-cue  representations,  possibly
based  on  sparse  coding  within  the hippocampus.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Every day we are confronted with a bewildering variety of
bjects. Since we are unable to learn about each object separately,
e deal with them at the category level. Categorization is the ability
o generalize various stimuli into a single class, to extrapolate the
ategorical knowledge to new members of the stimulus classes, and
o discriminate between different classes [1]. The ability to catego-

∗ Corresponding author at: Institute of Cognitive Neuroscience, Department
f  Neuropsychology, Ruhr University Bochum, Universitätsstraße 150, D-44780
ochum, Germany.

E-mail address: Boris.Suchan@rub.de (B. Suchan).

ttp://dx.doi.org/10.1016/j.bbr.2016.05.049
166-4328/© 2016 Elsevier B.V. All rights reserved.
rize effectively reduces information load and enables us to cope
with the constantly changing environment [2]. Grouping similar
objects reduces computational demands and enables an organism
to use its resources for other purposes [3].

Research focusing on category learning has put forward various
differing computational models in order to explain categorization
processes for a review, see Ashby et al. [1]. Some of them are
exemplar-based and thus assume storage of individual instances of
one category and subsequent generalization when being faced with
a new stimulus of the same category [4,5]. When being faced with

a novel stimulus, its belonging to a certain category is determined
by a comparison to previously encountered stimuli. One example
would be a neurologist who tries to determine whether or not he
sees a brain tumor on an MR  image. If it would be similar to pre-

dx.doi.org/10.1016/j.bbr.2016.05.049
http://www.sciencedirect.com/science/journal/01664328
http://www.elsevier.com/locate/bbr
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iously encountered and memorized MR  images of brain tumors,
e would classify it accordingly. On the contrary, prototype-based
odels are developed from an abstracting of the central tendencies

f stimuli from one category [3]. The neurologist from the previ-
us example would not rely on the memorization of every single
umor image, but instead he would have condensed the previous
mages into a summary representation to which he then would
ompare new MR  images. Furthermore, there are hybrid models
ike the cluster-based SUSTAIN model [6]. SUSTAIN explains cate-
ory learning by initially assuming a very simple category structure
hat is represented by a single cluster that codes features and four
ategories. Surprising events, e.g. stimuli that do not fit in the rep-
esentation of the initial cluster, recruit additional clusters, finally
esulting in a set of competitive cluster each representing one
ategory [6]. Another example of a hybrid model is RULEX, the rule-
lus-exception-model [7], which assumes a stochastic process in
hich people can classify objects by forming simple rules with the

ddition of occasional exceptions. Importantly, different subjects
orm different simple rules and memorize different exceptions to
hose rules [7]. The main difference between the two  aforemen-
ioned models is that RULEX can explain categorization based on
wo mutually exclusive categories, while SUSTAIN is intended to
e a more general learning model [6].

These models try to explain category learning on a cognitive
evel [8] but make no strong predictions about neural substrates.

ore recent developments in cognitive neurosciences have tried to
dentify the neural basis of categorization processes, for example by
sing functional imaging or by performing comparative studies of
umans and animals [2]. Various structures of the brain have been
hown to participate in different forms of categorization learning,
ncluding visual association areas, the medial temporal lobe (MTL),
he prefrontal cortex, and the basal ganglia, with the contribution
f these structures depending on the experimental paradigm that is
mployed [1]. Furthermore, based on this widespread involvement
f neural structures, it has been pointed out that it is improbable
or categorization to be based on a single neural system, and that
t requires the interaction of multiple brain structures and their
lastic capabilities [9]. This view is also supported by convergent
ndings from neuroimaging studies that are not easily explainable
y single-system approaches [10].

There has been a growing trend of integration in the two  main
ategorization research fields, computational modeling and cog-
itive neuroscience, especially supported by the employment of
euroimaging studies. One example is the usage of computational
odels as the basis for the analysis of fMRI data [11].

