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Abstract

Hemispheric differences in the learning and gereatbn of pattern categories were
explored in two experiments involving sixteen patisewith unilateral posterior, cerebral
lesions in the left (LH) or right (RH) hemisphehe each experiment participants were first
trained to criterion in a supervised learning payawito categorize a set of patterns that either
consisted of simple geometric forms (Experimendrlynfamiliar grey-level images
(Experiment 2). They were then tested for theilitgtio generalize acquired categorical
knowledge to contrast-reversed versions of thenlegrpatterns. The results showed that RH
lesions impeded category learning of unfamilialygexel images more severely than LH
lesions, whereas this relationship appeared reddosecategories defined by simple
geometric forms. With regard to generalizationdatcast reversal, categorization
performance of LH and RH patients was unaffectettiéncase of simple geometric forms.
However, generalization to of contrast-reverseg-tgeel images distinctly deteriorated for
patients with LH lesions relative to those with R#dions, with the latter (but not the former)
being consistently unable to identify the pattelmipulation. These findings suggest a
differential use of contrast information in the regentation of pattern categories in the two
hemispheres. Such specialization appears in litie prvevious distinctions between a
predominantly lefthemispheric, abstract-analytaad a righthemispheric, specific-holistic
representation of object categories, and theiriptied of a mandatory representation of

contrast polarity in the RH. Some implications tlee well-established dissociation of visual
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disorders for the recognition of faces and letéeesdiscussed.



1. Introduction

Visual object recognition critically depends on #imlity to relate sensory input provided by
the eyes to stored conceptual knowledge in ternodbjeict categories (Rosch, 1978; Bruner,
1957). There is ample neuropsychological evideaiggest that unilateral lesions in the
left and right hemisphere affect perceptual categtion to a different extent. In particular
the systematic studies of De Renzi, Faglioni andr8er (1969) and Warrington and Taylor
(1973) were among the first to demonstrate thaeptst with posterior right hemisphere (RH)
lesions do more poorly on apperceptive tests (evgrlapping figures, identifying objects
photographed from unusual perspectives), wherg@npawith posterior left hemisphere
(LH) lesions tend to have difficulty in associatiests (e.g., matching real objects to
photographs of different items of the same cl&Sshsequently, this line of research
culminated in various attempts of a dichotomousattarization of hemispheric differences
with the common denominator of a particular rightispheric competence for perceptual
categorization (e.g., Warrington & Taylor 1978; Haumeys & Riddoch, 1984; Shallice,
1988; Farah, 1990).

Still, the dominance of the right hemisphere farcpptual analysis is likely to be
relative rather than absolute. Patients with leswithin the right-hemispheevisual system
often can easily read and name real objects wittidfitulty, and also identify photographs
and line drawings of objects provided they arearbficially degraded. Moreover, the visual
analyses performed by the left and right hemispheag specialize on different aspects of a
given stimulus. Campbell, Landis and Regard (1@®&8honstrated this possibility with two
stroke patients with a right posterior and a leiterior lesion, respectively. The two patients

showed complementary performance patterns fordbegorization of handwritten material



and facial expressions. With handwritten matetiad, patient with the left posterior stroke
could only analyse the text as‘teho’ had written it but not what the text actually mgan
whereas the situation was reversed for the patightthe right posterior stroke. Similarly,
when analysing facial photographs the patient Wighleft hemisphere lesion could only
classify face expressions referring to differenb&ons across different persons but could not
classify face expressions corresponding to the @ation of vowel sounds. The reverse
performance pattern applied to the patient withritjet hemisphere lesion. These double
dissociations of performance within the same stisuhaterial (text and faces) imply specific
differences in visual processing of the two hemésph but a generic ability in both to make
perceptual categorizations.

The role of the two cerebral hemispheres in pattatagorization has also been
investigated in healthy observers. Using a divitleld} paradigm Marsolek et al. (1992,
1994) found greater priming for unchanged typogi@aphse when words were presented
initially to the right hemisphere than to the leimisphere. In contrast, changing a lé&dter
case (e.g., from upper case to lower case) resmiteguivalent levels of priming in both
hemispheres, a result that is consistent withdka that the right hemisphere encodes
specific exemplars better than the left one. Inlaostudy assessing repetition priming of
line drawings of common objects (Marsolek, 199@) picture of one exemplar (e.g. a grand
piano) primed the picture of another exemplar efghme class (e.g. a standard piano) more
effectively in the LH than in the RH. In contrastpetition of the same exemplar (e.qg.,
repeating the picture of the same grand piano)drger priming effects in the RH than in the
LH.

In order to explain these findings Marsolek sugeggst model (Marsolek, 1995; 1999;

for a different but related account see Laeng,i@par, & Kosslyn, 2003) according to which



visual forms are stored in the RH within a so-achBeecific-exemplar subsystem, whereas
such forms are stored in the LH within a so-ca#ledtract-category subsystem. An important
feature of this model is that it postulates differes of visual processing in the two
subsystems (rather than confining such differetcéise post-visual representation of object
knowledge). More specifically, abstract-categoigogmnition should rely on an assessment of
independent features or dimensions, which may uevekplicit rules and thus allow an
efficient representation of information that is goon to input patterns that are categorised
together. In contrast, specific-exemplar recognigbould follow a more whole-based
processing strategy, where features are representednbination rather than independently.
Such a strategy should facilitate the discrimimatd exemplars both within the same
category and across different categories, thusesuipg a functional role complementary to
that of the abstract-category subsystem.

