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Abstract
Introduction: Interictal deficits of elementary visuo-cognitive functions are well documented in patients with migraine
and are mostly explained in terms of neocortical hyperexcitability. It has been suggested that the basal ganglia and the
hippocampi might also be affected in migraine. If so, a deterioration of learning and memory processes related to these
structures is expected.
Methods: A visual learning paradigm thought to be capable of dissociating learning/memory processes mediated by the
basal ganglia from processes mediated by the hippocampus (the Rutgers Acquired Equivalence Test) was applied to a
group of patients with migraine without aura and to age- and sex-matched controls.
Results: Patients with migraine showed a significantly poorer performance in both main phases of the test and the deficit
in the phase considered to be dependent on the hippocampi was especially marked.
Conclusions: These results can be interpreted as behavioural support for findings that have suggested the involvement
of the basal ganglia and the hippocampi in migraine, but further research is needed to clarify these findings.
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Introduction
It has been known for some time that certain elements
of visuo-cognitive processing function suboptimally in
patients with migraine, both with and without aura
(1–9). The functions studied previously have been predominantly elementary functions, such as contrast sensitivity and local contour integration, and the observed
deﬁcits have mostly been explained in terms of neocortical hyperexcitability and the subsequent increased
internal noise due, in particular, to deﬁcient top-down
inhibition (4,7,10–12).
A recent imaging study, however, showed that the
basal ganglia can also be aﬀected by migraine without
aura (13) and there is evidence from rodents to suggest
that cortical spreading depression – a hallmark feature
of migraine with aura – can spread on to the hippocampus through the entorhinal cortex and alter signal processing there (14,15). The roles of the basal ganglia and
the hippocampi have been shown in a wide range of
higher cognitive functions, the most important of

which are the various types of learning and memory
(16,17). Therefore, if these structures are aﬀected in
migraine, deﬁcits would be expected in related learning
and memory functions.
In 2003, Myers et al. (18) found that a cognitive task
called the acquired equivalence paradigm may be the
optimum tool with which to analyse separately the
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Bács-Kiskun County Hospital, Neurology and Stroke Department,
Kecskemét, Hungary
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functioning of the hippocampi and the basal ganglia, as
these structures support performance in diﬀerent
phases of the paradigm, as evidenced by the performance of patients with Parkinson’s disease and hippocampal atrophy on a computerized version of the task.
In an acquired equivalence task, the participant
learns that two or more stimuli are equivalent in
terms of being mapped onto the same outcomes or
responses. This is referred to as functional equivalence
because the stimuli are grouped, not according to their
inherent characteristics, but on a functional feature (i.e.
the outcome associated with them) (19). The computerized version of the task Myers et al. (18) used, the
Rutgers Acquired Equivalence Task (RAET), consists
of two main phases. In the acquisition phase, the participants have to learn to associate pairs of visual stimuli (antecedents and consequents) and the equivalence
testing or transfer phase includes new pairings of familiar antecedents and consequents. If the functional
equivalence has been successfully established, the participants will have no diﬃculty with these new pairings.
Myers et al. (18) found that patients with Parkinson’s
disease performed signiﬁcantly worse in the acquisition
phase (but transferred well), whereas patients with mild
to moderate hippocampal atrophy showed the opposite
pattern.
Considering the latest ﬁndings in connection with
the involvement of these brain structures in patients
with migraine, we decided to test a group of adult
migraineurs with RAET to see if we could ﬁnd evidence
for involvement at the behavioural level. We acquired
written permission from Catherine Myers and her colleagues at Rutgers University to use RAET and then
prepared a Hungarian version of the test and administered it to a group of patients with migraine without
aura.