Nevertheless, the neural basis of two of the most prominent
ategory learning types, prototype- and exemplar-based learning,
s yet unclear. The former might in part be mediated by the fusiform
yrus, as has been shown in a previous categorization study [12],
here the activation of the fusiform gyrus changed after learning

he membership to a category. Similarly, Pernet et al. [13] yielded
vidence for fusiform gyrus activation in letter categorization. It
as further been shown, that activation of the so called fusiform

ace area within the fusiform gyrus could reflect visual expertise
14,15], a process that is also involved in categorization learning.

On the other hand, exemplar-based learning could be processed
y the MTL, since the explicit memorization of individual stim-
li would require the involvement of memory systems that are
uned to sparse coding properties [16]. It has been shown pre-
iously that the activation of single neurons in the hippocampus
an be linked to category-specific visual responses [16–18] and
hat cell firing within the hippocampus correlates with catego-

ization performance [19]. Studies using formal modelling with
USTAIN could also show an involvement of the MTL  in a rule-plus-
xception category learning task [11], emphasizing the role of the
TL  in the mastering of exceptions to a category rule. The role of
esearch 311 (2016) 239–246

the hippocampus in stimulus generalization, representation and
categorization has also been highlighted in a recent review [20],
describing it as part of a network involving the basal ganglia and
the prefrontal cortex and comparing its function to decision making
processes.

A comparative study investigating the stages of category learn-
ing in humans and pigeons [21] successfully modeled prototype-
and exemplar-based strategies over the course of an extended
learning phase, showing that both species change their initial
prototype-based strategies in order to correctly categorize stim-
uli that represent exceptions from the general similarity. With this,
they also replicated previous studies investigating the time course
of category learning [3,22,23]. Unfortunately, there was  no inves-
tigation of the underlying neural basis for these strategies.

The present study aimed to investigate the neural correlates for
prototype- and exemplar-based categorization strategies, in order
to contribute to the question if both learning types are part of the
same neural process or two  individual and distinct processes, as
well as to investigate the change of neural activation over the time
course of the experiment. For this, we  employed the same behav-
ioral paradigm as Cook and Smith [21], in which participants had to
categorize unfamiliar abstract stimuli into two groups by means of
direct feedback after every trial. The categories consisted of a pro-
totype, five typical stimuli and an exception (which shared more
features with the opposing prototype).

Based on previous findings, we  expected differential activa-
tion patterns for prototypes and typical stimuli on the one hand
(prototype-based learning, mediated by the fusiform gyrus) and
for exceptions on the other hand (exemplar-based learning, medi-
ated by the hippocampus). Behaviorally, the learning of exceptions
should be diminished in the beginning and should progressively
increase over the course of the experiment, when participants real-
ize that their prototype-based learning strategy does not work for
the exceptions.

2. Material and methods

2.1. Participants

Twenty-eight right-handed and neurologically healthy subjects
(12 male and 16 female subjects; mean age: 24.61 years; range:
20–30) participated in the experiment, reimbursed with research
credit needed for their studies of psychology, or alternatively with
15D . All subjects gave informed written consent after a detailed
explanation of the procedure. The study received ethical approval
by the local Ethics Committee of the Medical Faculty of the Ruhr
University Bochum, which conforms to the Declaration of Helsinki.

2.2. Stimuli and task

The experiment took place inside of an MRI scanner and was
performed using Presentation® software and MRI video goggles
with a resolution of 800 × 600 pixels, registering the responses with
an MRI-suitable keypad. Participants had to perform a visual cate-
gorization task, which was  adapted from Cook and Smith [21]. In
this task, circular stimuli (400 × 400 pixels) with six binary color
dimensions had to be categorized into one of two stimulus “fam-
ilies”, with the participants having no prior knowledge about the
stimuli or categories. The stimuli were similar in their structure
but differed in the color combinations. Each category consisted of
one prototype, five typical stimuli that shared five colors with the

prototype, and one exception that shared five colors with the pro-
totype of the other category (see Fig. 1). This design prevented the
usage of a prototype-based strategy for the exceptions, since this
strategy would lead to an incorrect categorization.
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ig. 1. Stimuli from both categories. All stimuli were constructed with 3.88 shared 

ategory  shared 4.57 colors with their own prototype and 1.43 with the prototype o
n  each category, with the fourth respective fifth typical stimulus being used as an e