There have been relatively few attempts to exploeespecific implications of this
model for the acquisition of categories of unfaariWisual stimuli. Marsolek (1995) trained
normal participants to categorize nonsense pattenmgposed of line segments employing a
modified version of the classical paradigm of Posmal Keele (1968). Subjects were
subsequently tested in each hemifield for theiogedtion of the previously learned patterns
as well as for the previously unseen prototypes, (ihe central tendencies of each category)
and entirely novel distortions thereof. Particigargcognized the prototype patterns more
efficiently when presented to the left hemispheee,(in the right visual field) than when
presented to the right hemisphere (i.e., in thevistial field). No performance differences
were found between the two presentation conditionsecognition of the previously seen
patterns and unseen prototype distortions. Thesdtseprovide support for the notion of an

abstract-category subsystem based in the left lpdr@is that stores information that remains



relatively invariant across the specific instanaepatterns belonging to the same category.
Even so, the paradigm assesses hemispheric di¢fssen pattern category learning only
indirectly, by assessing recognition performanderdéarning already had taken place and by
testing generalization only with regard to spatiahsformations.

Lesion studies also provide some evidence forsodiation between abstract
category representation and memory for specifi@imses. Scheidler et al. (1992) report the
case of a patient (M) with extensive occipito-temgbanfarctions bilaterally in the territory of
both posterior cerebral arteries. M was able tmléa classify checkerboard patterns almost
as quickly and accurately as normal age-matchettalenThis demonstrated that elementary
visual functions such as coarse spatial resolw@r@hdiscrimination of simple geometric
forms were relatively unimpaired, that he was ablmake decisions as to which category a
given stimulus belonged and that he could syntleesigimple Gestalt out of individual
elements. However, M had severe difficulty in leagna similar categorization task with
compound Gabor patterns, in contrast to age-matcbietlols. Furthermore, M was unable to
generalize the acquired class knowledge to gregtkeansformed versions of the original
patterns, again in stark contrast to normal obssrvéhus it appears that M failed to form
abstract representations of the pattern categmriascommodate generalization.

Squire and Knowlton (1995) studied an amnesiepa(EP) with extensive bilateral
damage in the region of the medial temporal lolzk\artually no capacity for explicit
memory. Whereas EP was unable to memorize indiVelkemplars in a category learning
task involving dot patterns (cf. Posner & Keele68phis performance at classifying novel
stimuli according to whether they did or did noldog to the class training stimuli was
normal. EP would recognize a prototype (unseemduaarning) as a member of a category

suggesting some form of abstract category knowletligis contrasts with some of the



learning problems of patient M in the aforementms&udy of Scheidler et al. (1992), which
were strongly suggestive of a putative deficit withis abstract category subsystem.
However, the different location of the lesionshe two cases, their extensive bilateral
extension and the complex pattern of associatendbss do not permit a straight allocation
of the observed deficits in pattern category leggrio the left or right hemisphere or to
evaluate hemispheric differences in visual procgsduring such learning tasks.

The present study aimed to explore hemispheriemdiffces in the learning and
generalization of pattern categories more systealftiby focussing specifically on patients
with unilateral posterior, cerebral lesions in ki or right hemisphere. Such lesions often
involve cortical blindness in circumscribed regiafishe contralateral visual field and permit
to assess the contribution of the remaining inta@ohisphere in relative isolation. Seven
patients with LH lesion and associated visual fadects in the right visual field, and nine
with RH lesion and associated blindness in thet nggual field participated. Each patient
took part in two category learning experiments lawa the categorization of simple
geometric forms and unfamiliar grey-level imagesr(tated compound Gabor patterns). As
posterior lesions often are accompanied by alemiagse of LH lesions) and prosopagnosia
(in case of RH lesions) our choice of stimuli awaldetter- and face-like stimuli to ensure
that the categorization task could be learnt byiritect (left or right) hemisphere.

We probed the internal representations acquirédariwo hemispheres by assessing
generalization performance with regard to contragersed versions of the learning patterns
(see Juttner, Langguth & Rentschler, 2004). FolhmaWarsoleks distinction, abstract-
category recognition — primarily mediated by thi¢ hemisphere - should rely on the
analytical assessment of independent feature dioventhat are crucial for the

discrimination of pattern categories while ignorfegtures without diagnostic value. Internal



representations of pattern categories should therdfe invariant to contrast reversal if — as
the case in our two classification tasks - contpagrity is not a critical attribute for category
definition. On the other hand, a whole-based prsingsstrategy, implied by specific-
exemplar recognition and primarily mediated byrilgat hemisphere, should be more likely
to result in category representations that inclea@rast polarity regardless of its diagnostic
value. Contrast reversal should therefore impedtenmarecognition based on such
representations more severely.

Thus, while successful pattern categorization meagdhieved by both processing
mechanisms — though perhaps with varying efficieseyending on stimulus type — the
differences between the mechanisms should alsareearanifest in a different potential to
generalise to a change in contrast polarity. Rgfd&sioned patients we predicted a high
(possibly perfect) generalisation to contrast-regdrpatterns regardless of pattern type,
mediated by LH-based, abstract-category represensat-or LH-lesioned patients we
expected generalisation to rely on judging the al«shape similarity between contrast-
reversed and original versions using a RH-based|esMbased processing strategy. This
would predict that performance distinctly dependgattern type, being high in case of
simple geometric forms (where a shape-based camegmce between original and contrast-
reversed version is easy to establish) while sicgmittly deteriorating in case of the visually

more complex Gabor stimuli.

2. Method

2.1 Subjects



Sixteen patients with unilateral posterior lesionthe left (seven patients) or right (nine
patients) hemisphere and associated visual impaisrand visual field deficits participated
in the study. Ten patients were in- or out-pati@ftde Neurological University Hospital in
Geneva, Switzerland; the remaining six patientswi@r or out-patients of the Neurological
University Hospital in Zurich, Switzerland. Inforgheonsent from all patients was obtained
and the study was conducted according the ethigatlards laid down in the Declaration of
Helsinki II.

Table 1 summarises the relevant demographic anat@lidetails of each patient. The
difference between the median age of LH patiefisl(§ears; range: 20-80 yrs) and RH
patients (65.0 years; range: 22-78 yrs) was noiigignt (Mann-Whitney test, z=-0.74,
p=0.45). Brain lesions were localised on the bak(ST and MRI scans. Visual disorders
were established by neuropsychological assessvsuoial field deficits were validated by
automated, static perimetry. Furthermore, for atlgnts visual acuity was determined as part
of their neuro-ophthalmologic assessment and yiel@ddues of 0.5 or better in at least one

eye.

