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Summary: 
Excitation-inhibition (E-I) balance plays an important role in information 

processing, neuroplasticity and pathologic conditions. Evidence of E-I imbalance 

has been reported in a wide array of neuropsychiatric disorders such as autism 

spectrum disorder (ASD), schizophrenia, neurofibromatosis type 1, depression 

and attention-deficit/hyperactivity disorder. Of particular interest to us was the 

currently available evidence of cortical dysfunction in type 2 diabetes patients. 

Type 2 diabetes mellitus patients are known to have decreased cognitive ability 

before they develop any evidence of microvascular or macrovascular disease. 

This could be explained by impaired circuitry and/or E-I balance of certain 

networks in type 2 diabetes mellitus. It has been reported that patients with type 

2 diabetes mellitus have increased levels of GABA in the occipital region in 

addition to evidence of blood-brain barrier disintegration in such patients. 

Because of this, type 2 DM was chosen as a disease model to study the possible 

impacts of the disease on GABAergic system in the occipital region and how that 

correlate with visual performance. 

The study of the GABAergic system and its dysfunction in epilepsy is gaining 

attention for several reasons. First, while GABA is mainly an inhibitory 

neurotransmitter in the brain it has been shown that it can act as an excitatory 

neurotransmitter on immature neurons. Second, there is growing evidence of 

increased GABA concentration in the epileptogenic zone in patients with drug-

resistant epilepsy in vivo and ex vivo. Finally, the generation of pathologic and 

physiologic high frequency oscillations is expected to be related to and 

maintained by inhibitory postsynaptic potentials that are mediated by GABAA 

receptors. The second part of this thesis focuses on the study of the GABAergic 

system in epilepsy patients with drug-resistant disease and how it is related to 

physiologic or pathologic gamma activity.  

We chose a cohort of type 2 diabetes mellitus patients who have early diabetic 

retinopathy. The goal was to assess occipital cortical GABA as a predictor of 

visual performance in type 2 diabetes mellitus patients. GABA was measured by 

proton magnetic resonance spectroscopy from the occipital region, and visual 

performance was assessed in three domains (chromatic, achromatic and speed 
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discrimination). We found for the first-time evidence of achromatic and speed 

discrimination abnormalities in type 2 diabetes mellitus patients as compared to 

healthy subjects. Moreover, we reported for the first time a positive correlation 

between occipital GABA and achromatic/speed discrimination thresholds (higher 

thresholds mean worse performance). Occipital GABA at baseline was also 

predictive of visual performance one year later, suggesting that modulating 

occipital GABA could have a long-term impact on visual performance.  

The second study to be included in the scope of this thesis focused on BBB 

permeability in type 2 diabetic patients and its relation to visual performance. The 

previously mentioned cohort of type 2 DM patients who had evidence of 

GABAergic dysfunction were included in this subsequent study of BBB integrity. 

In summary, we showed a relationship between BBB leakage and blood-retinal-

barrier leakage, with patients with BRB leakage having higher BBB permeability. 

Moreover, we showed for the first time that metabolic control is correlated with 

BBB permeability (poor metabolic control is associated with impaired BBB 

integrity). Finally, we found that BBB permeability is predictive of visual acuity at 

baseline, one year and two years later in type 2 diabetics with established BRB 

leakage.  

We then moved to study the GABAergic system in a different disease model. In 

patients with drug resistant epilepsy, we are offered a unique opportunity where 

we can indirectly measure the function of the GABAergic system by measuring 

gamma activity with intracranial electroencephalography (EEG). The first study in 

this disease model focused on physiologic high frequency activity where we 

tested the relationship between functional topography of high gamma activity and 

perceptual decision-making. In summary, we found three distinct regional 

fingerprints of high frequency activity (HFA) in our cohort: a) Lower gamma 

frequency patterns dominated the anterior semantic ventral object processing, b) 

low gamma frequency patterns that involve dorsoventral integrating networks, 

and  c) early sensory posterior patterns in the 60 to 250 Hz range. In summary, 

we show that accurate object recognition/perceptual decision-making is 

associated with low-gamma frequency activity that has a specific spatiotemporal 

signature. 
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The second study that belonged to the disease model of drug resistant epilepsy 

focused on evidence of GABAergic dysfunction in epilepsy and how the 

modulation of the GABAergic system in the epileptogenic zone affects 

epileptogenecity and the GABAergic system in other reference brain region (the 

occipital region). We hypothesized that c-tDCS (cathodal transcranial direct 

current stimulation) which has an antiepileptic effect would modulate the 

neurotransmitters responsible for the abnormal and complex local synchrony and 

abnormal rhythmic activity seen in epilepsy. This is the first study to test for the 

impact of c-tDCS on physiologic (evoked by visual tasks) and pathologic 

(epileptogenic) gamma activity and to measure GABA, glutamate and glutathione 

from the epileptogenic zone and occipital region simultaneously after c-tDCS in 

patients with drug resistant epilepsy. C-tDCS decreased the number of interictal 

discharges per minute. This was associated with a decrease in GABA 

concentration in the occipital and epileptogenic zones. We also found that 

cathodal tDCS stimulation of the epileptogenic zone suppressed grating evoked 

low gamma activity in the epileptogenic zone and increased it in the distant 

parieto-occipital regions. In summary, this study provided a window into the 

mechanism of action of c-tDCS as an antiepileptic and its effects on the 

GABAergic system and neural oscillatory patterning.  

In summary, we show that E-I balance is maintained across the different neural 

networks in a given time frame and alterations in this balance is linked to cognitive 

impairment and visual performance in type 2 DM, and epileptogenesis in epilepsy 

patients. Our results also suggest that GABAergic dysfunction in the 

epileptogenic zone is more than a consequence of epileptogenesis, and could be 

epileptogenic per se.  
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Resumo: 
O equilíbrio entre excitação e inibição tem um papel importante no 

processamento de informação, na neuroplasticidade e em certas condições 

patológicas. Um desequilíbrio entre excitação e inibição tem sido referido em 

várias condições neuropsiquiátricas, tais como na perturbação do espectro do 

autismo, esquizofrenia, neurofibromatose de tipo 1, depressão e perturbação de 

hiperatividade e défice de atenção. A evidência desta disfunção cortical também 

em pessoas com diabetes mellitus tipo 2 revelou-se de particular interesse para 

nós. Sabe-se que pessoas com diabetes mellitus tipo 2 apresentam uma 

habilidade cognitiva diminuída antes até do aparecimento de doença micro ou 

macrovascular. Isto poderá ser explicado por alterações nos circuitos e/ou 

desequilíbrio entre excitação e inibição em certas redes neuronais. Estudos 

mostram que pessoas com diabetes mellitus tipo 2 têm concentrações de GABA 

aumentadas na região occipital, para além da evidência de disfunção da barreira 

hematoencefálica. Por estes motivos, a diabetes mellitus tipo 2 foi escolhida 

como modelo para o estudo do impacto da doença no sistema GABAérgico na 

região occipital e de como isso se relaciona com o desempenho em testes 

visuais.  