All stimuli were presented centered on a white background.
esponses were recorded using two buttons, with each button cor-
esponding to one of the two categories. Immediately after the
esponse feedback was given: “correct” or “incorrect”. Alterna-
ively, the feedback was “please react faster!” if the participant
id not press a button within 2.2 s of stimulus presentation. The

eedback was presented for 1 s, followed by a fixation cross that
as presented for a variable period of 1–2 s before the next trial

tarted. The experiment consisted of five blocks, with each block
eing composed of 98 trials, resulting in 490 trials over the course
f the experiment. All stimuli were randomly presented in seven
rials of each block; therefore each block contained 14 prototypes,
0 typical stimuli and 14 exceptions. Participants were allowed to
ake a pause after every block.

.3. Image acquisition

The experiment was performed using a Philips 3 T Achieva MRI
canner with a 32- channel SENSE head coil. A T1 weighted struc-
ural scan was acquired for every participant at the start of the
rst experimental session (220 slices, voxel size = 1 × 1 × 1 mm,
E = 3.8 ms,  flip angle = 8◦). T2* weighted echo-planar MR  images
EPI) were acquired in all three experimental conditions in an
scending sequence of 30 slices (voxel size = 1.65 × 1.65 × 5 mm,
R = 2200 ms,  TE = 35 ms,  flip angle = 90◦, SENSE factor = 3). The first
ve images at the start of each session were discarded to allow for
RI  signal stabilization.

.4. Data analysis

For the analysis of the behavioral data, participants were divided
nto two groups: learners, who reached a correct response rate of at
east 70% for all stimulus types in the last block, and non-learners

ith less than 70% correct responses for at least one stimulus
ype. After splitting the subjects into the two groups, additional t-
ests were calculated to ensure that the behavioral performance of
he non-learners did not differ significantly from the 50% chance
evel. While learners showed an increase of correct responses
or all stimulus types over the five blocks (prototype: t = 13.1;

 = 0.00, exception t = 16.5; p = 0.00), the non-learners remained at
he chance level of about 50% (prototype: t = 1.35; p = 0.2, exception

 = 0.3; p = 0.7) during the fifth block.
Data from prototypes and typical stimuli were combined and

ere both treated as prototypes, since each of the typical stimuli
ould structurally represent the prototype for the other stimuli. A

epeated measures ANOVA (with Greenhouse Geisser correction)
ith the factors “stimulus” (ProTyp vs. Exc.), “block” (1; 2; 3; 4; 5),

nd the inner-subject factor “learner” (yes vs. no) was applied to
he correct responses.
 within and 2.12 shared colors between categories. Additionally, the stimuli of one
ther category [21]. In general, one prototype alongside six typical stimuli was used
ion for the other category.

The imaging data was preprocessed using the latest release of
SPM8 (http://www.fil.ion.ucl.ac.uk/spm/software/spm8). The pre-
processing consisted of slice-time correction, realignment (with
unwarping), co-registration of the EPIs with the structural scan,
segmentation of the structural scans into grey and white matter,
and normalization to MNI  space using DARTEL [24]. EPIs were
resliced into 2 × 2 x 2 mm voxels, and finally smoothed with a
Gaussian kernel of 8 mm  full-width half-maximum (FWHM). The
preprocessed images were then submitted into a first level GLM
analysis, where the blood oxygenation level dependency (BOLD)
signal was modeled with the canonical hemodynamic response
function. A high-pass filter at 128 s was  used to remove low fre-
quency drifts. All reported statistics refer to whole brain analyses.
The statistical maps were thresholded at p < 0.05 using false dis-
covery rate (FDR) correction for multiple comparisons [25], with a
minimum of 15 contiguous voxels per cluster. Anatomical labeling
was performed using the automated anatomical labeling toolbox
(AAL [26]).

For the first level analysis, seven regressors were defined per
block (resulting in 35 regressors), representing correct and incor-
rect responses for the three stimulus types (“correct prototypes”,
“incorrect prototypes”, “correct typical”, “incorrect typical”, “cor-
rect exception”, “incorrect exception”) as well as an additional
regressor for the fixation period. For the contrasts of interest, pro-
totypical and typical stimuli were combined (“ProTyp”). Correct
responses were contrasted against the fixation regressor, separate
for block 1 (before learning) and block 5 (after learning), result-
ing in the contrasts “ProTyp untrained”, “ProTyp trained”, “Exc
untrained”, and “Exc trained”. These four contrasts were then used
for group inference in the second level analysis.