2.2 Apparatus

Stimuli were presented on a 17-inch monitor (Lu&uBaer GBM 2310; spatial resolution of
1024 x 768 pixel screen resolution, 72 Hz refregb)rthat was controlled by a personal
computer. The background luminarigeof the screen was kept constant at 70 cd/m2.

The nominal viewing distance for all stimuli was€0l€m. However, as some of the
participants had impaired visual acuity they wareceiraged to choose a viewing distance
that was optimal for them. Because the participauste suffering from visual field defects

they were also given the possibility to freely cb®a fixation point such that the patterns
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could be completely perceived within their intaetrhfield.

2.3 Stimuli

Each of the two experiments involved a set of Bydevel patterns, divided into three
classes with five patterns per class. In Experimethie set consisted of five squares (class 1),
five triangles (class 2) and five circles (clas®Byarying size. At the nominal viewing
distance of 100 cm the side length (diameter) efghtterns varied between approximately
0.53 deg and 1.06 deg (mean: 0.8 deg) of visudeaRgr the learning phase of the
experiment, the patterns were shown with a Webetrast relative to the background that
was kept at -0.61. Thus, the patterns appearedadgikst the background (Figure 1A). For
the generalization phase in Experiment 1, a seversglon of the stimuli was generated by

reversing contrast polarity as illustrated in Fegar

Experiment 2 employed a set of unfamiliar grey-leneges based on compound
Gabor gratings. Such gratings result from the qugmtion of two sinewave gratings, a
fundamental plus its third harmonic, within a Gaalsaperture and have a well-defined one-
dimensional part structure in terms of bright aackdars along their horizontal symmetry
axis. In the past, compound Gabor gratings have bsed in numerous categorization
studies (e.g., Kahana & Bennett, 1994; Jiuttner &t&shler, 1996, 2000; Notman, Sowden,

& Ozgen, 2005), as they stimulate learning duédagirthigh unfamiliarity while minimizing
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effects of prior knowledge. The present experinmmenised a set of 15 Gabor stimuli from a
previous study on category learning (set | in Hitthangguth, & Rentschler, 2004). Within
the Fourier feature space used to specify therpattéhe stimuli formed three clusters of five
samples each (see Jittner et al., 2004 for detedsh defining one category to be learned by
the participant. To facilitate the categorizatidriheese patterns by patients, the Gabor stimuli
were post-processed by removing all image parts wtermediate grey-level values. Image
pixels with luminance values in the intervap | (a+b)/2, Lo + (at+b)/2] were set to the level

of Lo , wherelL, denotes the mean luminance of the backgrouncaamdlb are the

amplitudes of the fundamental and third harmonithefGabor gratings, respectively. This
manipulation produced more accentuated versiotisegbatterns and has been shown to
greatly facilitate category learning in normal sdbg (Juttner et al., 2004). The resulting set
of patterns is shown in Figure 1B. The patternsadtchelson contrast of 0.71 and
subtended 0.8 deg of visual angle at the nomiralivig distance of 100 cm. For the
generalization phase in Experiment 2, a secondorecs contrast-reversed patterns was

generated as illustrated in Figure 2.

2.4 Procedure
Experiment 1 and 2 employed the same proceduremgdiiffered in regard to the stimuli
used. Each experiment was divided into two pagtaning and generalization test. The first

part used a supervised-learning schedule (see ¢hdmtet al., 1994; Juttner & Rentschler,
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1996) and consisted of a variable number of legroimts. Each learning unit had two
phases, training and recognition test. During thiming phase, each pattern was shown three
times in random order for 200 ms, followed by a bemspecifying the class (1,2,3) to which
the pattern belonged. The class label was displiyetD00 ms, with an interstimulus
interval of 500 ms relative to the offset of tharl@ng pattern. During the test phase of each
learning unit, which served to monitor the learnstgtus of the subject, the patterns were
shown once in random order for 200 ms and clasisifiethe subject by pressing the
appropriate button on the computer keyboard. Ndymtdle series of learning units continued
until the observer had achieved the learning eoiteof error-free classification (100%
correct) in one recognition test. However, thereay procedure was also terminated if
classification performance showed no further ingegia consecutive learning units and if the
patient reported that he/she was unable to impttueie performance any further.

Once the subjects had completed learning theyeahtbe second part of the
experiment, the generalization test. Here theiitglivas assessed to recognize contrast-
inverted versions of the previously learned patteBach test pattern was presented and
classified 3 times in random order, leading to dfegorization trials per subject. The timing
parameters were the same as in the recognitiondesing the preceding supervised learning.
Upon completion of the generalization test in Expent 2 participants were asked whether
they had noticed any difference between the pistused in the first part and those in the
second part of the experiment, and if so how tliferénce could be described.

All trials requiring a response on part of the @atj i.e. the recognition test trials
during the supervised learning and the generatiadst trials, were self-paced to allow
additional breaks where needed. It was intendedptndicipants carried out both experiments

with a short break in between. Experiment 1 alwaad to be completed before starting with
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Experiment 2. As Experiment 1 involved a relativelsy task, the categorization of simple
geometric forms, this ensured that patients wesadl familiar with the procedure when

they approached the more demanding task of leatningtegorize unfamiliar patterns in
Experiment 2. Furthermore, this procedure alloweduse of Experiment 1 as a test to ensure
that patients were capable to complete a categarping task of the given structure (i.e.,
involving 3 classes and 5 patterns per class)eRatnormally completed the two

experiments including breaks within a single 1-Arhsession.

2.5 Data analysis

The data was analysed in terms of the proportiacoaokct responses extracted from the
classification matrix of each observer. Owing te thlatively small sample size, all pairwise
group comparisons were based on nonparametric mardton tests of the scores using
NPFact version 1.0 (May, Hunter & Masson, 1993) emakidering all possible
permutations. The same software package was usenhsolidate standard Analysis of
Variance measures in factorial designs. Here théamization tests involved 100,000

permutations of each data set.