O estudo do sistema GABAérgico e a sua disfunção na epilepsia tem ganho 

atenção por vários motivos. Primeiro, apesar do GABA funcionar como 

neurotransmissor inibitório, tem sido mostrado que este funciona como 

neurotransmissor excitatório em neurónios imaturos. Segundo, há cada vez 

maior evidência da concentração aumentada de GABA na zona epileptogénica 

em pessoas com epilepsia refratária, sugerida por estudos in vivo e ex vivo. Por 

último, é expectável que as oscilações de alta frequência, quer de origem 

patológica quer fisiológica, se formem e sejam mantidas por potenciais pós-

sinápticos mediados por recetores GABAA. A segunda parte desta tese refere-se 

ao estudo do sistema GABAérgico em pessoas com epilepsia refratária e como 

este se relaciona com a atividade fisiológica e patológica de frequências gamma.  

Neste trabalho foi incluído um grupo de participantes com diabetes mellitus tipo 

2 e com retinopatia diabética. O objetivo era avaliar a concentração de GABA no 

córtex occipital como preditor do desempenho em testes visuais por estes 
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participantes. A concentração de GABA na região occipital foi medida usando a 

técnica de espectroscopia por ressonância magnética nuclear e o desempenho 

em testes visuais foi avaliado em três áreas (visão cromática, acromática e 

discriminação de velocidade). Os resultados mostraram, pela primeira vez, 

evidência de diferenças na visão acromática e na discriminação de velocidade 

em participantes com diabetes mellitus tipo 2 quando comparados com 

participantes saudáveis. Além disso, foi encontrada pela primeira vez uma 

correlação positiva entre os níveis de GABA no córtex occipital e os limiares de 

visão acromática e discriminação de velocidade (maiores limiares significam pior 

desempenho). Os valores de GABA na região occipital também foram preditivos 

do desemprenho nos testes visuais quer na primeira avaliação, quer um ano 

depois, sugerindo que a modulação dos níveis de GABA no córtex occipital pode 

ter um impacto a longo termo no desempenho visual.  

O segundo trabalho realizado no âmbito desta tese refere-se ao estudo da 

permeabilidade da barreira hematoencefálica em pessoas com diabetes mellitus 

tipo 2 e a sua relação com o desempenho nos testes visuais. Os participantes 

com diabetes e com evidência de disfunção GABAérgica anteriormente referidos 

foram incluídos no estudo seguinte acerca da integridade da barreira 

hematoencefálica. Em suma, os resultados mostraram uma relação entre a 

integridade da barreira hematoencefálica e a integridade da barreira hemato-

retiniana, sendo que participantes com maior ruptura da barreira hemato-

retiniana apresentavam maior permeabilidade da barreira hematoencefálica. 

Além disso, os resultados mostraram pela primeira vez que o controlo metabólico 

está correlacionado com a permeabilidade da barreira hematoencefálica (pior o 

controlo metabólico associado a diminuição da integridade da barreira). Por 

último, em participantes com diabetes tipo 2 e ruptura da barreira hemato-

retiniana, os resultados mostraram que a permeabilidade da barreira 

hematoencefálica é preditiva da acuidade visual quer no primeiro teste quer um 

e dois anos mais tarde em. 

Em seguida, o sistema GABAérgico foi estudado tendo outra doença como 

modelo. A função do sistema GABAérgico pode ser avaliada, de forma indireta, 

a partir da medição da atividade gamma usando eletroencefalografia 

intracraniana em pessoas com epilepsia refratária. No primeiro trabalho em que 
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usámos a epilepsia refratária como modelo, estudou-se a atividade fisiológica de 

alta frequência, testando a relação entre a topografia funcional da atividade 

gamma alta e tomada de decisão percetual. Em suma, encontraram-se três 

padrões locais distintos dessa atividade de alta frequência neste grupo de 

participantes: a) domínio de padrões de frequência gamma baixa no 

processamento semântico em áreas anteriores e no processamento de objetos 

em áreas ventrais; b) padrões de frequência gamma baixa envolvendo redes 

dorsoventrais de integração de informação; c) padrões se surgimento inicial em 

áreas posteriores nas frequências de 60 a 250 Hz. Em suma, os resultados 

revelam que o reconhecimento de objetos de forma precisa e a tomada de 

decisão percetual estão associados a frequências gamma baixas com 

determinadas características espaciotemporais. 

O segundo trabalho usando a epilepsia refratária como modelo foi estudada a 

disfunção GABAérgica na epilepsia e como a modulação do sistema GABAérgico 

na zona epileptogénica afeta a epileptogenicidade e o sistema GABAérgico 

noutras áreas de referência (a região occipital). Considerando o efeito 

antiepilético da c-tDCS (estimulação catódica transcraniana por corrente direta), 

foi colocada a hipótese de que esta estimulação iria modelar os níveis de 

neurotransmissores responsáveis pela anormal e complexa sincronia local e pela 

atividade rítmica anormal comum na epilepsia. Este foi o primeiro trabalho a 

avaliar o impacto da c-tDCS na atividade gamma fisiológica e patológica e a 

medir GABA, glutamato e glutationa na zona epileptogénica e na região occipital 

depois da c-tDCS em participantes com epilepsia refratária. A estimulação c-

tDCS diminuiu o número de descargas interictais por minuto. Esta redução 

revelou-se associada a uma diminuição da concentração de GABA na região 

occipital e na zona epileptogénica. Os resultados mostraram que a estimulação 

c-tDCS da zona epileptogénica cancelou a atividade gamma baixa tipicamente 

evocada por estímulos visuais em grelha na zona epileptogénica e aumentou 

essa atividade em regiões parieto-occipitais mais distantes.  Em suma, este 

trabalho abre uma janela sobre os mecanismos de ação da estimulação c-tDCS 

como antiepilético e os seus efeitos no sistema GABAérgico e nos padrões de 

oscilações neuronais.  
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Em síntese, os trabalhos mostram que o equilíbrio entre excitação e inibição é 

mantido por interação de diferentes redes neuronais numa dada janela temporal 

e as alterações desse equilíbrio estão associadas a dificuldades cognitivas e ao 

desempenho em testes visuais em pessoas com diabetes tipo 2 e à 

epileptogénese em pessoas com epilepsia. Os nossos resultados também 

sugerem que a disfunção GABAérgica na zona epileptogénica é mais do que 

uma consequência da epileptogénese, e poderá ser epileptogénica por si.  
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Chapter 1: 