In the group-level random effects analysis, a within-subjects full
factorial model with 3 factors was employed. The model included
the factors “group” (learners vs. non-learners), “stimulus” (ProTyp
vs. Exc.), and “block” (1 vs. 5). Main effects for all factors and
interactions were used as contrasts of interest. Selected significant
activation foci from interaction contrasts were used to extract mean
signal changes (in percent) with MarsBaR software (http://marsbar.
sourceforge.net/), and were then fed into paired t-tests.

To further examine the time-course of activation in different
brain structures, Pearson correlations were computed for the mean
signal changes of the ROIs that were defined from results of the ran-
dom effects analysis as described above (in this case the ROI covered
activation in the hippocampus and fusiform gyrus). Correlations of
the mean percent signal changes that have been extracted from the
hippocampus and the fusiform gyrus, as described above by using
the MarsBaR software package, were computed for learners and

non-learners and for both stimulus types separately for the course
of five blocks.

http://www.fil.ion.ucl.ac.uk/spm/software/spm8
http://www.fil.ion.ucl.ac.uk/spm/software/spm8
http://www.fil.ion.ucl.ac.uk/spm/software/spm8
http://www.fil.ion.ucl.ac.uk/spm/software/spm8
http://www.fil.ion.ucl.ac.uk/spm/software/spm8
http://www.fil.ion.ucl.ac.uk/spm/software/spm8
http://www.fil.ion.ucl.ac.uk/spm/software/spm8
http://www.fil.ion.ucl.ac.uk/spm/software/spm8
http://www.fil.ion.ucl.ac.uk/spm/software/spm8
http://www.fil.ion.ucl.ac.uk/spm/software/spm8
http://marsbar.sourceforge.net/
http://marsbar.sourceforge.net/
http://marsbar.sourceforge.net/
http://marsbar.sourceforge.net/
http://marsbar.sourceforge.net/
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Fig. 2. Correct responses in the categorization task. Learners show an increase in
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orrect responses over the five experimental blocks for both stimulus types, while
on-learners do not show any change. Error bars represent SEM.

. Results

.1. Behavioral data

The post hoc differentiation of the participants into two  groups
ielded 17 learners and 11 non-learners. The repeated measures
NOVA revealed significant main effects for the factors “stimulus”

F(1,26) = 4.502; p < 0.05) and “block” (F(4,104) = 15.138; p < 0.0001),
nd a significant interaction between the factors “block” and
learner” (F(4,104) = 8.055; p < 0.0001). Paired t-tests showed that
he interaction resulted from the different learning curves of both
roups (Fig. 2). Learners and non-learners did not differ at the first
lock (t = −1.8; p = 0.07) but they differed on the second till the fifth
lock (Block 2: t = −3.2; p < 0.001, Block 3: t = −4.7; p < 0.001, Block
: t = −3.6; p < 0.001, Block 5: t = -6.9; p < 0.001).

.2. Imaging data

The full factorial analysis yielded significant activation clusters
or the main effects “group” and “block”.

For the main effect of “group”, three activation clusters were
ound for the contrast learners > non-learners (see Fig. 3): one in
he right (14 −50 0, 208 voxels, T = 6.18) and the left lingual gyrus
−16 −60 4, 66 voxels, T = 4.82) as well as one in the left inferior
rontal gyrus, extending to the insula and temporal pole (−46 16
4, 53 voxels, T = 4.85). The main effect of the factor “block” yielded
ctivations spanning the entire brain and will not be considered
ere in detail (see Table 1 for full details). However, there was  a

arge significant activation cluster in the left striatum (−10 4 18,
67 voxels, T = 4.66), with the peak value in the caudate nucleus.