Methods
The 22 migraineurs (two men, 20 women, age range
(median) 20–52 (42.5) years were patients of the
Neurology and Stroke Department of the Hospital of
Kecskemét, Hungary. The inclusion criterion was a
diagnosis of migraine without aura as determined by
the same neurologist according to the ICHD-2. Only
patients with no other neurological, psychiatric or ophthalmological disorder were eligible for this study. A
negative history was veriﬁed from the patients’ ﬁles.
A further exclusion criterion was colour vision deﬁciency, which was tested using Ishihara plates before
testing. For all patients, at least ﬁve days had passed
since the last attack at the time of testing. The study size
was determined by the timeframe (six months) and the
rigorous application of the diagnostic and inclusion/
exclusion criteria. In total, 37 patients with migraine
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were approached in the study period. Ten were
excluded because they had migraine with aura (or
attacks both with and without aura); other neurological
condition(s) were present in three patients; in one
patient psychiatric comorbidity led to exclusion; and
one patient dropped out because of a computer failure
at the end of the acquisition phase. This left us with the
ﬁnal sample of 22 patients.
Ten of the 22 patients were receiving ﬂunarizine as
interval treatment at a dose of 10 mg/day. Other
prophylactic drugs included topiramate (25 mg/day;
one patient) and mitrazapine (15 mg/day; one patient).
Ten patients received no interval treatment. Migraine
abortive drugs were used by all patients. These were
dominantly sumatriptane and non-steroidal antiinﬂammatory drugs (ibuprofen, naproxen, diclofenac
sodium, metamizole sodium, indomethacin). Two
patients also used ergotamine tartarate for migraine
abortive purposes.
As the study was carried out according to a one case–
one control design, the control group consisted of 22
healthy volunteers matched to the migraineur group in
sex, age and level of education (nELEMENTARY ¼ 3,
nSECONDARY ¼ 10, nHIGHER ¼ 9 in both groups). The exclusion criteria were the same as in the migraineur group,
with the extra requirement that the participants had no
history of any kind of headache. The controls were
recruited from co-workers in various departments of
the Faculty of Medicine. Given the small sample size,
potential controls were approached personally. All
agreed to participate.
The study protocol conformed to the tenets of the
Declaration of Helsinki in all respects and was
approved by the Regional Research Ethics Committee
for Medical Research at the University of Szeged.
Before testing, the potential participants were informed
about the background and goals of the study, as well as
the procedures involved. This information was provided both in oral and written form. Neither the
patients with migraine nor the controls received any
reward or compensation for their participation. It was
made clear that the study served scientiﬁc purposes
only and that it had no direct diagnostic or therapeutic
use. It was also emphasized that, given the lack of compensation or any direct beneﬁt, the participants were
free to leave at any time without any consequence
(none elected to do so). Those who decided to volunteer
signed an informed consent form. Table 1 summarizes
the basic demographic and migraine-speciﬁc characteristics of the study and control groups.
The testing software was written in Assembly for
Windows. The software was a modiﬁed form of
RAET (18), used and modiﬁed with the written permission of Myers et al. (18). The tests were run on a
Lenovo ThinkPad T430 laptop computer. The testing
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Table 1. Demographic and migraine characteristics of the participants.

Controls (n ¼ 22)
Patients with migraine (n ¼ 22)

Age (years)

Sex ratio
(female:male)

Migraine
history (years)

Attack frequency
per month

Estimated total
number of attacks

44.0 (21–51)
42.5 (20–52)

20:2
20:2

n/a
15.64  10.9

n/a
5.0  4.8

n/a
414 (18–4000)

Data are presented as median (range) or mean  SD values.

Table 2. Summary of the acquired equivalence paradigm (18).
Acquisition
stage 1:
shaping

Acquisition
stage 2:
equivalence
training

A1 ! X1

A1 ! X1
A2 ! X1

B1 ! Y1

B1 ! Y1
B2 ! Y1

Acquisition
stage 3:
new
consequents
A1 ! X1
A2 ! X2
A1 ! X2
B1 ! Y1
B2 ! Y1
B1 ! Y2

Transfer phase:
equivalence
testing

A2 ! X2?