3 Resaults

As already mentioned, a major purpose of Experirhemas to familiarize the patients with
the task and to ensure that they were in prin@ple to learn pattern categories. Furthermore,
any emerging group difference was expected to fapatients with RH lesion - in line with

previous reports of a LH advantage for familiamstius material (e.g., Marzi & Berlucchi,
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1977). Against this baseline, Experiment 2 addgssging sets of unfamiliar patterns, the
main hypotheses of the paper concerning hemispt#férences for the representation of
pattern categories and related differences inukeeptibility to changes in appearance
induced by contrast reversal.

The data of Experiments 1 and 2 presented in thenximg are supplemented by the

results of some further assessments that wereedayut with the patients studied in Geneva.

3.1 Experiment 1

Here the participants first had to learn to classifple geometric forms of varying size
according to their shape into three categoriesy Wexe then asked to categorize contrast-
reversed versions of the previously learned shafases 2A and 2B summarise the results
for LH-lesioned and RH-lesioned patients, respetyivin the tablgyax denotes the peak
performance in the recognition tests during theestiped learning phask,represents the
number of learning units necessary to reagtx, and pnv shows the relative recognition rate
for the contrast inverted test patterns. As a &rrthdex to assess learning progress we
computedo,;, the recognition performance after the first l@agrunit (note that according to
Tables 2A and 2B each patient conducted at leasteamning unit in Experiment 1, hence
pL1 permits an exposure-equated comparison of perfacenafter the same amount of
learning experience).

Concerning learning, eight out of the nine patiemts RH lesions we able to classify
the patterns correctly after one learning unitygsdtient JC required two learning units. In
contrast, among the seven patients with LH lesoortg two achieved a correct classification
of all patterns in the first learning unit. Twotbk remaining five patients reached the

criterion within four learning units. All these pexits had difficulty in understanding that the
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task was to classify patterns according to preddfiabels. Patients ZL and GW initially
assigned patterns of the same category into the skss but allocated them to the wrong
class label; for example, they classified the tflaa as class 1 rather than class 2. Patient MA
tried to classify the patterns according to sizgl patient VG classified in a non-systematic,
haphazard way. Both MA and VG decided to termitia¢eexperiment after the fourth

learning unit, and did not take part in the subsetjiExperiment 2.

With MA and VG excluded from further analysis abgp level, LH patients on
average required 2.4 learning units to achieveram-&ee classification, significantly longer
(p<0.05, 1-tailed) than RH patients (mean: 1.1neay units). Furthermore, as illustrated in
Figure 3, exposure-equated learning performangcafter the first learning unit was
significantly higher (p<0.05, 1-tailed) in RH patts (mean: 0.93) than in LH patients (mean:
0.63). With regard to learning, both performancesuees therefore indicate an advantage of
the LH group for the acquisition of categories defl by simple geometric forms.

Reversal of contrast polarity had only a very nmigbact on categorization. After
having reached a perfect classification in theilegastage of the experiment, mean
performance during the generalization test (invajvihe contrast-reversed patterns) dropped
to 0.98 for LH patients and to 0.96 for RH patiefisere was no significant difference in

performance between the two groups (p=0.55).

3.2 Experiment 2
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In Experiment 2 the participants first had to leariclassify unfamiliar grey-level patterns
into three pre-defined categories. They were tls#edto categorize contrast-reversed
versions of the previously learned patterns. Tkalte for the two parts of the experiment are
again summarised in Tables 2A and 2B. As eachmgatieEExperiment 2 conducted at least
two learning units we computed, in analogy to Expent 1,p.» as exposure-equated index
of learning performance after these two units.

Concerning learning, all participating patientshialiH lesion reached a peak
classification performance of at least 0.73, sigaiitly above chance, with a group mean of
0.92. In contrast, four out of nine patients witH Rsions (JC, WM, RC, HH) failed to reach
a classification performance that was significaathpve chancegp$ > 0.19; binomial test),
with one patient (JC) terminating the experimerihpaturely after the second learning unit.
Among the remaining three of these patients, WMemily classified some patterns of class
1 and systematically misclassified some patterrdasfs 2 (as class 1) and of class 3 (as class
2). RC reported that he could not establish argitethat would allow him to assign the
patterns into the three classes. Similarly, tha ddHH showed no systematicity in the way
the patterns were classified. For the five RH pasievho displayed category learning above
chance level the mean peak performance was 0.85.

Because some of the patients did not reach theriomtof an error-free classification
in Experiment 2, LH-RH group comparisons of leagnperformance were based mn
scores only. For LH patients the mean exposureteduearning performance after the
second learning unit was 0.76, significantly higfet0.05, 1-tailed) than the mean value of
0.50 observed for RH patients. Thus, LH and RHegpési showed a dissociation of learning
performance complementary to the one observed prefiixent 1, and with a relative

advantage of LH patients for the learning of patategories defined by Gabor stimuli
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(Figure 3).

To assess the impact of contrast reversal on aategjon performance we combined,
as illustrated in Figure 4 (solid bars), the ddtthe peak performance achieved during
learning (i.e., th@uax scores) and of the performance during the gezeataln testny). A
2 x 2 mixed-model ANOVA was conducted with taplAx Vvs.pinv ) as within-subjects and
lesion side (left vs. right) as between-subjectsdia Levene’s test of equality of error
variances and Box’s test of equality of covariamadrices were both nonsignificant. The
ANOVA yielded a significant main effect of task (£{1)=30.89, p<0.0001) as well as a
significant interaction between task and lesiom gf{1,11)=9.92, p<0.01). Both effects were
confirmed by additional randomization tests based@0,000 permutations of the data set
yielding p<0.001 and p<0.05, respectively. The ificemt interaction term demonstrates that
LH and RH patients were differently affected by trast inversion in Experiment 2, with a
relative advantage of RH patients for generalizatggorical knowledge across this
particular change in pattern appearance. This ddgardid not depend on the floor effects
introduced by the data of the three RH patients,\vasanentioned earlier, had failed to reach
a classification performance above chance duriagiieg. Repeating the ANOVA without
the data of these patients (cf. Figure 4, open) bapdicated the main effect of task
(F(1,8)=24.91, p<0.001) and, crucially, the intéi@ac of task and lesion side (F(1,8)=6.98,
p<0.05). Again, both effects were consolidated dgittonal randomization tests (p<0.001

and p<0.05, respectively).