Additionally, the interaction contrast of “block” x “group”
ielded significant activations (see Fig. 4 and Table 1), with clus-
ers in the left (−40 12 −16, 64 voxels, T = 4.73) and right temporal
ole (34 10 −26, 100 voxels, T = 4.70), the pars triangularis of the

eft inferior frontal gyrus (−54 20 −2, 44 voxels, T = 4.65), and the
eft fusiform gyrus (−42 −48 −22, 24 voxels, T = 4.23).

For further analysis, the interaction was divided into separate
ontrasts for each of the stimulus types, resulting in an additional
ignificant cluster in the right hippocampus (30 −24 −10, 23 voxels,

 = 3.97) and left parietal lobe (−50 −60 40, 76 voxels, T = 3.94) for
xceptions (see Table 1 for a detailed listing). The interaction con-
rast for prototype stimuli did not show any significant activation.
ignal changes were extracted for the two areas of interest, the left
usiform gyrus and the right hippocampus. T-tests revealed that
he interactions were based on a higher activation for learners in

he last block compared to the first block, with a significantly higher
ignal change difference for prototype stimuli in the fusiform gyrus
T(1,16) = 2.435; p < 0.05) and a trend for the signal change difference
f exceptions in the right hippocampus (T(1,16) = 2.098; p = 0.062;
esearch 311 (2016) 239–246

see Fig. 5). The percent signal change of non-learners did not show
any significant differences between the blocks or stimulus types
(Fig. 5).

The time course over the five blocks of each correlation between
the mean signal change in the hippocampus and the fusiform
gyrus is presented in Fig. 6. This time course shows the interplay
between these two  regions. The analysis of correlations of the mean
signal change in the right hippocampus and left fusiform gyrus
revealed that successful learners showed an early correlation of
signal change between both structures for the learning of proto-
types. For exceptions, the correlation only became significant in
the last part of the experiment (see Fig. 6). Notably, there was a
drop of correlation in the second block of the experiment, result-
ing in approximately zero correlation between both structures and
for both stimulus types. This drop occurred due to an earlier pos-
itivity of the hippocampal signal change for both stimulus types
in comparison with the left fusiform gyrus. In general, these cor-
relations showed a time displaced course for learning prototypes
and exceptions with a later involvement of the fusiform gyrus in
the successful learning of the exceptions. Additionally, there was
almost no significant correlation for the non-learners, with only a
small correlation (p < 0.05) for exceptions in the last block of the
experiment.

4. Discussion

The aim of this study was to reveal the neural correlates of
prototype- and exemplar-based category learning and to investi-
gate how activations in the involved brain regions change over
an extended learning period. For this, participants had to per-
form a categorization task similar to the paradigm employed by
Cook and Smith [21]. After showing an unfamiliar circular stim-
ulus with six binary color dimensions, participants had to decide
without any prior knowledge to which one of two categories the
stimulus belonged. Direct feedback was given after every trial to
enable learning of the category structure. In order to disrupt the
abstraction-based strategy used for the prototype (prototypes and
typical combined) stimuli, each of the two categories contained one
exception. In order to successfully categorize these exceptions, par-
ticipants had to explicitly memorize these items and hence had to
use an exemplar-based strategy.

The behavioral data in the current study replicated previous
results [21]. Overall, the performance was  slightly poorer, although
it has to be noted that the original study only tested and reported
behavioral results of nine human participants. Here, 17 out of 28
subjects were classified as learners, based on a correct response
count of higher than 70% in the last experimental block. A possi-
ble explanation for those subjects below this criterion might be
the unusual environment and the noise caused by the MRI  scan-
ner. Learners showed a good performance for prototype stimuli
early on, with a steady increase over the five experimental blocks.
Correct categorizations of exceptions started at chance level in the
first block but showed a rapid increase after the second block, with
a comparable performance to prototype stimuli in the last block.
The occurrence of subjects with different learning performances
presented the opportunity to study the processes that differentiate
between levels of category learning.

The analysis of the imaging data revealed significant activations
of the lingual gyrus and the left inferior frontal gyrus when com-
paring learners and non-learners, regardless of block or stimulus
type. Thus, learners possibly performed at a higher level since they

successfully activated the lingual gyrus, an area that is involved in
analyzing and memorizing visual color stimuli [27]. The activation
of Broca’s area is very likely related to inner verbalizations [28]
in a possible attempt to acquire knowledge about category mem-
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Fig. 3. Significant activations for the main effect of “group” in the full factorial design. Note that the main effect of “stimulus” did not yield any significant activation. All
activations are FDR corrected for multiple comparisons, with p < 0.05.