B2 ! Y2?

sessions took place in a quiet room with the participants sitting at a comfortable distance from the computer screen. One participant was tested at a time and
no time limit was set so that the participants could concentrate on the task.
The testing was carried out according to the method
of Myers et al. (18). The acquired equivalence paradigm
was structured as follows (see also Table 2). On each
trial of the task, the participants saw a face and a pair
of ﬁsh and had to learn through trial and error which of
the ﬁsh went with which face (Figure 1). There were
four faces (A1, A2, B1, B2) and four possible ﬁsh
(X1, X2, Y1, Y2), referred to as antecedents and consequents, respectively. In the initial training stages the
participants were expected to learn that when A1 or A2
appeared, the correct answer was to choose ﬁsh X1 over
ﬁsh Y1; given face B1 or B2, the correct answer was to
choose ﬁsh Y1 over ﬁsh X1. If the associations were
successfully learned, the participants also learnt that
face A1 and A2 were equivalent with respect to the
associated ﬁsh (faces B1 and B2 likewise). Next, the
participants learned a new set of pairs. Given face
A1, they had to choose ﬁsh X2 over Y2 and given
face B1 they had to choose ﬁsh Y2 over X2. The participants were then given a transfer test to see if they
would choose ﬁsh X2 or Y2 given face A2 or B2.
Having learned that faces A1 and A2 were equivalent,
the participants may generalize from learning that if A1
goes with Y1, then A2 also goes with X2; the same
holds for B2 (equivalent to B1) and Y2 (associated

with B1). Although the formal description may give
the impression that the task is diﬃcult, healthy children
(20) and participants with mental retardation (21,22)
have been shown to reliably make this kind of
generalization.
The participants’ task throughout the acquisition and
testing phases was to indicate their choice in each trial by
pressing one of two keyboard buttons labelled LEFT
and RIGHT. Visual feedback on the correctness of
choice was provided in the acquisition phases, but not
in the transfer phase. The original version of the test uses
audio-visual feedback, but as our aim was to test visual
learning, the audio responses were omitted. New associations were introduced one by one during the acquisition
stages. New associations were presented mixed with
trials of previously learned associations. The participants had to achieve a certain number of consecutive
correct answers after the presentation of each new association (four after the presentation of the ﬁrst association, and 4, 6, 8, 10 and 12 with the introduction of
each new association) to be allowed to proceed. This
meant an increased number of the required consecutive
correct trials compared with the original paradigm,
which made getting through the acquisition phase by
mere guessing less probable. Similarly, there were 48
trials in the transfer phase (12 trials of new and 36
trials of previously learned associations), as opposed
to the 16 trials of the original paradigm.
The results were analysed in three groups: the results
from the acquisition phases; the results from the ‘old
associations’ part of the test phase (i.e. when the participant was presented an already learned association);
and the results from the transfer part of the test phase
(i.e. hitherto not learned associations). The number of
correct and wrong answers were recorded in all phases,
as well as the ratio of these numbers to the total number
of trials during the respective phase. The number of
trials necessary for the completion of the acquisition
phase was also recorded.
Statistical analyses were conducted in SPSS 21.0
(IBM, USA) to compare the migraineurs and controls
in terms of error ratios and the number of trials necessary for the completion of the acquisition phase. As the
Shapiro–Wilk test indicated a normal distribution for
all studied variables, one-way ANOVA was used for
the comparisons. Additional linear regression analyses
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(a)

(b)

Helyes!

Melyik hal tartozik hozzá?
A BAL vagy a JOBB?

Figure 1. Example screen events during one trial. (a) Stimuli appear. (b) Participant responds and corrective feedback is given.
Translation of Hungarian: (a) ‘Which fish belongs to her? The LEFT or the RIGHT one?’; (b) ‘Right!’.

were performed to determine whether any of the examined migraine characteristics (e.g. migraine history in
years, attack frequency per month) had an eﬀect on
the target variables in the migraine group (error rates
and the number of acquisition trials). The eﬀect of
interval treatment as a long-term inﬂuence (and thus
a potential confounder) was also tested.

