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Introduction

The adverse cognitive effects of antiepileptic drugs 
(AEDs) are well known and may affect many cognitive and 
behavioral domains. Usually, these collateral effects have 
been associated with high dosages and polytherapy (1,2). 
To investigate the effects of AEDs on brain function (and 
dysfunction) functional magnetic resonance imaging (fMRI) 
can be used as a research method given the possibilities to 
explore the ability of drugs to modify brain networks and 
circuits (1,3). These fMRI studies are called pharmaco-
MRI (ph-MRI) and have been more commonly applied to 
investigate pharmacological effects and interactions in other 
central nervous system (CNS) diseases (i.e., depression, 
anxiety disorders and schizophrenia) rather than in epilepsy.

fMRI relies on the blood oxygenation level-dependent 
(BOLD) signal changes to indirectly find neuronal activity 
in brain regions related to tasks or stimuli (4). The brain 
corresponds to approximately 2% of the body weight, but 
uses about 20% of the glucose and oxygen, which are not 

stored in the brain. Therefore, a constant supply must 
exist. Since in normal conditions the energy production 
depends mainly on the oxidative metabolism of oxygen, 
with increased synaptic activity there is a greater demand 
for glucose and oxygen. This generates a local increase in 
the local cerebral blood flow (CBF), cerebral blood volume 
(CBV) and cerebral metabolic rate of oxygen consumption 
(CMRO2). A complex interplay between the variations of 
CBF, CBV and CMRO2 gives rise to a transient increase 
in the local concentration of oxyhemoglobin relative to 
deoxyhemoglobin. This decreases the inhomogeneities 
in  the  magnet i c  f i e ld  ins ide  the  voxe l ,  because 
oxyhemoglobin (oxygenated hemoglobin) is diamagnetic 
and deoxyhemoglobin (deoxygenated hemoglobin) is 
paramagnetic. Thus, when the MRI image is T2*-weighted, 
the signal intensity is increased. With the aid of statistical 
tools these voxels can be detected. After an event, the 
BOLD signal peaks at about 3-6 s and returns to baseline 
after approximately 20-30 s. These changes are usually 
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modeled with the hemodynamic response function with one 
or two gamma-variate functions.

In task-related fMRI the subject performs a task (e.g., 
cognitive, finger tapping, button press) or is presented 
stimuli (e.g., checkerboard flicker) alternately with another 
condition, typically a rest period (5,6). Although there is 
no formal definition of rest, usually the subject performs 
a control task (e.g., just lying still inside the scanner) or is 
presented a control stimulus. During the so-called resting-
state fMRI (rs-fMRI) the subject lies in the scanner either 
with eyes open or closed and performs no specific task (7). 
Analysis of task-related fMRI is normally performed with 
general linear model (GLM). Some popular approaches 
in rs-fMRI statistical analysis include seed-based analysis 
and independent component analysis (ICA). To study the 
resting-state networks, graph theory can be used. Since 
complex networks can be found in whole brain studies using 
GLM, it may be more advantageous to perform region-
of-interest (ROI) analyses when there is hypothesis about 
specific regions related to the drug effect. In this type of 
study care should be taken to define the region for each 
subject and to perform the appropriate signal processing in 
order to extract comparable time series (in percentage for 
example).

FMRI has no proven risk of biological harm and uses 
no ionizing radiation. It has been widely used to find 
the neurophysiological correlates of specific behavior 
and stimuli in different situations. For clinical purposes 
fMRI can be employed, for example, to map the eloquent 
cortex in presurgical evaluation (8) and to compare brain 
function in normal and pathological situations (9). The 
interpretation of the results in pathological conditions must 
be considered with care because the neurovascular coupling 
may be impaired due to the illness.