Table 1
Significant activations (p < 0.05, FDR-corrected) for main effects and interactions in the full factorial analysis. Each line represents one cluster, with anatomical labels from
AAL.

Contrast MNI  coordinates
(x, y, z)

Cluster size T Anatomical structure

Block: Block 5 > Block 1 −20 −96 −6 422 5.76 l. Inferior occipital gyrus
−40  12 −16 2329 5.48 l. Inferior frontal gyrus/insula/temporal pole
−44  −50 −20 8088 5.29 l. & r. temporal lobe, peak in fusiform gyrus
−10  4 18 667 4.66 l. caudate nucleus

2  −24 68 794 4.41 medial frontal gyrus/precentral/postcentral gyrus
20  −92 −6 260 4.15 r. inferior occipital gyrus
2  24 56 166 3.88 supplementary motor area
0  46 32 388 3.77 medial frontal gyrus

−52 28 16 34 3.56 l. inferior frontal gyrus, pars triangularis
44  −48 −18 110 3.51 r. fusiform gyrus

−58 −12 30 82 3.50 l. precentral gyrus
2  34 50 41 3.46 superior frontal gyrus

−2 40  −4 104 3.34 l. anterior cingulate cortex
50 −16 12 26 3.14 r. rolandic operculum

Group: Learners > Non-Learners 14 −50 0 208 6.18 r. lingual gyrus
−46  13 −4 53 4.85 l. Inferior frontal gyrus/insula/temporal pole
−16  −60 4 66 4.82 l. lingual gyrus

Interaction “block” x “group” −40 12 16 64 4.73 l. temporal pole
34 10 −26 100 4.70 r. temporal pole

−54 20 −2 44 4.65 l. inferior frontal gyrus, pars triangularis
−42  −48 −22 24 4.23 l. fusiform gyrus

Interaction “block” x “group-exceptions only −54 22 −6 138 4.86 l. inferior frontal gyrus, pars triangularis
−40  14 −14 100 4.76 l. inferior frontal gyrus
42  14 −24 167 4.41 superior temporal gyrus/temporal pole
54  −60 20 90 4.09 r. superior/middle temporal gyrus

−42  −66 28 72 4.07 l. angular gyrus
54  −60 20 90 4.09 r. superior/middle temporal gyrus
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30  −24 −10 

−50  −60 40 

−2  −80 42 

ership. With these activations representing the only difference
etween learners and non-learners, one might assume that non-

earners failed to utilize these processes and hence did not learn to
orrectly categorize the stimuli.

As hypothesized, activations of the hippocampus and the
usiform gyrus were found for exemplar- and prototype-based
trategies, respectively, with these activations being apparent in
he interaction contrasts of “block” and “group”. The mean signal
hange in these clusters was extracted to provide insight into the
eural processes involved in the categorization of different stimu-

us types before and after learning the category structure. Distinct
eural correlates for the two categorization strategies emerged,
ith the left fusiform gyrus being more involved in prototype-

ased learning, and the right hippocampus being activated for the
xemplar-based learning of exceptions.

These results are in line with previous findings. Gauthier et al.

14] showed that an extensive training with novel objects (“gree-
les”) leads to activation of a “greeble”-specific area in the fusiform
yrus. Also, expertise for other objects can lead to activations in the
usiform gyrus and occipital lobe [29]. This is possibly due to local
23 3.97 r. hippocampus
76 3.94 l. inferior parietal gyrus
41 3.75 l. precuneus

changes of synaptic strengths, lowering thresholds for recogniz-
ing target stimulus elements and thereby increasing classification
of a coherent object “family”, regardless of individual stimuli [30].
The approaches by Gauthier et al. [29] and the present one dif-
fer with respect to the time that was available for the subjects to
acquire expertise. The stimuli of the studies (greebles and circles)
did also differ with respect to the features and feature organization.
The explanation given by Gauthier and co-worker might therefore
provide a fist explanation for the current findings which has to be
seen with its limitations. However, these changes likely involve a
population coding account of object configurations [31]. Even fur-
ther proof for the importance of the left visual ventral stream was
found in an examination of patients with lesions to the left poste-
rior hemisphere. They did show more deficits in generalization and
visual category learning than patients with right posterior cerebral
lesions [32] showing the importance of visual association areas for

category learning processes.