Results
All the migraineurs and controls were able to complete
both phases of the task. The mean error ratio during
the acquisition phase was signiﬁcantly higher in the
migraine group than in the control group (0.16 vs.
0.078 mean error ratios for migraineurs and controls,
respectively; F ¼ 9.078; df ¼ 1; p ¼ 0.011, two-tailed;
Z2 ¼ 0.144). This is also reﬂected in the fact that the
migraine group needed signiﬁcantly more trials than
the controls for the completion of the acquisition
phase (mean number of trials nMIGRAINE ¼ 118.8,
nCONTROL ¼ 56.5; F ¼ 6.691; df ¼ 1; p ¼ 0.016, twotailed; Z2 ¼ 0.130). When tested for the already
acquired associations, the two groups did not show signiﬁcantly diﬀerent error ratios (0.077 vs. 0.033 mean
error ratios for migraineurs and controls, respectively;
F ¼ 3.762; df ¼ 1; p ¼ 0.06, two-tailed; Z2 ¼ 0.043), but
when tested for transfer, the diﬀerence was very diﬀerent, indicating the advantage of the control group
(0.474 vs. 0.083 mean error ratios for migraineurs and
controls, respectively; F ¼ 22.306; df ¼ 1; p < 0.001,
two-tailed; Z2 ¼ 0.288).
As the migraine group needed signiﬁcantly more
trials to reach criterion, they were over-trained. To
check if this over-training could have led to the signiﬁcantly poorer performance of the migraineurs on the
generalization part of the task, we conducted

ANCOVA with the number of teaching trials as a covariate. The signiﬁcance decreased, but the eﬀect
remained highly signiﬁcant (F ¼ 11.364; df ¼ 1;
p ¼ 0.002) (Figure 2). The most marked diﬀerence
between migraineurs and controls was therefore
observed in the transfer phase, which is well illustrated
by the distribution of the participants’ performance
expressed as their error ratios. In the control group,
19 of the 22 participants (86.36%) stayed below an
error ratio of 0.01. Twelve of these participants
(54.54% of the control sample) made no error at all.
The maximum error ratio in the control group was 0.5,
reached by only one participant. In contrast, in the
migraineur group, 14 (63%) participants were characterized by error ratios > 0.5, including four participants
(18% of the migraineur sample) whose error ratio was
1.0. Only ﬁve (22.7%) participants made no error in
this group.
Interval treatment (ﬂunarizine) had no eﬀect on performance in any of the test stages (patients receiving
interval treatment vs. patients not receiving interval
treatment; p ¼ 0.46, 0.98 and 0.30 for acquisition, testing for acquired pairs and transfer, respectively).
According to the regression analyses, age did not
have a signiﬁcant inﬂuence on any of the test variables
in either group and, in the migraine group, neither
migraine duration in years, attack frequency per
month nor the estimated total number of attacks
during the participant’s lifetime made a signiﬁcant difference in any of the test variables. In other words, the
test variables were independent of these factors.

Discussion
These results indicate that migraineurs acquired visual
stimulus pairings and the pairing rule with signiﬁcantly
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0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
Learning error ratio
p=0.011

Known pairs error ratio
p=0.06

Transfer error ratio
p<0.01

Figure 2. Error ratios in the three main phases of the paradigm. Learning error ratio and known pairs error ratio characterize
learning efficiency in the acquisition phase, whereas the transfer error ratio characterizes the ability of the participant to generalize the
acquired rule of equivalence to novel recombinations of previously trained stimuli. Black: migraineurs; grey: controls; columns: means;
error bars: standard deviation.

greater diﬃculty than matched controls, but, having
acquired them, their recall performance for already
seen stimulus pairs was on par with that of controls.
However, when it came to generalizing the pairing rule
to hitherto not seen stimuli, they performed predominantly at chance level or worse, whereas most controls
applied the rule correctly with an error ratio < 1%.
The acquisition phase of the paradigm applied in
this study involves two diﬀerent kinds of learning: associative learning of the individual stimulus pairs and the
implicit learning of stimulus categories. Trial and error
associative learning of the individual stimulus pairs
with immediate feedback after each trial assumes the
intact functioning of the dorsal striatum (16) and is
highly dependent on the dopaminergic input (23).
Although the neural basis of the implicit learning of
categories (i.e. the rule of which stimuli belong together
as functional equivalents in our paradigm) is not well
understood, it is widely accepted that the basal ganglia
play a key part in this form of learning (24). In their
elegant series of experiments, Meeter et al. (19) showed
that the stimuli in RAET become functional equivalents through an alteration of their representation in
the participants’ memory. Implicit category learning is
hypothesized to depend on posterior cortical areas supported by cortico-striatal circuits, connecting these to
the basal ganglia, speciﬁcally the caudate (25,26).
Considering what we know about associative learning