Introduction 
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INTRODUCTION 
It has been hypothesized that the excitation/inhibition balance is associated with 

the pathophysiology of different neuropsychiatric conditions including autism 

spectrum disorder and epilepsy (Sohal & Rubenstein, 2019). For instance, the 

reduced inhibition in the cortex and hippocampus due to GABAergic interneuron 

defects may lead to abnormal neuronal circuits and nonoptimal processing of 

information which could be correlated with an increased risk of epileptogenesis. 

Several studies have pointed to the role of E-I balance in neuronal homeostasis 

and synaptic autoregulatory feedback (Bourgeron, 2015; Canitano & Pallagrosi, 

2017; Geschwind & Levitt, 2007; C. Mullins et al., 2016; Nelson & Valakh, 2015; 

Ramocki & Zoghbi, 2008; John L.R. Rubenstein, 2010; Sohal & Rubenstein, 

2019; Toro et al., 2010; Wondolowski & Dickman, 2013).  

The GABAergic System and Inhibition/Excitation Balance in Health and Disease 
It is important to emphasize that the E-I balance does not necessarily mean an 

equal amount of excitatory and inhibitory signals in the neuronal circuitry. At the 

single neuron level, the numbers of excitatory and inhibitory synapses are highly 

regulated with a constant E-I ratio. However, at the large scale of cortical circuits, 

things get complicated easily and the E-I ratio will remain tightly regulated, but it 

will vary between different circuits and on the dynamic timescales (Hengen et al., 

2013). For instance, in an animal model of neurofibromatosis type 1 it has been 

reported that GABAergic imbalance with pre- and postsynaptic changes are 

region-specific (Gonçalves et al., 2017).  

As we will see later in my work related to epilepsy, the oversimplified idea that 

excitation and inhibition are singular entities could be simply seen as wrong. One 

cannot simply assume that if the level of excitation in a circuit exceeds that of 

inhibition, that the activity of that circuit will increase forever. This would only 

occur in the absence of any homeostatic mechanism. In fact, what we see is that 

the ability of the circuit to generate activity will increase in that scenario until it is 

maximized or until marginal increases in activity begin to recruit more inhibitory 

circuits. In that sense, a new state of E-I balance will be reached that is specific 

for that circuit at that timescale.  

The activity of the different neuronal circuits, whether increased or decreased by 

the effect of the E-I balance, occurs on fast timescales (Litwin-Kumar & Doiron, 
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2012). Another important role of the GABAergic inhibitory system in the cortex is 

to shape the flow of activity through microcircuits “fine-tuning of the signal to 

decrease noisy circuits” (A. T. Lee et al., 2014; S. H. Lee et al., 2014). 

The maintenance of a regularized E-I balance depends on intrinsic neuronal 

excitability, synaptic transmission and synaptic plasticity at the cellular level; and 

on the complex interplay between excitatory glutamatergic neurons and inhibitory 

GABAergic interneurons at the circuit level (Bourgeron, 2015; Gao & Penzes, 

2015; Geschwind & Levitt, 2007; E. Lee et al., 2017).  

The evaluation of the E-I balance at the global circuitry level can be performed by 

a proxy measure (electroencephalography (EEG) or magnetoencephalography 

(MEG)) or by directly measuring the levels of GABA and glutamate by magnetic 

resonance spectroscopy (MRS) (Edgar et al., 2013; Port et al., 2016). In EEG, 

gamma-band oscillations are considered to be a functional measurement of E-I 

balance within local neural circuits (M. A. Whittington, Traub, et al., 2000). 

Autism spectrum disorder (ASD) has been extensively studied as a 

neuropsychiatric disorder with pathophysiolgoical basis related to E-I balance 

(Bozzi et al., 2018; Carvalho Pereira et al., 2018; Gonçalves et al., 2017; Howell 

& Smith, 2019; Oliveira et al., 2018; Port et al., 2019; J. L.R. Rubenstein & 

Merzenich, 2003). ASD is a neurodevelopmental disorder, and it has been shown 

that E-I balance plays an important role in the normal development and function 

of the brain and that E-I balance is maintained from the single cell level up to 

large-scale neuronal circuits (Sohal & Rubenstein, 2019). In ASD, alterations of 

neurotransmitter levels within different cortical regions have been previously 

reported (Brown et al., 2013; Horder et al., 2018; Kubas et al., 2012; Mescher et 

al., 1998) and disruptions in E-I balance are correlated with the severity of the 

main ASD symptoms (Horder et al., 2018). In an monogenetic animal model of 

ASD (NF1), cortical and striatal GABA/glutamate ratios were reported to be 

increased with very high GABAA receptor expression in the hippocampus 

(Gonçalves et al., 2017)  

Neurofibromatosis type 1 (NF1) is a disease that has been well studied in the light 

of the E-I balance hypothesis. NF1 is an autosomal dominant developmental 

disorder with an estimated prevalence of 1 in 3500 (Kayl & Moore, 2000). The 

disease is caused by mutations in the NF1 gene (Ballester et al., 1990). It has 



20 | C h a p t e r  1  

 

 

been found that patients with NF1 have a significantly lower GABA levels in the 

visual cortex as compared to healthy controls (Maria J. Ribeiro et al., 2015; 

Violante et al., 2013).  

The occipital visual cortex is considered a model area to study the GABAergic 

system and its integrity in healthy and diseased people (Maria José Ribeiro et al., 

2012; Violante et al., 2012). GABAergic system activity in the visual cortex is 

related to performance levels in visual perceptual tasks assessing orientation-

specific surround suppression (Yoon et al., 2010) and orientation discrimination 

performance (Edden et al., 2009). Inhibitory mechanisms related to contrast 

sensitivity are relatively well understood in the visual cortex. Therefore, as we will 

see in my work and others’ the occipital visual cortex is usually chosen as a 

reference region to study the GABAergic system activity at baseline and after an 

intervention.  
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The GABAergic System and Physiologic High Frequency Oscillations 
The study of high frequency oscillations (HFOs) is gaining increased attention by 

neuroscientists and epileptologists.  