The group differences with regard to generalizatmoontrast reversal are also
reflected in differences in the ability to detdwot thange in contrast polarity (cf. last column
in Tables 2A and 2B). While a majority of patiemtish LH lesions correctly identified the
change in the patterns between learning and geéredrah as one of contrast reversal only
one out of eight RH-lesioned patients who compl&eperiment 2 was able to detect this
change, yielding a significant difference at grdenel (p<0.05, Fisher's Exact Test).

Remarkably, the only RH patient who correctly idiged the pattern change suffered
from anopia confined to one quadrant of the visiedd. None of the RH-lesioned patients
with hemianopia or hemineglect was able to doittestification. Rather they characterized
the pattern modification as a change in slimnes$) (&t height (WM, EM) of the bars within

the patterns, or more generally as a change iempatbmposition (AD) or clarity (KD).

3.3 Further assessments
Nine patients (three with LH lesion, six with RHilen) studied in Geneva completed two
additional tests to assess their ability to disorate between normal black and white
photographs (positives) and their contrast-reveveesions (negatives). There were 18
photographs (picture size: 9 x 13 cm), 6 of themwshg everyday objects (e.g. pushchair,
padlock, kettle) while the remaining 12 were potsraf unknown persons. For each of these
photographs the corresponding negative was produced

In the first test the participant was shown in @ndrder the positive and the
corresponding negative of each of the 18 picturbs.task was to decide for each picture pair
which image was the more realistic representalibie. number of correct discriminations

was scored.
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Six of the nine patients chose the correct picfuee, the positive) in all 18 picture
pairs. Two patients with RH lesions (JC and RC) tffctulty in solving the task for certain
picture pairs: JC selected the negative as the meatistic representation in 4 out of the 6
pairs of object pictures, and in 3 out of 12 pairportraits; RC selected the negative in 7 out
of the 12 pairs of portraits; he correctly solvied task for all picture pairs of objects but was
unable to detect the change of contrast polardsieRt PB was unable to tell any difference
between the positive and the negative of the inpags. Both versions appeared to him as
equally realistic representations.

The second test only involved the photographs epitrtraits and their negatives.
Subjects were given one positive photograph aha th random order. For each positive
they had to choose the corresponding negativentiheer of correct assignments and the
total time needed to complete this task for alllwegortraits were measured.

Eight out of nine patients assigned the correcatieg to each of the twelve positives.
Patient RC succeeded in this task with only 7 ef1B portraits. The total time needed to
complete the task varied across patients betweem 20 sec and 6 minutes. There was no
significant correlation between the speed in tleicpptual matching task and generalization

performance in Experiment 2 (Spearrsan= -0.46,p = 0.35).

4 Discussion

In two experiments involving different sets of stilmve have demonstrated that unilateral
posterior lesions in either the left or right hephiere may have a differential impact on the

acquisition and generalization of pattern categotiesions in the right hemisphere impeded
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the learning of unfamiliar grey level images moggesely than lesions in the left hemisphere,
whereas this relationship appeared reversed fde#lraing of categories defined by simple
geometric forms. This double dissociation rulesexglanations in terms of deficits in early
visual processing, decision making or other ungpeeifects of the brain lesions.

Furthermore, no asymmetries have been found fot elesientary visual
performance (like acuity) measures (e.g., Zihl &@on, 1985). With regard to contrast
sensitivity as a function of spatial frequency ¢évedence is mixed but may be attributed to
task differences (cf. Rao, Rourke & Whitman, 198ilya, Maia-Lopes, Mateus, Guerreiro,
Sampaio, Faria & Castel-Branco, 2007; but: BeatdBl&gkemore, 1981; Kitterle & Kay
1985; Peterzell, Harvey & Hardyck, 1989). Howevbis should not have affected our results
as all our patterns were high-contrast stimuli,fae above threshold. Moreover, it has been
proposed that LH-RH sensitivity differences mayuadly reflect hemispheric criterion
changes (Peterzell et al., 1989), to which fordeoiee procedures such as the classification
tasks in our experiments are unsusceptible.

With regard to generalization to contrast reversatlegorization performance of LH
and RH patients was virtually unaffected in cassiwiple geometric forms. However,
categorization of contrast-reversed grey-level iesagdjstinctly deteriorated for patients with
LH lesions relative to those with RH lesions. Agdirese differences could not be attributed
to visual processing of contrast information perAsditional assessments involving the
discrimination between and matching of contrasersed pictures revealed no systematic
differences between the two subgroups of testadmiat

These LH-RH differences emerged despite the ineleteariation that existed within
each patient group with regard to aetiology, lamaind extent of the lesion as well as

associated visual deficits. Typically, these irgraup variations worked against differences
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at group level: For example, PB (within the LH-tes&d group) produced an exceptional
pattern of results as in none of the assessmersthi@vable to distinguish between an image
and its contrast-reversed version. With regar@#orliing his performance also appeared more
in line with that of other RH rather than LH pati®nAs for a possible explanation, one could
speculate that the congenital nature of PB’s atenous malformation may have affected

his development of hemispheric complementarity whihintact right hemisphere taking over
part of the role of the left hemisphere in inforraatprocessing, thus causing this particular
pattern in the behavioural data. Conversely, SBthva®nly patient within the RH-lesioned
group who could identify the pattern manipulatiamidg the generalization test as a reversal
of contrast. However, his visual field defect wastricted to one quadrant only. None of the
other RH patients with hemianopia or heminegled ®alale to do this identification, whereas
the majority of LH patients were successful in tlaisk. The cases of PB and SB demonstrate
that the variability among patients had an attangatffect on the group differences,
rendering our LH-RH group comparison particuladyservative.