and the ﬁndings of Meeter et al. (19), the role of these
areas in this paradigm is to associate the individual
stimulus pairs and to alter stimulus representations in
such a way that functionally equivalent stimuli belong
to the same category. It comes as no surprise that
patients with Parkinson’s disease showed a signiﬁcant
deﬁcit in this phase (18).
In view of the assumed role of the basal ganglia in
the memory processes of the acquisition phase, our
results seem to be a behavioural corroboration of the
ﬁndings of Maleki et al. (13) based on functional magnetic resonance imaging. They concluded that ‘migraine
attacks the basal ganglia’ (13). We also took into consideration the fact that the calcium channel antagonist
ﬂunarizine – the prophylactic drug used by half of our
patients – is also a dopamine receptor antagonist
(27,28) that has been shown to cause learning and
memory deﬁcits in animal models (29,30). As trial
and error learning is dopamine-mediated, we expected
that ﬂunarizine could interfere with it. The results did
not show this, however: ﬂunarizine did not have any
inﬂuence on the performance of patients in the acquisition phase. Given the small sample size, it cannot be
generally concluded that the drug has no inﬂuence on
learning of this type, but, in this study, deﬁcient performance in the acquisition phase (i.e. trial and error
learning and implicit rule acquisition/functional
equivalence) appeared to be related to migraine,
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which supports the hypothesized involvement of the
basal ganglia in migraine. It should not be forgotten,
however, that feedback-guided associative learning is
not pure implicit learning (31). Participants make conscious eﬀorts to memorize the associations and they
might apply various strategies to reach this end. The
wrong strategy, consciously applied, can have profound
eﬀects on the outcome. As we did not examine this
aspect in this study (i.e. conscious rule/strategy application), this possibility cannot be ruled out.
As suggested by Myers et al. (18), the hippocampi
are structures of key importance in the transfer phase,
when the rule of functional equivalence has to be
applied to new stimuli: patients with hippocampal atrophy cannot make this kind of generalization. Our
results suggested that migraineurs have similar diﬃculties. More than 60% of the studied migraine group performed below chance level and nearly 20% (four
participants) appeared to have generalized reliably
according to a rule other than that deﬁned by the
task (no correct response). On one hand, this could
indicate hippocampal dysfunction in migraine. Based
on the results of this study, we cannot argue for or
against this possibility and published data on hippocampal involvement in migraine is almost non-existent.
In rodent models, cortical spreading depression has
been described to spread on to the hippocampi and
cause functional alterations (14,15), but, as we studied
patients with migraine without aura, the eﬀect of cortical spreading depression does not seem to be a plausible explanation – and it is not known whether the same
eﬀect is seen in humans. An alternative explanation is
that this is a secondary deﬁcit that follows logically
from the suboptimum functioning of the basal
ganglia. If the modiﬁcation of stimulus representations
cannot happen and thus functional equivalence
between the antecendents and consequents is not
formed, there is no rule that the hippocampi could
apply to new stimuli.
Four participants in the migraine group failed to
give correct responses in the transfer phase. Could it
be that they applied a wrong rule/strategy in the acquisition phase and they carried this over to the transfer
phase? If so, it should be reﬂected in their performance
in the acquisition phase. To examine this possibility, we
compared the acquisition phase indices of 100% incorrect responders with those of 100% correct responders.
The only diﬀerence we found was that the 100% incorrect responders needed almost twice as many trials to
accomplish the acquisition phase (130 vs. 73), but they
ﬁnally acquired the rule at the same level as the 100%
correct responders. The same is true for those who generalized exactly at chance level (144 teaching trials).