When neurophysiologists started recording brain activity from the scalp and 

directly from within the brain, it was clear that various oscillations are produced 

that are important for the different cognitive tasks. These oscillations were 

classified in a series of frequency bands which were designated by Greek letters 

such as mu, theta, alpha, beta and gamma oscillations (Jefferys et al., 2012).  

In the last three decades, the study of brain activity in frequency bands above 30 

Hz with electroencephalography became possible because of the rise of broad-

brand digital EEG which allowed for the recording of signals that can reach 500 

Hz or above. Moreover, animal studies showed that gamma oscillations in the 38 

to 100 Hz in several cortical and subcortical brain areas to play an important role 

(Bressler & Freeman, 1980).  

Currently, the gamma frequency range is defined as frequency components 

between 30 and 100 Hz and HFOs refer to frequencies beyond 100 Hz (Buzsáki 

et al., 2012). However, it is crucial to discuss gamma oscillations whenever we 

talk about HFOs because of the shared mechanisms of generation. Sullivan et al 

2011 showed that HFOs and gamma oscillations exist together in the 

hippocampus and they share overlapping mechanisms and physiologic 

conditions (Sullivan et al., 2011).  

Of particular interest is the fact that gamma oscillations around 40 Hz in the visual 

cortex may be associated with visual perception (Singer & Gray, 1995). It has 

been suggested that gamma oscillations in this range contribute to how the visual 

cortex bind different visual scene features into a percept “the binding hypothesis”. 

It has also been shown that gamma oscillations act as a general mechanism to 

bind together local neurons and by phase synchronization and may synchronize 

neural activities of spatially separate cortical areas (Roelfsema et al., 1997). 

Gamma oscillations therefore play an important role in the integration of neural 

networks within and across brain structures. 

For example, in schizophrenia, gamma band abnormalities have been reported 

in a variety of contexts. An abnormal gamma oscillatory activity in this disease 

has been linked to first episode of psychosis (Symond et al., 2005). Gamma 
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oscillations are also seen to be disturbed in untreated schizophrenic patients 

(Gallinat et al., 2004) and in unaffected relatives (Leicht et al., 2010, 2011). 

At the local circuit level, gamma activity is generated through feedback inhibition 

on pyramidal neurons by the action of inhibitory fast-acting interneurons (Tamás 

et al., 2000). The activation of these fast-acting interneurons by optogenetics is 

sufficient to generate gamma oscillations in the mammalian cortex (Cardin et al., 

2009; Sohal et al., 2009). In other words, gamma activity can be modulated by 

directly or indirectly altering the GABAergic system (M. A. Whittington, Faulkner, 

et al., 2000).  

Clearly, it is now evident that GABAergic inhibition plays a crucial role in the 

rhythmic pacing of neuronal activity in health and disease states (Uhlhaas et al., 

2009). Accordingly, dysfunctions in GABAergic interneurons result in changes in 

neural synchrony and gamma activity (Lewis et al., 2005).  
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The Occipital Cortex as a Model to Study the GABAergic System 
GABAergic inhibition plays an important role in neural processing by maintaining 

network oscillations, synaptic plasticity and response gain. Moreover, the 

disruption of the GABAergic system is associated with different neurological 

disorders such as epilepsy, schizophrenia, anxiety, Alzheimer’s disease and ASD 

(Moult, 2009) 

Sensory processing in the primary visual cortex (V1) is a well-researched topic in 

systems neuroscience. The importance of inhibition in V1 stems from different 

features of the primary visual cortex that are needed to process sensory 

information appropriately. Firstly, surround suppression is needed to sharpen the 

neuronal orientation selectivity (Okamoto et al., 2009). Hubel and Wiesel were 

the first to propose a simple model in which excitatory feed forward connections 

give rise to orientation-selective cortical receptive fields in V1 (Hubel & Wiesel, 

1959). Information processing in the visual cortex is likely to be influenced by the 

network state in addition to the action of individual neurons (Fiser et al., 2004; 

Han et al., 2008; Ringach, 2009) and this gives even more important to E-I 

balance in the visual cortex. 

For instance, in an attentive and aroused subject, one notices that low-amplitude 

gamma activity is predominant, whereas when the subject is inactive or sleepy, 

we see a dominance of high-amplitude low-frequency oscillations (Niedermeyer 

& Silva, 2005). GABAergic neurons have been long proposed to play an important 

role in the generation of gamma oscillations (Freund, 2003; Mann et al., 2005). 

Given the fact that the V1 and occipital region were extensively studied by 

researchers across many species,  which allowed for the characterization of the 

GABAergic system and inhibitory inputs in this region to an extent that future 

researchers prefer to use this region as a reference or a model region to study E-

I in health and disease (Isaacson & Scanziani, 2011)  
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Disease Models of Impaired GABAergic System: 

Type 2 Diabetes Mellitus 

Diabetes mellitus type 2 (DM) is a multisystemic endocrinological disorder that is 

known to influence the eyes, kidneys, and central nervous system in addition to 

other body organs (Olokoba et al., 2012; Strachan et al., 2009). Early in the 

disease, visual performance is poorly correlated with the grade of non-

proliferative diabetic retinopathy (Yau et al., 2012). Moreover, metabolic 

biomarkers cannot predict visual performance in the early stages of type 2 DM 

(Hove et al., 2006). 

(Buzsáki et al., 2007; Logothetis et al., 2001; Lyoo et al., 2009; van Bussel et al., 

2016) showed that patients with type 2 DM who had a decreased resting-state 

brain activity developed poorer memory performance and executive functioning. 

GABA and glutamate concentrations in different brain regions have been linked 

to normal brain functioning and cognitive impairment in type 2 DM (Buzsáki et al., 

2007; Logothetis et al., 2001; Lyoo et al., 2009; van Bussel et al., 2016). In an 

animal model of type 2 DM, there was evidence of impaired GABA and glutamate 

homeostasis in the brain “disrupted E-I balance” (Sickmann et al., 2010). More 

evidence has emerged on the hypothesis of impaired GABAergic system in brain 

regions specific to cognitive deficits in type 2 DM (Thielen et al., 2019) Again, 

increased GABA concentration was the culprit. (van Bussel et al., 2016) have 

also showed a higher GABA concentration in different brain regions in type 2 

diabetes mellitus patients when compared to healthy individuals. Moreover, the 

E-I balance in such patients was in favor of more GABA than glutamate. A recent 

study showed that poor metabolic control in T2DM is associated with higher 

GABA/Glx ratio, however when taken individually, GABA and Glx were reported 

to be lower in T2DM patients as compared to controls (d’Almeida et al., 2020). 