Our results therefore imply a differential procagsof visual stimuli during category
learning in the left and right hemisphere. Constlen of the nature of the stimuli in the two
experiments suggests a number of explanationsiéoernerging differences between RH and
LH patients. In the following, we will consider éacf these explanations in more detail.

One distinguishing feature between the stimuli usdéixperiments 1 and 2 is their
different degree of familiarity and ease with whtbley could be verbalized. Patterns in
experiment 1 were familiar geometric forms with ¢oan labels ‘{triangle’, “squaré,

“circle”) that had to be mapped onto the pre-defined IgbEIg2",”3") of the categories in
the learning task. In contrast, the patterns ireerpent 2 were highly unfamiliar and could

not readily be related to any pre-existing concepggher, the participants had to learn to
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relate these spatial patterns to the pre-defineghoaes and their labels during the supervised
learning procedure. The observed advantage of ihéeBioned group (i.e., patients with

intact LH) in Experiment 1 therefore conforms te thell-documented superiority of the left
hemisphere for the processing of familiar stimuhegerial (e.g., Marzi & Berlucchi, 1977),
whereas the relative advantage of the LH-lesiomed(i.e., patients with intact RH) in
Experiment 2 appears compatible with previous wamgtulating a competence of the right
hemisphere for the analysis of novel stimuli (eMpyzi & Berlucchi, 1977; Goldberg &

Costa, 1981; Marzi et al., 1985; Laeng & Rouw, 20@1potential problem for this
explanation is the difference between the two gsowmijph regard to generalization to contrast
reversal. Whereas LH-lesioned and RH-lesioned pitiere both virtually unaffected by a
change of contrast polarity in case of the simglengetric forms in Experiment 1, the same
manipulation of pattern appearance in Experimesie@rly had a more detrimental effect on
recognition performance for LH-lesioned relativeRid-lesioned patients, with the latter (but
not the former) being even unable to identify th&grn manipulation as one of contrast
reversal. This indicates that the differences beiwbe two groups are better characterized in
terms of a hemispheric specialization for the psso® of certain visual attributes (even for
the same stimulus material) rather than in terh@sspecialization for the processing of
certain stimulus types, like familiar versus unféanipatterns.

A hemispheric specialization for different typesvisfual attributes has been proposed
by Kossslyn et al. (1989), Hellige & Michimata (B9&nd Rybash & Hoyer (1992) (see
Jager & Postma, 2003, for a review). Accordingtg tight hemisphere possesses greater
competence for the evaluation of metric coordimefgesentations, whereas the left
hemisphere shows an advantage for the processiagerorical spatial relations. Coordinate

relations specify precise spatial locations of otg@r object parts in terms of metric units
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and give exact distances. For the classificatioBathor patterns in Experiment 2 it is
necessary to establish the spatial relationshipgdam the parts of these patterns, i.e. the
bright and dark bars. Computer simulations in thetext of previous work involving similar
stimulus material (Juttner et al., 2004; Rentsc&ldiittner, 2007) suggest that this requires
consideration of both part-specific (e.g., positiand part-relational (e.g., distance)
attributes, i.e. the type of metric spatial relasibip for which an advantage of the RH is to be
expected. In contrast, categorical spatial relati@fer to discrete-valued relationships that
result from assigning spatial configurations oamage of positions into an equivalence class
without defining exact metric properties. This tygeattribute seems adequate to distinguish
pattern classes defined by simple geometric fortmswdiffer in terms of simple contour
properties like the number and basic arrangemewndices. However, while the notion of a
RH specialisation for metric processing and a LEcsisation for categorical attributes
appears compatible with our learning data it res&acit as to the effect of contrast reversal,
i.e., a change in appearance that leaves the lsgéigonships unaltered. It therefore offers
no account for the left-right differences emergimghe generalization test.

A third account, that in a way combines the elementhe ideas of stimulus
specialization and attribute specialisation, isrtbBon of dissociable neural subsystems
operating in parallel in the two hemispheres armbdimg different aspects of the learning
stimuli (Marsolek, 1995, 1999). As outlined earliaccording to this account the right
hemisphere processes specific instances (or exajrgdla category, whereas the left
hemisphere encodes a more abstract category rapagse. Importantly, this theory predicts
a different processing of pattern attributes witthe two subsystems. Abstract-category
recognition should rely on an analytical assessmemdependent features or dimensions

and involve explicit attribute rules. By contragpecific-exemplar recognition should be
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based on a more whole-based processing strategyedatures are represented in
combination rather than independently.

On this basis, the classification task in Experitferequiring the independent
assessment of the dimensions shape and size weuidabively straightforward to be
accomplished by the abstract-category subsystenma@oitnin the left hemisphere. The
classification of the more complex stimuli in Exipeent 2 albeit possible would appear
considerably more difficult for this subsystem, dese the larger number of pattern
components (i.e., the bright and dark bars) an@xitensive reservoir of potential attributes
(e.q., part positions, relative distances, relasize) describing part relations make it more
difficult to establish abstract rules for categorgmbership. Conversely, it should be more
difficult for the exemplar-specific subsystem doating in the right hemisphere to separate
the pattern dimensions shape and size in Experifnesbereas learning in Experiment 2
should be facilitated because the whole-basedseptation of the patterns as category-
specific exemplars would make their analytical aeposition into parts and attributes
obsolete.