In the specific case of epilepsy, fMRI is used to map 
the eloquent cortex before surgery and to find the 
hemodynamic correlates of epileptiform discharges. For 
the latter case, normally electroencephalogram (EEG) and 
fMRI are simultaneously recorded (10). Since the most 
common form of epilepsy is mesial temporal lobe epilepsy 
(TLE), which affects the hippocampus (11), cognitive fMRI 
studies investigate primarily memory impairment, but 
little is known about the cognitive effects of AED (5,12). 
The changes in behaviors are not clear even for drugs 
like L-dopa, whose molecular mechanism of action is well 
understood (13).

The ph-MRI studies assess the effect of pharmacological 
agents and the sources of data include drug-related brain 

changes or behavioral effects. The knowledge about the 
effect of drugs in fMRI is of great importance in the 
clinical application of fMRI. For the presurgical mapping 
of eloquent cortex and the localization of the seizure onset 
zone in epilepsy, drug-related changes should be separated 
from the effect of the disease (1). A comprehensive 
description of technical and methodological details of ph-
MRI studies has been published by Mehta and O’Daly (13).

Cognitive ph-MRI studies usually compare the brain 
signal during task in placebo and drug conditions. As in 
conventional fMRI a univariate approach and graph theory 
can be used. When the drug effect in the functional network 
is studied, more distributed influences of the AEDs in the 
functional connectome can be identified (14).

One of the difficulties in the application of pharmacological 
studies in fMRI is the low signal change related to the drug. 
This can be assessed through a change in a task effect, that 
is, an interaction effect instead of a main effect. For example, 
one could compare the brain activation pattern in a cognitive 
paradigm for a drug and a placebo condition. Another problem 
is the influence of the pharmacological agent both in the 
neuronal and vascular level (13).

Pharmacological fMRI studies with AEDs are difficult 
to perform, because usually patients are already under 
medication. Therefore, participants are not recruited prior 
to the administration of the AED, making it more complex 
to control for effects such as genetic polymorphisms, 
family history of psychiatric or neurological illness, and 
concomitant use of other AED, especially because it is 
common that epilepsy patients are under polytherapy. 
Since AEDs are part of the epilepsy treatment, the studies 
normally use cross-sectional designs. To investigate the 
effect of AEDs all variability introduced by the subjects 
themselves must be reduced. Hence, one of the challenges 
in fMRI studies with AEDs is to find a reasonable number 
of patients with similar characteristics (e.g., gender, age, 
seizure type) that are under the same medication. Another 
difficulty is the control condition, because epilepsy 
itself may affect the fMRI results rather than only the 
AEDs. Generally in pharmacological studies a placebo is 
administered, but it may not be possible in epilepsy because 
AEDs are controlling the seizures. Comparing different 
doses of the same medication could be one alternative, or 
at least this could be entered as a nuisance variable when 
the patient medication profile does not match perfectly. 
Nevertheless, it may not be sufficient to control for the dose 
because there is variability between subjects in absorption of 
some AEDs (15). Possible additional confounding variables 
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include the medication effects (e.g., heart rate) and patient 
characteristics (e.g., age of epilepsy onset). If the study 
is not well designed, there may not be enough statistical 
power to identify cognitive networks affected by the AEDs. 
Despite all these limitations, well-designed ph-MRI may 
provide an opportunity to investigate changes in brain 
functional networks associated with drug administration, 
as well as the interaction between drug, behavioral changes 
and brain activity. Furthermore, it allows the detection and 
characterization of changes of brain function during specific 
tasks modulated/induced by drugs (1).

The same mechanisms responsible for the seizure 
control by the AEDs may be also involved in the cognitive 
problems, in that the AEDs reduce neuronal activation. By 
decreasing the likelihood of excessive firing, the frequency 
of seizures is reduced. However, other mechanisms may 
be involved, since even AEDs that boost the GABAergic 
system cause only small cognitive impairment, such as 
gabapentin and tiagabine (16). 

Here we review the studies that investigated the effects 
of AEDs on cognitive fMRI.