These results are consistent with the notion that abnormal neurotransmission and 

E-I balance is correlated with metabolic control in particular in T2DM (d’Almeida 

et al., 2020). 

Interestingly, color contrast detection has been reported to be impaired very early 

in type 2 DM patients, before there is any evidence of retinopathy (Reis et al., 

2014). Another important thing to note is that there is strong evidence of altered 

cortical neurochemistry in type 2 DM that is associated with mild cognitive 
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impairment (Kalmijn et al., 1995) with increased concentration of GABA in the 

occipital lobe compared to non-diabetics (van Bussel et al., 2016). van Bussel 

also showed a positive correlation between occipital GABA, HbA1C and severity 

of cognitive impairment.  

Disruption of GABAergic inhibitory circuits in the occipital region has been 

associated with impaired visual function in schizophrenia, neurofibromatosis type 

1, major depressive disorder (Norton et al., 2016; Maria J. Ribeiro et al., 2015; 

Violante et al., 2013; Yoon et al., 2010). However, the association between 

occipital GABA and visual performance in type 2 DM was still to be explored. 

Drug Resistant Epilepsy: 

Epilepsy is the most common serious neurological disorder, and it accounts for 

1% of global disease burden according to the WHO (World Health Organization, 

2005). Approximately, up to 30% of patients with epilepsy will not be seizure-free 

despite taking adequate antiepileptic drugs in maximum dose (Berg, 2009; Berg 

et al., 2010).  Such cases are referred as drug-resistant epilepsy. Patients with 

possible localization of their drug-resistant epilepsy can benefit from resection 

surgery (Chandra et al., 2010). The localization of the onset of seizures in such 

patients is made possible with the utilization of EEG, Video-EEG, MRI, SPECT 

and MEG. Electrocorticography (ECoG) and MEG also provide valuable 

information for the purposes of localization (Chandra et al., 2010). Unfortunately, 

the identification of a localized focus even in seizures that seem focal in onset 

may fail in one third of patients (Chandra et al., 2010). Because of that, the 

identification of molecular and cellular biomarkers is needed in drug-resistant 

epilepsy patients which can provide localization information, further expand our 

understanding of epileptogenesis, and explain how certain antiepileptics work. 

GABA, the principal inhibitory neurotransmitter in the brain, has long been 

thought to be related to epileptogenesis (Isokawa-Akesson et al., 1989; Miller & 

Ferrendelli, 1990; Telfeian & Connors, 1998). While some studies show that 

GABA transmission is decreased in patients with epilepsy, it is also worth 

mentioning that some studies show immature GABAergic inhibitory system may 

contribute to epileptogenesis (Galanopoulou, 2007). For instance, (Cepeda et al., 

2007; Cherubini et al., 1991), show that predominant GABAergic synaptic 

transmission in an immature neuronal network may lead to depolarization and 
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excessive cell firing, where GABA acts as an excitatory neurotransmitter. Patients 

with drug resistant epilepsy are reported to have a higher frequency of 

spontaneous inhibitory postsynaptic currents which are related to the generation 

of pathologic high frequency oscillations (Cepeda et al., 2006). Moreover, there 

is current evidence of increased GABA receptor activity relative to glutamate 

receptor activity in severe cases of cortical dysplasia (André et al., 2008). (André 

et al., 2008) has also suggested that the pattern of GABAergic system disruption 

might be specific to the type of epilepsy syndrome the patient has. 

Interestingly, the use of antiepileptic medications in patients with idiopathic 

generalized epilepsy is correlated with an increase in GABA concentration in the 

occipital region (Simister et al., 2003a) but no change in GABA concentration in 

the frontal region (Simister et al., 2003b) when measured by H-MRS PRESS. 

Therefore, it is sensible to choose the occipital region as a reference region to 

study the effects of different antiepileptics on the E-I balance in drug-resistant 

epilepsy. 

Focal cortical dysplasia and tuberous sclerosis are possible etiologies of drug-

resistant epilepsy. It has been reported that GABA concentration is found to be 

markedly elevated in the epileptogenic zone in seizure disorders that are 

characterized by an abnormal cortex (Taki et al., 2009). There is also an almost 

consensus now on increased levels of GABA in ex vivo spectroscopy 

experiments of brain biopsies from patients with drug-resistant epilepsy (Aasly et 

al., 1999; Petroff, Pleban, et al., 1995; Petroff, Rothman, et al., 1995). 

A very recent study showed clearly that pathological high frequency oscillations 

are associated with increased GABAergic synaptic activity in the epileptic focus, 

further emphasizing the role of GABAergic interneurons in the generation of 

pathological HFOs (Cepeda et al., 2020). The current evidence points towards 

the idea that pathologic HFOs are epileptogenic, rather than a mere consequence 

of epileptogenesis. Interestingly, pacemaker GABA activity is also associated 

with pathologic HFOs, further confirming that GABA is not purely an inhibitory 

neurotransmitter when it comes to the epileptogenic zone (Cepeda et al., 2020). 

Figure 1.1 shows the cellular mechanisms of generation of different oscillations 

in epilepsy. 
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Figure 1.1: The cellular mechanisms of generation of pathologic gamma and 

high frequency oscillations. Source: (Jefferys et al., 2012). Permission to use 

was obtained. 

A seizure can be seen as a result of hypersynchronous neuronal discharges 

during which summation of nearly synchronously occurring action potentials and 

postsynaptic currents give rise to large amplitude epileptic EEG patterns. The first 

clear evidence of GABAergic inhibition as a causative mechanism of 

epileptogenesis emerges from the work of (Khazipov & Holmes, 2003) where they 

showed epileptic spiking in a kainic acid model of epilepsy from the hippocampus 

in rats in the gamma frequency range to be caused by inhibitory GABA neuronal 

synchronization and little to no role of glutamatergic excitatory currents. The work 

of (Gulyás et al., 2010; Mann & Paulsen, 2007; Miles A. Whittington et al., 2011) 
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also contributes to the hypothesis that the generation of pathologic gamma 

oscillations in epilepsy shares the same mechanism of physiologic gamma 

oscillations, i.e. by the virtue of synchronous GABAergic inhibition mediated via 

GABAA receptors.  