A differential processing of visual attributes hetleft and right hemisphere would
also account for differences in generalizationdotrast reversal, if one assumes that the
whole-based representation of exemplars in theé hghisphere includes information on
contrast polarity as a mandatory component. Thagd@ appearance induced by contrast
reversal would then make a matching to stored el@sdistinctly difficult, unless (as in
Experiment 1) global shape can be used to estabhlesborrect correspondence between
original and contrast-reversed version. Converselgft-nemispheric abstract representation
of categories in terms of analytic rules of patfeants and part-relational attributes could in

principle omit relative contrast if other attribstésuch as size, distance, aspect ratio) are
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sufficiently diagnostic for the individual categesi In this case the resulting category
representation should be invariant to contrastreale

A rule-based category representation in the laftisphere appears compatible with
reports of an increased left frontal activatioramalytic problem solving (Prabhakaran et al.,
1997), working memory tasks with verbal and analgtements (Smith & Jonides, 1997) and
the participation of left hemisphere areas in fdymantent-independent reasoning (Wharton
& Grafman, 1998). In an fMRI study Seger et aQ(Q) reported a left dorsolateral frontal
activity in a task of visual category learning @rficipants that showed high levels of
classification performance, and discussed the piisgthat such activation could reflect
verbal rule formation during the induction of patteategory knowledge. For normal
subjects and a non-lateralized stimulus presemtat® have shown in computer simulations
of behavioural data (Juttner et al., 2004) thag¢gaity learning of Compound Gabor gratings
(i.e., stimuli similar to those used in the pressnty) relies on production rules that combine
multiple attributes representing either propertiemdividual pattern parts or those of part
relations. Moreover, these simulations found thatiree proportion of contrast-invariant
attributes to predict how well class concepts rgyon these attributes could be generalized
to contrast inversion. Taken together, this evidesuggests that RH patients in the present
study accomplish the learning task by forming austrrule-based category representations
that primarily reside in the intact left hemisplgnmake little use of contrast information and,
as a direct consequence, are largely invariantréversal of contrast polarity. Such type of
representation could be regarded as a concepttaisan of previously hypothesized LH-
based networks for canonical object representatigtiistheir invariance towards mirror
reflections (Davidoff & Warrington, 1999, 2001).

With regard to the postulated exemplar-specifiegaty representation in the right
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hemisphere the evidence is more indirect. Segar €000) report a distinct right prefrontal
and inferior parietal activity during the earlyga of their visual category learning task and
relate this activation to the processing of spe@#ttern instances of each category. Such
activation is consistent with previous work showthg involvement of right prefrontal and
parietal areas during visual reasoning and vis@apmemory tasks (Jonides et al., 1993;
Smith & Jonides, 1997). For exemplars of familiategories, a right hemisphere advantage
has been observed in picture name verificationstéiskeng et al., 2003; Gauthier et al.,
1997). For unfamiliar grey-level (compound Gabaiterns we have recently shown that
categories of such patterns presented in theifaVfield (i.e. to the RH) are distinctly
faster learned and better generalized to othetimtathan those learnt in the right visual
field (i.e., with the LH) (Juttner & Rentschler,@®). These results are consistent with the
advantage of LH patients during the categorizabibime Gabor patterns in Experiment 2.
Moreover, the better generalization of RH repres@ms to positional changes appears
complementary to the better generalization of Lpt@ésentations to contrast reversal
observed in the present study. Such complementadigates that generic perceptual
invariance is mediated jointly by category repréagons in the two hemispheres rather than
by a single, unilateral one.

Among the patients with LH lesion, two (GW, AG) sfed symptoms of alexia, and
among those with RH lesion two (WM, KD) displaysangptoms of prosopagnosia. The
results of these patients did not substantialliedirom those with lesions on the same side
but without visual recognition disorders. On the ¢vand, this suggests that the observed
differences for category learning and generalizattocontrast reversal were not associated
with the disorders per se but reflect propertiethefresidual recognition of the visual system

within the intact hemisphere. On the other hanel wtbll-documented dissociative character
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of alexia and prosopagnosia (see e.g.Hoff & PA&87; Hécaen & Angelergues, 1956,
Grusser & Landis, 1991) can be related to the idiffeal processing of contrast information
in the two hemispheres. The recognition of let{affected in alexia) and other common
objects is known to be invariant to contrast reakefGalper, 1970; Hayes, Morrone, & Burr,
1986; Subramaniam & Biederman, 1997), in accordantethe relative insensitivity to
changes in contrast polarity in RH-lesioned indists in the present study. The recognition
of faces (affected in prosopagnosia) crucially deiseon the use of contrast information and
is severely disrupted by contrast reversal (Galp@rQ, Hayes et al., 1986; Liu & Chaudhuri,
1997; Nederhauser et al., 2007), consistent wihrehative sensitivity to changes in contrast
polarity shown by LH-lesioned patients. It is temgtto speculate that the hemispheric
dissociation of alexia and prosopagnosia is a Speunsequence of a more general
dissociation in the processing of contrast infororaby the two hemispheres, with the right
hemisphere being more adequate to lay down exeetrépresentations including
information about contrast polarity.

In conclusion, our findings provide further eviderfor the notion of a particular
competence of the right hemisphere for visuallaitas (Vandenbulcke et al al., 2006), in
line with several neurobiological theories of knedde processing for object recognition
(e.g., Shallice, 1988; Warrington & McCarthy, 198ilumphreys & Riddoch, 1984; Farah
1990, Humphreys & Forde, 2000). In addition, owgafic paradigm of testing pattern
category learning in hemianopic patients with ueilal brain lesions adds a novel
perspective by demonstrating a generic abilityhefremaining intact (left or right)
hemisphere to learn pattern categories with twg dédferent sets of stimuli. Despite this
apparently bi-hemispheric competence the underiyggpgesentations in each hemisphere

differed qualitatively as evidenced by their diéiet potential for generalization to contrast
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reversal. The results raise the possibility of dtiple (rather than unitary) representation of
visual categories that could facilitate percepinehriance and thereby improve the
robustness of object recognition.