This suggests that the generalization error is not secondary to failure in the acquisition phase.
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But does this task really depend on the basal ganglia
and the hippocampi, or is there something else that is
common to the various disorders that have been
described to lead to a deﬁcient performance? Such disorders include Parkinson’s disease and hippocampal
atrophy (18), mild Alzheimer’s disease (31) and longterm cocaine use (32).
Any psychophysical task that requires the participants to maintain attention for a longer period raises
the question of attention deﬁcit. Although we did not
monitor attention in any direct way, we observed no
deterioration in performance as a function of time
(which would indicate diﬃculty in maintaining attention) and the (limited amount of) published data on
visual attention in migraine is deﬁnitely against the
idea that migraine is characterized by attention deﬁcit
by default (33–35), which is not to be confused with
an inability to ﬁlter visual noise (36). Therefore we do
not consider the observed alterations to be attentionrelated. This led us to conclude that, even if any or all
of the other disorders are characterized by a general
attention deﬁcit or diﬃculty in maintaining attention,
migraine does not share this feature, so in migraine it
is not a likely explanation for the deﬁcient
performance.
How do migraine patients perform compared with
patients with other disorders in which a deﬁcient performance on RAET was found? In patients with
Parkinson’s disease (18) and those with long-term
cocaine use (32), the marked deﬁcit characterizes the
acquisition phase, but if the participants reach criterion, the transfer is almost intact. Both phases are
aﬀected in patients with migraine, but the deﬁcit of
the transfer phase is much more obvious. The availability of fronto-striatal dopamine is limited in patients
with Parkinson’s disease and the availability of D2
dopamine receptors is limited in those with long-term
cocaine use (37). We might therefore conclude – without limiting the problem to the basal ganglia – that the
acquisition phase of the task is dependent on the intact
functioning of the fronto-striatal dopamine system.
Given the known association of migraine with extrapyramidal disorders (38–40), impaired dopaminemediated learning would come as no surprise, but the
role of ﬂunarizine has to be clariﬁed before any conclusion can be drawn.
Our ﬁndings show the closest similarity to the results
found in patients with mild Alzheimer’s disease (31) –
that is, mild impairment in the acquisition phase with
profound impairment in the transfer phase. This ﬁnding provides further support to the assumption that the
transfer phase is dependent on the hippocampi (and
their connections) because hippocampal atrophy is a
key feature of the early stages of Alzheimer’s disease
(41). If we accept this assumption as a working
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hypothesis, our results might be interpreted as behavioural support for the involvement of the hippocampi
in migraine – without aura in this speciﬁc example.
These are only simplifying hypotheses, however. The
only strong conclusion our data allow is that certain
learning and memory processes linked in previously
published work to the basal ganglia and the hippocampi are deﬁcient in patients with migraine, which,
in our opinion, deserves further exploration, especially
because important questions remain unanswered.
One of these questions is the issue of sex diﬀerences.
As a result of the uneven distribution of the sexes in our
sample (even if reasonable given the population), sexrelated conclusions cannot be drawn from the results.
This uneven distribution followed from the rigorous
application of the diagnostic criteria and, in this
sense, it might be regarded as the cost of having a
study group free of false positives; however, a more
balanced sample would be desirable. Another important question is how ﬂunarizine inﬂuences the performance on this task. Although we found no statistically
signiﬁcant diﬀerence between patients in this respect, a
10 vs. 10 comparison is far too weak to allow any conclusions to be drawn. As data are available on the