AEDs and cognitive fMRI studies

Topiramate (TPM)

TPM is a broad-spectrum AED indicated for the treatment 
of epilepsy, as well as other neurological and psychiatric 
diseases, including migraine headaches. Neurocognitive 
dysfunction has been associated to TPM, affecting 
individuals with epilepsy or migraine as well as healthy 
controls (17-19). It is important to note that cognitive 
impairment is an important factor for discontinuation of 
TPM (20,21) and can be identified by neuropsychological 
tests even in those individuals who do not report cognitive 
decline (21,22). Divergent results have been described 
regarding the impact of rapid titration (23-25) and dose 
effect on cognition (18,26), as some studies observed adverse 
effects even at low doses (19,27) whilst others confirmed the 
persistence of dysfunction on steady-state period (17,18,28).

Various domains of cognition are affected by TPM 
according to different studies, including attention, memory, 
processing speed, slowed thinking and verbal fluency 
function (24,27,29). Word-finding difficulties have been 
reported as a frequent complaint from individuals taking 
TPM (30) and then confirmed by studies which investigate 
performance on verbal fluency, comparing both the 
individual performance on and off TPM effect (17,29) as well 

as by comparing to valproate (VPA) (28) and levetiracetam 
(LEV) (21). Other studies analyzed verbal processing tests 
and identified a negative effect of TPM while lamotrigine 
(LMT) and gabapentin showed a significantly smaller effect 
(24,25).

Although frequently identified, the pathophysiology 
of the cognitive dysfunction related to TPM and other 
AEDs is still poorly understood; therefore some studies 
have evaluated the impact of AEDs on neurophysiologic 
measures combined with cognitive tasks. Smith et al. (31) 
used TPM and LMT as pharmacologic intervention in 
healthy volunteers to show changes on both EEG and 
evoked potentials, which were consistent with working 
memory impairment in those taking TPM. Jung et al. (32) 
studied the effect of TPM on neuropsychological profile 
and evented-related potentials in drug naïve patients with 
epilepsy, and identified reduction of current density of 
P200 component in parieto-occipital, temporolimbic and 
dorsolateral prefrontal regions.

Due to the interest in investigating the effects of TPM 
on brain function, some cross-sectional studies have used 
language fMRI searching for differences in activations 
and deactivations in patients (with migraine and epilepsy) 
taking TPM. De Ciantis et al. (33) performed a language 
fMRI study (blocked design study alternating periods of rest 
and periods of silent generation of words beginning with 
a different input letter presented visually) comparing the 
performance between patients with migraine (ten subjects, 
five with cognitive dysfunction) and five healthy controls. 
They observed that subjects with cognitive dysfunction 
presented reduced activation of language network, 
while those without dysfunction displayed a “general 
overactivation”, suggesting a compensational mechanism. 
By evaluating patients with mixed causes of epilepsy, Jansen 
et al. (34) compared five patients using TPM with ten 
control patients not taking TPM, and performed an fMRI 
study with a cognitive language task (similar blocked design 
paradigm alternating rest and periods of covert generation 
of words). They observed underactivation of the whole 
brain in the group taking TPM, markedly in the language 
network.

In another fMRI study of TPM, Szaflarski et al. analyzed 
patients with TLE, comparing 32 patients and 32 healthy 
controls. Patients were separated in right TLE (RTLE) (16, 
eight taking TPM) and left TLE (LTLE) (16, eight taking 
TPM). All subjects performed a semantic decision and tone 
decision fMRI language task. The analysis of LTLE patients 
showed that those taking TPM presented higher activation 
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of left cingulate associated with decreased activation of left 
superior temporal gyrus. In addition, more LTLE patients 
taking TPM presented atypical language lateralization than 
those not taking TPM. Different findings were obtained 
from the comparison between RTLE patients taking and 
not taking TPM. RTLE patients taking TPM presented 
increased activation in the bilateral superior frontal gyrus 
and left lingual/occipital gyrus, associated with reduced 
activation in the left inferior frontal gyrus. The examination 
of effect of TPM dose on BOLD signal revealed positive 
association in the basal ganglia/anterior thalamus and 
negative associations in the anterior cingulate cortex and 
lingual gyrus (35).