Interestingly, epileptic syndromes that are characterized by slow rhythmic activity 

such as absence seizures have also been linked to increased activity of the 

GABAergic system. Activation of GABAB receptor-mediated inhibitory 

postsynaptic potentials in the thalamocortical circuits result in slow responses that 

are in the 3 Hz frequency range (von Krosigk et al., 1993)  

Modulation of The GABAergic System in Epilepsy by Cathodal Direct Current Stimulation 

(Fregni et al., 2006) showed that c-tDCS stimulation of the EZ in patients with 

drug-resistant epilepsy decreased cortical excitability in the epileptogenic focus. 

(Auvichayapat et al., 2013) also studied the antiepileptic efficacy of c-tDCS in 36 

children with drug-resistant epilepsy. C-tDCS was efficient in decreasing 

epileptiform discharges for 48 hours. (Yook et al., 2011) reported dramatic results 

when they used c-tDCS on an 11-year-old girl with drug resistant epilepsy due to 

focal cortical dysplasia.  

The antiepileptic effects of c-tDCS are expected to come into play by decreasing 

cortical excitability and altering synaptic efficacy (Nitsche et al., 2003). Cathodal 

tDCS is shown to decrease the number of epileptic spikes, the firing rate of 

pyramidal cells and suppressed GABAergic interneurons in a simulation model 

(Denoyer et al., 2020). In this explicit model, they used an epileptogenic network 

that is capable of producing spike-like events involving more GABAergic neurons 

which is in agreement with other experimental studies (Lévesque et al., 2016).  
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Measurement of Brain Neurotransmitters by MRS 
Magnetic resonance imaging (MRI) is an imaging technique that allows the direct 

visualization of soft tissues in addition to giving information about functional 

states. MRI takes advantage of the atomic nuclei found in different molecules 

which can absorb and emit energy when placed in an external magnetic field. 

Because hydrogen atoms exist in abundance in the human body, they are often 

used to generate radio frequency signals that can be detected by the MRI signals. 

Hydrogen nuclei possess an intrinsic property called nuclear spin. In simple 

words, the nuclei of hydrogen can rotate in a magnetic field. When hydrogen 

nuclei are placed in a magnetic field, they tend to align themselves parallel with 

the field. 

Spinning protons process or wobble around the axis of the external magnetic 

field. The frequency of this precession is known as resonance frequency or 

Larmor frequency and is proportional to the strength of the magnetic field. 

Protons have a specific resonance frequency at which they absorb energy to 

move to a higher energy state. The net magnetization is then brought away from 

equilibrium and the nuclei will spin around the field’s axis with a frequency of 

42.58 MHz/T (In Vivo NMR Spectroscopy: Principles and Techniques, 3rd Edition 

| Wiley). Radio waves at this frequency are emitted from the body which can be 

measured and analyzed by the MRI system to produce images or spectra. The 

energy is then retransmitted when the radio frequency is turned off (RF pulse). 

Images obtained here are known as T1 recovery to thermal equilibrium. The 

recovery rate is different for each tissue which allows for the differentiation 

between the different tissues in a T1 image. 

Proton magnetic resonance spectroscopy (1H-MRS) is a form of MRI used to 

detect and measure the concentration of different tissue metabolites in vivo 

(Harris et al., 2017). This technique exploits the fact that each metabolite 

produces a unique MRS signal because of the different spin frequencies or 

resonance frequencies of protons within a molecule (In Vivo NMR Spectroscopy: 

Principles and Techniques, 3rd Edition | Wiley). The hydrogen nucleus which is 

found in most biologic metabolites exhibit a resonance behavior in a magnetic 

field. The resonance frequency of the hydrogen nucleus in each molecule is 



30 | C h a p t e r  1  

 

 

dependent upon the chemical environment of the molecule and this can be taken 

advantage of to separate the signal of different metabolites in a tissue with MRS. 

The first factor to affect the resonance frequency of protons in a molecule is 

known as chemical shift. The nucleus is shielded from the external magnetic field 

by surrounding electrons and the configuration of the electron cloud surrounding 

the hydrogen nucleus will affect the resonance frequency. 

The signals are separated along the chemical shift axis to reveal a spectrum with 

a different distinct peak that include N-acetyl aspartate (NAA), creatine (Cr), 

myoinositol (ml) and choline (Cho) in the brain. However, many other metabolites 

are also found in the brain such as neurotransmitters which have a weaker signal 

that is difficult to separate from the signals of other larger molecules. The easiest 

way to identify the signal of the smaller molecules is to reduce the information 

content of the one-dimensional spectrum “editing the spectrum”. The most 

commonly used approach is known as J-coupling editing (Near et al., 2013; Puts 

& Edden, 2012; Rothman et al., 1993). Molecules that can be identified with this 

approach include ascorbic acid, GABA, lactate, aspartate, N-acetyl aspartyl 

glutamate, 2-hydroxygutarate, glutathione (GSH), glutamate, glycine and serine. 

Because water is the most abundant proton containing metabolite in the brain, it 

will contribute the most to the detected signal by MRS. Therefore, water 

suppression pulses are used to suppress the water peak and allow the 

visualization of the spectra of other less abundant brain metabolites. Water is 

suppressed by exciting protons in water by applying a resonance frequency that 

is the same as the frequency of water. 

The common approach when using MRS is to select a specified region of interest 

within the brain. This is known as single voxel MRS and is the approach used in 

this thesis. The measured signal is plotted onto a spectrum where the x axis is 

the resonance frequency whereas the y axis represents the amplitude of the 

measured signal. Figure 1.1 shows an example of an MRS spectrum. 
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Figure 1.1: Edited Spectra obtained from a single voxel in the occipital region in 

a patient with drug resistant epilepsy. Spectral registration with post-hoc 

choline-creatine alignment (pre-included in Gannet toolbox) was used to obtain 

the post-alignment edited spectra (Mikkelsen et al., 2018). Ppm stands for parts 

per million. 

GABA MRS: 

γ-aminobutyric acid (GABA) is the main inhibitory neurotransmitter in the human 

brain and GABAergic inhibition plays an important role in shaping the patterns of 

neuronal activity, information processing and synaptic plasticity. GABA is present 

in the brain at relatively small millimolar (1 mM) concentrations (Govindaraju et 

al., 2000; Rae, 2014). They can be detected in vivo by 1H magnetic resonance 

spectroscopy (1H-MRS). This technique suffers from incomplete resolution of 
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metabolite signals. This limitation results in overlapping of the signal of low-

concentration metabolites by the signal of large-concentration metabolites. 