learning impairments caused by other calcium channel
blockers (e.g. verapamil) in humans, it is diﬃcult to
accept that ﬂunarizine has no such eﬀect, especially
because it is also a dopamine receptor antagonist. The
application of the same paradigm to a population of
patients with migraine with aura would help to clarify
these ﬁndings.

Conclusions
We sought to provide behavioural evidence for the
involvement of the basal ganglia and the hippocampi
in migraine. We applied a learning and generalization
paradigm that has been suggested to rely on these structures. We found a mild (but signiﬁcant) impairment in
associative learning with profoundly impaired generalization. Our results support the involvement of the
basal ganglia and the hippocampi (more precisely,
their functional networks) in migraine without aura.
Although we cannot provide an exact explanation for
our ﬁndings, these results emphasize the importance of
further research into how migraine (with and without
aura) aﬀects subcortical structures and non-neocortical
areas.

Article highlights
. Adult migraineurs and controls were tested with a computerized acquired equivalence paradigm assumed to
rely on the basal ganglia and the hippocampi.
. The paradigm involved associative learning, implicit rule extraction and rule generalization.
. The migraineurs showed signiﬁcantly poorer performance than the controls in the phases related to the basal
ganglia (associative learning and implicit rule extraction).
. Most of the migraineurs performed below chance level in the phase related to the hippocampus (rule generalization) and some of them could not make the generalization at all.
. The results seem to support the hypothesized involvement of the basal ganglia and the hippocampi in
migraine without aura.
. The raw data of the study are available from the corresponding author by email.

Acknowledgements

Funding
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leader of the Department of Neurology at the István Bugyi
Hospital, Szentes, Hungary, for his generous professional
support. We are especially grateful to Anna Pihokker, Petra
Rózsa and Dr Gabriella Eördegh for the recruitment of
healthy control participants.

The authors disclosed receipt of the following ﬁnancial support for the research, authorship, and/or publication of this
article: This work was supported by Hungarian Brain
Research Program Grant KTIA_13_NAP-A-I/15 and by
OTKA Hungary Grant No. K83810.

Declaration of conflicting interests
The authors declared no potential conﬂicts of interest with
respect to the research, authorship, and/or publication of this
article.

References
1. Wagner D, Manahilov V, Gordon GE, et al. Global
shape processing deficits are amplified by temporal masking in migraine. Invest Ophthalmol Vis Sci 2013; 54:
1160–1168.
2. Shepherd AJ. Visual contrast processing in migraine.
Cephalalgia 2000; 20: 865–880.

8
3. Shepherd AJ, Beaumont HM and Hine TJ. Motion processing deficits in migraine are related to contrast sensitivity. Cephalalgia 2012; 32: 554–570.
4. Webster KE, Dickinson JE, Battista J, et al. Evidence for
increased internal noise in migraineurs for contrast and
shape processing. Cephalalgia 2012; 32: 125–139.
5. McKendrick AM, Badcock DR, Badcock JC, et al.
Motion perception in migraineurs: Abnormalities are
not related to attention. Cephalalgia 2006; 26: 1131–1136.
6. McKendrick AM, Badcock DR and Gurgone M. Vernier
acuity is normal in migraine, whereas global form and
global motion perception are not. Invest Ophthalmol Vis
Sci 2006; 47: 3213–3219.
7. Antal A, Temme J, Nitsche MA, et al. Altered motion
perception in migraineurs: Evidence for interictal cortical
hyperexcitability. Cephalalgia 2005; 25: 788–794.
8. McColl SL and Wilkinson F. Visual contrast gain control
in migraine: Measures of visual cortical excitability and
inhibition. Cephalalgia 2000; 20: 74–84.
9. Braunitzer G, Rokszin A, Kobor J, et al. Delayed development of visual motion processing in childhood
migraine. Cephalalgia 2012; 32: 492–496.
10. Fornari E, Rytsar R and Knyazeva MG. Development of
spatial integration depends on top–down and interhemispheric connections that can be perturbed in migraine: A
DCM analysis. Neurol Sci 2014; 35(Suppl. 1): 215–224.
11. Mickleborough MJ, Truong G and Handy TC. Topdown control of visual cortex in migraine populations.
Neuropsychologia 2011; 49: 1006–1015.
12. Mickleborough MJ, Hayward J, Chapman C, et al.
Reflexive attentional orienting in migraineurs: The
behavioral implications of hyperexcitable visual cortex.
Cephalalgia 2011; 31: 1642–1651.
13. Maleki N, Becerra L, Nutile L, et al. Migraine attacks the
basal ganglia. Mol Pain 2011; 7: 1–11.
14. Martens-Mantai T, Speckmann EJ and Gorji A. Propagation of cortical spreading depression into the hippocampus: The role of the entorhinal cortex. Synapse
2014; 68: 574–584.
15. Mesgari M, Ghaffarian N, Khaleghi Ghadiri M, et al.
Altered inhibition in the hippocampal neural networks
after spreading depression. Neuroscience 2015; 304:
190–197.
16. Packard MG and Knowlton BJ. Learning and memory
functions of the basal ganglia. Annu Rev Neurosci 2002;
25: 563–593.
17. Burgess N, Maguire EA and O’Keefe J. The human
hippocampus and spatial and episodic memory. Neuron
2002; 35: 625–641.
18. Myers CE, Shohamy D, Gluck MA, et al. Dissociating
hippocampal versus basal ganglia contributions to learning and transfer. J Cogn Neurosci 2003; 15: 185–193.
19. Meeter M, Shohamy D and Myers CE. Acquired equivalence changes stimulus representations. J Exp Anal Behav
2009; 91: 127–141.
20. Goyos C. Equivalence class formation via common
reinforcers among preschool children. Psychol Rec 2000;
50: 629–654.