While the contribution of the fusiform gyrus possibly enabled
the participants to correctly categorize prototypes and similar stim-
uli, the results differed for the learning of exceptions. After a few
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Fig. 4. Significant activations for two interactions. Note that the interaction “block” x “grou
threshold of p < 0.05.

Fig. 5. Percent signal change of two significant activation clusters. For both ROIs, t-
tests revealed significant differences for learners between the first and last learning
session, as well as higher signal change differences for prototype stimuli in the left
fusiform gyrus and a trend for exceptions in the right hippocampus.
p” for prototype stimuli did not yield significant activations with the FDR-corrected

blocks, the participants realized that their prototype-based strategy
used for 12 of 14 stimuli did not work for the two exceptions and
switched to an exemplar-based strategy, as previously shown by
Cook & Smith [21]. This strategy required an explicit categorization
and memorization of the exceptions, which was possibly enabled
by the category-sensitive cells in the MTL, especially the hippocam-
pus [17,19]. The hippocampal activation shown in the interaction
contrast and also for the main effect of “block” (see Table 1), did dis-
tinguish between successful learners of the exceptions in the last
block.

Indeed, MTL  neurons in monkeys and humans show selective
responses to classes of visual stimuli and to specific individuals
[33]. These results suggest an invariant, sparse and explicit code
[16]. Coding properties of hippocampal neurons are highly flex-
ible and quickly learn to categorize visual stimuli by extracting
unique combination of features that are relevant for discrimina-
tion [19]. These experiments reveal that hippocampal neurons are
able to code for individual items using a multitude of different rep-
resentations. These neurons are sparse in the sense that they fire
after the presentation of only very few stimuli [34]. It is probable
that the sparse coding is supported by the firing of inhibitory neu-
rons, resulting in an increase of the hemodynamic response and
hence the BOLD signal [35]. Inhibition could modify synaptic con-
nections in the MTL  via long-term depression and lead to more
specific neural representations [36].

One argument against a vital contribution of the hippocampus to
categorization learning are the findings that show that categoriza-
tion learning can be intact although the hippocampus is damaged
and recognition memory is impaired in patients [37–39]. How-
ever, this dissociation may  also be based on differential memory
demands and possibly on residual resources [40–42].

The inferior frontal gyrus frontal gyrus showed also increased
activation when comparing the first and the fifth block. This is
in line with different findings in the literature which emphasize
the critical contribution to categorization. Wallis and Miller have
shown nearly 10 years ago in monkeys, that the premotor cortex
is involved in the retrieval and application of abstract rules [43],

whereas Halsband and Passingham could show that damage to the
premotor cortex disrupts the response to previously learned stim-
uli [44]. These results emphasize the role of the premotor cortex in
categorization and give a good explanation for the inferior frontal
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Fig. 6. Correlations of percent signal change in hippocampus and fusiform gyrus.
Pearson correlations were calculated separately for learners and non-learners, with
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ne asterisk representing a significance threshold of p < 0.05 and two  asterikses
epresenting p < 0.01.

yrus activation in the present experiment. Present results support
arlier findings in categorization learning and extend them into the
ontext of categorization learning of prototype and exception.