Spectral editing techniques such as MEscher-Garwood Point RESolved 

Spectroscopy (MEGA-PRESS) (Mescher et al., 1998) can simplify the results to 

focus on metabolites of low-concentration such as GABA (Rothman et al., 1993) 

and GSH (Terpstra et al., 2003). 

To quantify GABA, J-editing is used (P. G. Mullins et al., 2014). GABA signal can 

be separated into sub-peaks because it has a weakly coupled spin system. 

Because GABA has three methylene groups that contain a hydrogen nucleus, we 

get three distinct signals in the GABA signal at 1.9, 2.3 and 3.0 ppm. In MEGA-

PRESS approach, the GABA signal at 3.0 ppm is coupled to a signal at 1.9 ppm. 

A frequency-selective pulse is applied at 1.9 ppm which will have an effect at both 

1.9 and 3.0 ppm, and this will leave other uncoupled resonances unaffected. This 

is known as an “ON” scan. The scan is then repeated without the editing pulse 

and it will be known as an “OFF” scan. Finally, a difference between the spectra 

obtained during repeated ON and OFF scans result in a spectrum only containing 

the signals of the molecule of interest, in this case GABA. This method is 

explained in detail in (P. G. Mullins et al., 2014). GABA is finally quantified by 

measuring the area under the peak which is modelled as a Gaussian. 

MEGA-PRESS can edit only one metabolite at a time from a single brain region, 

making it a very time-consuming method to measure brain metabolites. Because 

of this limitation, long acquisition times are needed, and you notice that most 

studies that utilize MEGA-PRESS have a limited number of studied metabolites 

and brain regions. Accordingly, most studies that utilize MEGA-PRESS to 

measure GABA usually do not include other brain metabolites that are of 

importance such as GSH (P. G. Mullins et al., 2014). 

Recently, the Hadamard Encoding and Reconstruction of MEGA-Edited 

Spectroscopy (HERMES) approach (Chan et al., 2016) allowed the editing of 

more than one metabolite with overlapping signals within a single acquisition.  

In HERMES approach, the editing pulses can be separately applied to GABA 

spins at 1.9 ppm and GSH spins at 4.56 ppm. Four sub-experiments labeled A, 

B, C and D are performed to apply editing to the signals of GABA and GSH 

(ONGABA, ONGSH), (ONGABA, OFFGSH), (OFFGABA, ONGSH) and (OFFGABA, OFFGSH). 
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The editing scheme is shown in Figure 1.3. The GABA-edited difference spectrum 

is calculated by substracting the two OFFGABA scans from the sum of the two 

ONGABA scans. Similarly, one can get the GSH-edited difference spectrum (Saleh 

et al., 2016).  

Both MEGA-PRESS and HERMES approaches were used in this thesis in two 

different works. 

 

 

Figure 1.3: HERMES approach to separate GABA and GSH signals. Source: 

(Saleh et al., 2016). Permission to use was obtained. 
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Measurement of Gamma Activity by EEG: 
Evoked oscillatory responses are phase-locked to the stimulus onset and usually 

have an average latency of 100 msec following the stimulus onset (Tallon-Baudry 

& Bertrand, 1999). On the other hand, induced oscillatory activity is not phase-

locked to the stimulus onset and averaging will cancel them (Tallon-Baudry & 

Bertrand, 1999). It has been previously suggested that induced gamma activity 

reflect micro saccadic eye movement rather than neuronal processing during 

cognitive paradigms (Yuval-Greenberg et al., 2008), therefore the approach 

chosen for this thesis was to analyze evoked gamma activity. 

Another possible artifact that is known to impact the measured gamma activity by 

scalp EEG is the muscular artifact (Shackman, 2010). Since this type of activity 

is characterized by irregular spikes and waves, they can be significantly reduced 

by preprocessing steps and by averaging many trials when doing evoked 

response potential experiments (Barr & Daskalakis, 2010). In the second part of 

this thesis where the disease model is that of drug resistant epilepsy, we 

measured gamma activity using scalp and intracranial EEG electrodes. The EEG 

signal acquisition and processing are described in the subsequent chapters as 

they were different for each work. 
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Aims 
The rationale of this thesis is to understand the role of the GABAergic system in 

physiologic and pathologic conditions, using two distinct disease models. 

The GABAergic system’s integrity is crucial for normal brain development, 

synaptic plasticity, rhythmic brain activity, and local or distant synchronization. 

The importance of GABAergic inhibition in normal physiologic conditions is 

evident from our understanding of the pathway of information processing in the 

primary visual cortex. Disruptions of the GABAergic system are reported in a wide 

array of neuropsychiatric diseases including ASD, schizophrenia, Alzheimer’s 

disease, and epilepsy. The literature also points to possible GABAergic 

disruptions in endocrinological diseases such as type 2 diabetes mellitus. 

By utilizing a comprehensive array of techniques (MRS, EEG, visual tasks) and 

defined cohorts we aim to analyze the impact of different disease models on the 

E-I balance in general and the GABAergic system and gamma activity in 

particular. We aim to study how visual performance in type 2 diabetes mellitus 

(T2DM) patients correlate with the degree of GABAergic disruption in the occipital 

region, and the relationship between blood brain barrier integrity and visual 

performance in T2DM. 

We also aim to understand the physiological value of cortical gamma activity in 

perceptual decision processing. Finally, we aim to study how GABAergic system 

disruption is epileptogenic and not a mere consequence in drug resistant epilepsy 

and how the modulation of this system by the means of noninvasive stimulation 

could relate with less epileptogenicity.  
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Outline 
It is clear now that the excitation-inhibition balance hypothesis plays an integral 

role in explaining a large range of physiologic and pathologic conditions. In the 

scope of E-I balance hypothesis, one may now be able to explain how individual 

neurons and up to neural networks in the brain work and how the state of such a 

system may be correlated with a certain disease. 

The GABAergic inhibitory system is critical for optimum processing of sensory 

information in the primary visual cortex. This system is also responsible for 

rhythmic brain activity “oscillations”. It appears that fast oscillations are related to 

GABAA receptor activity, whereas the generation of slow frequency oscillations is 

mediated by GABAB receptors. In this work we studied different pathologies that 

we hypothesized to have an impact on the E-I balance. 

In Chapter 1 a general introduction is presented that explains the main concepts 

and current literature related to the thesis. We also provide a brief description of 

the methodologies used in this work focusing mainly on MRS and EEG. 