We also used language fMRI task to examine the effect 
of TPM in a cross-sectional analysis of patients with 
frontal lobe epilepsy (FLE) (8 taking TPM, 27 taking other 
AEDs and 24 healthy controls), and in a small longitudinal 
pilot study of six subjects (four patients and two healthy 
volunteers) (6) (Figure 1). In the longitudinal study the same 
subject was scanned twice (with and without TPM). In the 
cross-sectional analysis we observed a reduction of the task-
related deactivation of the default mode network (DMN) 
in patients taking TPM; the longitudinal study confirmed 
these findings as both single dose (healthy volunteers, 
200 mg) and chronic use of TPM were associated with 

impairment of verbal fluency and disruption of task-related 
deactivations of DMN.

Lamotrigine (LMT)

LMT is an AED also indicated to stabilize mood in both 
adult and adolescent bipolar disease (ABD) (36). LMT 
blocks voltage-sensitive sodium channels and does not act 
directly on N-methyl-D-aspartate (NMDA) receptors. 
Consequently, under sustained repetitive firing, LMT 
inhibits the release of glutamate and aspartate, both 
excitatory neurotransmitters. LMT is well tolerated and 
can reduce the seizure threshold by at least half in 25-34% 
of patients (37). Therefore, LMT has a general inhibitory 
effect on cortical neuronal excitability. In bipolar disorder 
for example, LMT may have an acute and prophylactic 
antidepressant activity (38,39), probably reducing cortical 
excitability in important regions for the pathogenesis of 
mood disorders through the same mechanisms of seizure 
control (40). 

In an fMRI study designed to investigate the role 
of increased glutamate release induced by ketamine in 
healthy volunteers, Deakin et al. (41) used LMT due to its 
properties to inhibit glutamate release. They performed 
a double-blind, placebo-controlled, randomized, within-

Figure 1 fMRI results from the cross-sectional analysis. Red maps represent activations during verbal fluency fMRI and blue maps represent 
deactivations. (A) and (B) controls; (C) and (D) other FLE patients; (E) and (F) TPM patients. The reduced area of deactivation in TPM-
group (F) suggests a specific effect of topiramate on default mode network activity. fMRI, functional magnetic resonance imaging; FLE, 
frontal lobe epilepsy; TPM, topiramate.
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subjects design. In the ketamine-LMT experiment they 
observed that LMT antagonized most of the effects of 
ketamine. Similarly, Doyle et al. (7) also observed that 
LMT attenuated the effects of ketamine in a resting state 
study. In a study of patients with ABD, Pavuluri et al. (36) 
evaluated 13 patients with a response inhibition task fMRI 
paradigm before and after treatment (second generation 
antipsychotics followed by LMT). After treatment they 
identified a reversion of the dysfunctional neural circuitry 
observed initially in patients.

Carbamazepine (CBZ)

CBZ is an AED used in patients with localization-related 
epilepsies. CBZ can also be used in psychiatric diseases, such 
as acute mania and bipolar disorder, and in patients with 
chronic neuralgic facial pain and headaches. Its mechanisms 
of action are still not completely known, and there are few 
studies about the effects of CBZ in brain metabolism. Jokeit 
et al. studied 21 patients with refractory TLE, compared 
to 20 healthy controls. They used a memory retrieval 
task paradigm for fMRI and observed an inverse relation 
between CBZ serum level and size of the cluster of activated 
voxels in mesiotemporal lobes of TLE, possibly associated 
to reduced cerebral glucose metabolism (42).