Seger and Peterson [20] describe the basal ganglia and their
onnections to the hippocampus as well as parieto-frontal net-
orks as being essential for categorization, especially since these

tructures all receive dopaminergic projections which are essential
or the coding of reward [20]. Additionally, the basal ganglia play
n essential role in sensory integration and response selection or
hresholding [20,45], with the input being received through stri-
tal nuclei. In line with this, the main effect of “block” did show a
ignificant activation of the caudate nucleus, showing the impor-
ance of this structure for the successful learning over time, which is
lso true for learning beyond categorization, e.g. habit learning and
utomaticity [46]. Findings from research in monkeys suggested
hat the contribution of the basal ganglia to categorization pre-
edes cortico-cortical activation [47] which is not supported by the
resent findings demonstrating caudate activation at a late stage
f learning. This might be explained by the cortico-striatal loop

nvolved in visual associative processing as suggested by Seger [48].
Up to now, the current data could be misunderstood as pointing

o a complete dichotomy in the processing of prototypes and exem-
lars. However, the correlation of the mean signal changes over
ime revealed a synchronization of activation changes between
ight hippocampus and left fusiform gyrus. The activations were
lready synchronized in the first block, with the learners showing
egative signal changes for both stimulus types. The desynchro-
ization after the first block revealed a different progression for the
ignal changes of both structures, with the hippocampus showing

ore positive signal changes than the fusiform gyrus in the second

lock. In the third block, the correlation of both structures became
ignificant again for prototypes, followed by exceptions in the last
lock. In general, the hippocampal activation showed a parallel,
esearch 311 (2016) 239–246 245

but time displaced activation course for exception and prototype
learners. The activation of the fusiform gyrus, which might reflect
the representation of the stimulus, emerged later for the exceptions
than the prototype, which is also reflected by the behavioral data.
Taken together, the population coding properties of the visual asso-
ciation cortex in the fusiform gyrus possibly enabled the learners
to build representations of the stimulus families with shared sim-
ilarities among their features. The increase of activation over time
corresponded to the ability to successfully categorize prototype
stimuli early on during the experiment. It also enabled partici-
pants to discriminate the exceptions from the rule, in interplay with
the sparse coding properties of the hippocampus, which coded the
representation of exceptions. These processes were additionally
supported by frontal and striatal activations that enabled reward
prediction, action selection, and thresholding. Further evidence for
the hippocampus not being exclusively involved in exemplar learn-
ing but also in the learning of prototypes, comes from an fMRI study
that differentiated between A/B and A/non-A prototype learning
[49]. In this study, the authors could demonstrate a hippocampal
contribution specifically for A/B prototype learning tasks, which is
also in agreement with the current results.

It is important to note that the current study was conceived and
conducted within a framework of theories that posit prototype and
exemplar processes as different constituents of category learning
[1,3,50–53], in order to integrate computational models with mod-
ern cognitive neuroscience methods. However, recent studies have
also demonstrated that the underlying cognitive processes cannot
be neatly separated [54]. In line with this, common element models
(see Soto & Wassermann [55] for a review and mathematical formu-
lation) assume that most stimuli have some common elements that
can make them similar. Thus, the perceptual similarity between
two stimuli is a direct function of the proportion of shared elements.
Conversely, non-shared features drive dissimilarity. The common
elements model can be extended to the current experiment as well
as the study of Cook & Smith [21] by assuming that our excep-
tion exemplar represents nothing else than a unique cue within
the common elements framework. Accordingly, each stimulus fea-
ture employed in a categorization task is associated independently
with an outcome and activates an individual configural unit which
represents that unique combination [56]. Such an account would
predict faster learning of stimuli with more common elements due
to shared associative strength and slower learning of exception
stimuli [55]. Nevertheless, a recent study using multivariate pat-
tern analysis [57] could demonstrate that exemplar-based models
cannot be discarded as of yet, since the MVPA did reveal activation
patterns that are best explained by exemplar-based models.

5. Conclusion

Taken together, results from the current study reveal two  neu-
ral substrates that are associated with a prototypical stimulus that
shares a large number of common elements with other members of
a class and an exceptional exemplar that represents a unique cue.
While the former seems to require object-based processes of the
ventral visual stream, the latter additionally needs the hippocam-
pus to create a sparse code for a stand-alone representation of the
exceptions. However, while the current data are in line with the
assumptions of a multiple system model that incorporates differing
prototype- and exemplar based learning strategies, there is no com-
plete dichotomy for the involvement of both structures. In order

to further elucidate the underlying systems, future research might
focus on formal modeling of the initial assumptions and the vali-
dation of these models by using MVPA to disentangle the patterns
of activation that enable successful category learning.
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