Cephalalgia 0(0)
21. de Rose JC, McIlvane WJ, Dube WV, et al. Stimulus
class formation and functional equivalence in moderately
retarded individuals’ conditional discrimination. Behav
Processes 1988; 17: 167–175.
22. Dube WV, McIlvane WJ, Maguire RW, et al. Stimulus
class formation and stimulus-reinforcer relations. J Exp
Anal Behav 1989; 51: 65–76.
23. de Berker AO and Rutledge RB. A role for the human
substantia nigra in reinforcement learning. J Neurosci
2014; 34: 12947–12949.
24. Reber PJ. The neural basis of implicit learning and
memory: A review of neuropsychological and neuroimaging research. Neuropsychologia 2013; 51: 2026–2042.
25. Ashby FG, Alfonso-Reese LA, Turken AU, et al. A
neuropsychological theory of multiple systems in category learning. Psychol Rev 1998; 105: 442–481.
26. Ashby FG, Ennis JM and Spiering BJ. A neurobiological
theory of automaticity in perceptual categorization.
Psychol Rev 2007; 114: 632–656.
27. Wober C, Brucke T and Wober-Bingol C. Dopamine D2
receptor blockade and antimigraine action of flunarizine.
Cephalalgia 1994; 14: 235–240.
28. Mena MA, Garcia de Yebenes MJ, Tabernero C, et al.
Effects of calcium antagonists on the dopamine system.
Clin Neuropharmacol 1995; 18: 410–426.
29. Deyo RA and Hittner JM. Effects of the Ca2þ channel
antagonist flunarizine on visual discrimination learning.
Neurobiol Learn Mem 1995; 64: 10–16.
30. Moorthy NS and Balsara JJ. Effects of flunarizine on
dopamine dependent behaviours in rats. Indian J Med
Sci 1999; 53: 43–48.
31. Bodi N, Csibri E, Myers CE, et al. Associative learning,
acquired equivalence, and flexible generalization of
knowledge in mild Alzheimer disease. Cogn Behav
Neurol 2009; 22: 89–94.
32. Vadhan NP, Myers CE, Rubin E, et al. Stimulusresponse learning in long-term cocaine users: Acquired
equivalence and probabilistic category learning. Drug
Alcohol Depend 2008; 93: 155–162.
33. Kam JW, Mickleborough MJ, Eades C, et al. Migraine
and attention to visual events during mind wandering.
Exp Brain Res 2015; 233: 1503–1510.
34. Shepherd AJ. Color vision but not visual attention is
altered in migraine. Headache 2006; 46: 611–621.
35. McKendrick AM, Badcock DR, Badcock JC, et al.
Motion perception in migraineurs: Abnormalities
are not related to attention. Cephalalgia 2006; 26:
1131–1136.
36. Tibber MS, Kelly MG, Jansari A, et al. An inability to
exclude visual noise in migraine. Invest Ophthalmol Vis
Sci 2014; 55: 2539–2546.
37. Martinez D, Broft A, Foltin RW, et al. Cocaine dependence and d2 receptor availability in the functional subdivisions of the striatum: Relationship with cocaine-seeking
behavior.
Neuropsychopharmacology
2004;
29:
1190–1202.
38. Barbanti P and Fabbrini G. Migraine and the extrapyramidal system. Cephalalgia 2002; 22: 2–11.
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