In our study we made use of the fact that, owintpéolocation and extent of the brain
lesions in our patients, we could assess the tanion of the remainingtact left or right
hemisphere in relative isolation. Future work coctaisider — based on single-case or
neuroimaging paradigms - a complementary approadkhich categorization performance
of thelesionedhemisphere is cross-referenced with regard téoiteion of the lesion and its
associated visual field deficits. Similar to praxsovork in the domains of face recognition
(e.g. Sorger, Goebel, Schiltz & Rossion, 2007) muadion perception (e.g. Castelo-Branco et
al., 2006) such a strategy could provide a routxfore within each hemisphere the

functional neuroanatomy underlying visual categepresentations.
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Tables

Table 1

Demographic and clinical details of participatiragipnts

Patient/Sex Age Lesion Localisation Duration Visligld Agnosias
of lesion of lesion defect
AD/m 31 infarct right temporo- 2a HA, left none
occipital
AG/m 66 infarct left temporo- 16m HA, right alexi
occipital colour agnosia
EM/w 57 operation right temporo- 21a HA, left neo
for glioma parieto-occipital
GW/w 28 thrombosis left temporal 7d HA, right >ake
HH/m 65 infarct right parietal im NL, left none
to orbito-frontal
JC/w 79 infarct right temporal 3m NL, left anosogia
superior and
right parietal
KD /w 67 infarct right temporo- 12a HA, left prgsocand
occipital topograph agnosia
MA / w 80 infarct left temporo- 10d HA, right none
parieto-occipital
PB/m 46 operation of an left occipital 2a Hight none
arteriovenous
malformation
SB/m 64 infarct right occipital im QA, left none
superior
RC/m 64 operation right temporal 2m HA, left none
for glioma
RG/m 79 infarct left occipital 2m HA right none
RR/m 82 hemorrhage right occipital 14d QA, left onme
superior
VG /w 52 hemorrhage left temporo- 14d HA, right one
occiptial
WM/m 76 infarct bilat. occipito- 7a HA, bilatdrarosopagnosia,
temporal, right superior pure alexia
frontal
ZL/w 59 infarct left occipital 7d HA, right none

Note: m / f = male / female; duration of lesion: timeveen onset of brain lesion and testing given eryda),
months (m) or days (d); visual field defect: HA enfianopia, QA = quadrantanopia, NL = hemineglect

36



Table 2A
Results of patients with LH lesions in Experimehisnd 2

Patient Visual field Exp. 1 (simple geometric foy)ms  Exp. 2 (Gabor patterns)

defect
P N Puax Pav P2 N puax Pnv con.rev.id.

AG HA, right 33 2 10 1.0 94 3 1.0 .80 +
GW HA, right 53 3 1.0 .89 .60 8 .94 .67
MA HA, right 33 4 30 o o o o o o
PB HA, right 1.0 1 10 1.0 .80 5 .94 85 -
RG HA, right 10 1 10 1.0 .60 3 .73 .38 +
VG HA, right .40 4 60 o o o o o o
ZL HA, right 33 4 10 10 .86 4 1.0 .87 +
Table 2B

Results of patients with RH lesions in Experimeintnd 2

Patient Visual field Exp. 1 (simple geometric foyms  Exp. 2 (Gabor patterns)

defect
Pi N Puax Pav P2 N puax Pnv con.rev.id.

AD HA, left 1.0 1 10 1.0 90 2 1.0 .93 -
EM HA, left 1.0 1 1.0 1.0 50 4 .80 .73 -
HH NL, left 1.0 1 1.0 .89 26 12 .33 .22 -
JC NL, left 40 2 1.0 1.0 40 2 400 o

KD HA, left 1.0 1 1.0 .98 50 5 .80 .78 -
RC HA, left 1.0 1 1.0 .89 33 3 .27 .33 -
RR QA leftsup. 1.0 1 1.0 .96 53 7 .73 57 -
SB QA leftsup. 10 1 10 1.0 .80 4 93 .93 +
WM  HA, sup. 1.0 1 1.0 .98 .33 13 .47 .38 -

Note: visual field defect: HA = hemianopia, QA = quadearopia, NL = hemineglectpyuax: peak recognition
rate during supervised learnifg; number of learning unitg, ; ,p »: exposure-equated learning performance
after one (Experiment 1) resp. two (Experimenteyhing unitspy recognition rate for contrast-reversed
patternsyo: patient decided to abandon experiment; con.idevcorrect (+) or incorrect (-) identification of
pattern change during generalization test as cetrmeaersal
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Captions

Figure 1. Two sets of patterns used for category learriay)In Experiment 1 the set
consisted of 15 simple geometric forms (five sgsafige triangles, five circles) of varying
size. Each form defined one pattern class to bretiéy the participan{B) Experiment 2
employed a set of 15 unfamiliar grey-level imaghgided into three classes of five samples
each. The stimuli were based on a set of compowimbigratings used in a previous study
(set I in Juttner et al., 2004). To facilitate ttadegorization of these patterns by patients,
accentuated versions of the Gabor gratings werergtad in which all image parts with

intermediate grey-level values had been removed.

Figure 2. lllustration of normal and contrast-reversed paten Experiment 1 (simple
forms) and Experiment 2 (Gabor patterns). In exgleement, participants were first trained
to categorize the normal versions of the pattéFhs.learning procedure was followed by a

generalization test using the contrast-invertedioes.

Figure 3. Group comparison of exposure-equated learningpopaence in Experiments 1 and
2. The bars show for LH and RH patients the mearesoofp.; (p.2), the recognition
performance after one (two) learning units (theimurm number of learning units each
patient completed in Experiments 1 and 2, respelgdivNote the complementary
performance pattern displayed by LH and RH patiests regard to the categorization of

simple geometric forms (Experiment 1) and Gabanusli (Experiment 2).
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Figure 4. Impact of contrast inversion on the classificatdithe Gabor patterns in
Experiment 2. The bars show for LH and RH pati¢mésmean scores of the peak
performance achieved during learnipg4x) and of the correct classifications of the coritras
reversed patterns in the generalisation fggt)( Note the reduced impact of contrast reversal
on classification performance of RH patients, rdlgsms whether the data is pooled across all
RH patients (solid bars) or across only those aiphiax sScore above chance level (open

bars).
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