Pregabalin (PGB)

PGB is an AED (43) with its primary mechanism of action 
associated with upregulation of GABA inhibitory activity in 
addition to a decrease in release of some neurotransmitters, 
including noradrenaline, glutamate and serotonin. It has 
also analgesic and anxiolytic properties (44). Due to its 
anxiolytic properties, Aupperle et al. investigated the effects 
of PGB on neural activation during an emotional face-
matching fMRI task in healthy volunteers (45). Using a 
double-blind within-subjects design, they observed an 
attenuation of amygdala activation during fearful face 
matching and activation of left anterior insula during angry 
face matching.

Levetiracetam (LEV)

LEV has been recommended to treat focal epilepsies (46) 
and associated with cognitive profile improvement (47). To 
evaluate the effect of LEV on activations and deactivations 
during FMRI working memory tasks, Wandschneider et al. 
compared retrospectively 59 refractory TLE patients treated 

with LEV with 48 refractory TLE patients treated without 
LEV (48). Patients on LEV presented normalization of 
functional network deactivations in the right temporal lobe 
in RTLE during visual-spatial task, while LTLE patients 
presented normalization in the left temporal lobe during 
verbal task (Figure 2). Additionally, they identified a dose-
dependent effect in right hippocampus of RTLE during 
visual task, as the lower the dose of LEV was associated 
with the greater atypical activation.

Valproate (VPA)

VPA is also a broad-spectrum AED used not only in  
epilepsy (49), but also indicated for other neuropsychiatry 
disorders as bipolar disease (50) and migraine (51). It has 
been associated with some cognitive impairment in bipolar 
disease (50), but less likely to cause dysfunction in patients 
with juvenile myoclonic epilepsy (JME) (5). To investigate 
the effect of VPA on working memory in JME patients, 
Vollmar et al. performed an fMRI study and analyzed 21 
patients treated with VPA, identifying a dose-dependent 
normalization of working memory network (positive 
correlation of VPA dosage with bilateral activations in frontal 
and parietal areas). Furthermore, they observed a negative 
correlation between left motor cortex activation and VPA 
dosage, suggesting a specific effect of this AED in JME.

Conclusions

There is a scarcity of fMRI studies designed to investigate 
the effects of AEDs on cognition. The complex interaction 
between disease, polytherapy, comorbidities and genetic 
aspects may be responsible for the difficulties in performing 
ph-MRI studies in patients with epilepsy. However, 
the findings of recent research have provided insightful 
information about drug-specific effects on cognition and 
behavior, suggesting that such studies should be encouraged 
despite the limitations.
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Figure 2 Areas of task-related deactivation networks during the two working memory fMRI paradigms in groups of controls and patients 
with RTLE and LTLE (with and without LEV). Controls and patients on LEV present similar patterns of deactivation, while patients 
without LEV (no LEV) show less deactivation in the medial temporal lobe areas than both controls and patients on LEV in either 
lateralizing task (A). LTLE patients without LEV fail to deactivate the left mid-temporal gyrus (B; LTLE without LEV > LTLE with 
LEV, P<0.001, 20-voxel threshold extent) during the verbal WM task. During the right-lateralizing visual-spatial task, RTLE patients 
without LEV fail to deactivate the right hippocampus (B; RTLE without LEV > RTLE with LEV, P<0.001, 20-voxel threshold extent). A 
dose-dependent effect of LEV was investigated with a post hoc analysis in patients treated with LEV (C). During the visual-spatial WM 
task, lower doses of LEV in patients with RTLE were associated with less deactivation in the right hippocampus (C; P<0.001, 20-voxel 
threshold extent). Similarly, during the verbal WM task the LTLE patients with lower doses of LEV presented less deactivation in the left 
hippocampus, at a lower level of significance (C; P<0.05, uncorrected). The left > right hippocampus becomes less strongly deactivated with 
lower LEV dose (C). Inclusively masked for task-related deactivation networks (P<0.05). WM, working memory; CTR, healthy controls; 
LTLE, left temporal lobe epilepsy; RTLE, right temporal lobe epilepsy; LEV, levetiracetam; fMRI, functional magnetic resonance imaging. 
With permission from Dr. Wandschneider. 
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