Chapter 2 is subdivided into two sections. The main model of disease in this 

chapter is “type 2 diabetes mellitus” (T2DM). Chapter 2.1 focuses on the effect 

of T2DM on the E-I balance and the GABAergic system in the occipital region. It 

correlated visual performance in a cohort of T2DM patients with the concentration 

of GABA measured by MRS in the occipital region. Chapter 2.2 discusses the 

impact of T2DM on blood-brain-barrier (BBB) integrity and how it correlates with 

visual performance. This can be seen as a continuation of the previous work 

where we try to focus on the principle of neurovascular coupling in the occipital 

region. 

In Chapter 3 there are two sections. In Chapter 3.1 we focus on physiologic high 

frequency gamma activity and how it relates to perceptual decision from an 

intracranial study. In this work, I was a second author where I contributed with 

methods development, data acquisition, analysis, and manuscript writing. In 

Chapter 3.2 we dig deeper into pathologic high frequency oscillations and how 

they relate to epileptogenesis and the disruption of the GABAergic system. In 

here, we preset a work-in-progress about cathodal tDCS as an antiepileptic. In 

this work, we study how cathodal tDCS impacts the GABAergic system in the 
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epileptogenic zone as compared to a reference area in the occipital region. This 

work has been submitted to a journal awaiting publication.  

Chapter 4 focuses on how certain cortical metabolites are disrupted in drug-

resistant epilepsy. Again, we have two sections in here. In Chapter 4.1 we 

present our work on how lovastatin impacts the E-I balance in epileptic patients 

and how this correlates with changes in physiologic gamma oscillations. This is a 

work-in-progress where we are still recruiting patients. In Chapter 4.2 we present 

the proposal and protocol of a new project that will commence in November 2020 

to study the value of AMT-PET for the localization of the epileptogenic zone in 

tuberous sclerosis associated epilepsy and drug resistant epilepsy. 

Finally, in Chapter 5 “Concluding remarks” we provide an integrative analysis of 

the different diseases studied and summarize our results and approaches. 
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ABSTRACT 

Visual impairment is one of the most feared complications of Type 2 Diabetes 

Mellitus. Here, we aimed to investigate the role of occipital cortex γ-aminobutyric 

acid (GABA) as a predictor of visual performance in type 2 diabetes.  18 type 2 

diabetes patients were included in a longitudinal prospective one-year study, as 

well as 22 healthy age-matched controls. We collected demographic data, 

HbA1C and used a novel set of visual psychophysical tests addressing color, 

achromatic luminance, and speed discrimination in both groups. Psychophysical 

tests underwent dimension reduction with principal component analysis into three 

synthetic variables: speed, achromatic luminance, and color discrimination. A 

MEGA-PRESS magnetic resonance brain spectroscopy sequence was used to 

measure occipital GABA levels in the type 2 diabetes group. Retinopathy grading 

and retinal microaneurysms counting were performed in the type 2 diabetes 

group for single-armed correlations.  

Speed discrimination thresholds were significantly higher in the type 2 diabetes 

group in both visits: mean difference (95% confidence interval), [0.86 (0.32 – 

1.40) in the first visit, 0.74 (0.04 – 1.44) in the second visit]. GABA from the 

occipital cortex predicted speed and achromatic luminance discrimination 

thresholds within the same visit (r = 0.54 and 0.52; p = 0.02 and 0.03, 

respectively) in type 2 diabetes group. GABA from the occipital cortex also 

predicted speed discrimination thresholds one year later (r = 0.52; p = 0.03) in 

the type 2 diabetes group. Our results suggest that speed discrimination is 

impaired in type 2 diabetes and that occipital cortical GABA is a novel predictor 

of visual psychophysical performance independently from retinopathy grade, 

metabolic control, or disease duration in the early stages of the disease.
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INTRODUCTION 

Type 2 diabetes mellitus is a chronic metabolic disorder in which the effects of 

insulin resistance impact on multiple organs in the body, including the eyes, 

kidneys and the cardiovascular and central nervous systems (Strachan et al. 

2009; Zhang et al. 2010). The worldwide prevalence of the disease has been 

increasing exponentially in the last few years, with the most recent estimates 

reporting that 382 million adults had diabetes in 2013 (Guariguata et al. 2014). 

One of the most feared complications of people with diabetes is the progressive 

visual impairment which is in general attributed to diabetic retinopathy and 

consequent vision loss (Coyne et al. 2004; Luckie et al. 2007). Severe visual 

impairment occurs 2 to 3 times more frequently in people with diabetes compared 

to the general population (Hayward et al. 2002). 

Early in the disease, there is little association between the degree of non-

proliferative diabetic retinopathy and visual performance (Yau et al. 2012). The 

relationship between retinopathy and visual impairment only becomes apparent 

in later stages of the disease such as in proliferative diabetic retinopathy, diabetic 

macular edema and vision threatening diabetic retinopathy (Moss et al. 1988; 

Miki et al. 2001; Yau et al. 2012). On the other hand, metabolic biomarkers have 

not been found to predict visual performance in the early stages of type 2 diabetes 

(Hove et al. 2006). Despite this, evidence has emerged that color contrast 

detection impairment may happen early in the disease (Bearse  Jr. et al. 2006; 

Reis et al. 2014).  

There is increasing evidence of mild cognitive impairment early in type 2 diabetes 

(Kalmijn et al. 1995) that could be related to an altered cortical neurochemistry. 

For instance, it had been shown that type 2 diabetes patients have a higher γ-

aminobutyric acid (GABA) concentration in the occipital lobe compared to non-

diabetics (van Bussel et al. 2016). 
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Additionally, type 2 diabetes patients with higher HbA1C levels and lower 

cognitive functioning had a higher occipital GABA concentration as well (van 

Bussel et al. 2016). 

Several studies reported a correlation between GABA in the occipital cortex with 

altered visual function and/or inhibition in other diseases such as schizophrenia 

(Yoon et al. 2010), neurofibromatosis type 1 (Violante et al. 2013; Ribeiro et al. 

2015), major depressive disorder (Norton et al. 2016) and in healthy subjects 

(Edden et al. 2009). The association between occipital GABA and visual 

performance is still to be explored in type 2 diabetes.  

The current study aimed to investigate visual impairment through visual 

psychophysical testing in a longitudinal setting to identify possible predictors of 

visual psychophysical performance and their reliability over one-year period, with 

a particular focus on occipital GABA. Our hypothesis is that changes in GABA, 

secondary to metabolic derangement in diabetes, might also impact visual 

function in relation to putatively affected physiological mechanisms related to 

cortical processing of visual psychophysical tasks. 

EXPERIMENTAL PROCEDURES 

The collected data are part of an observational and prospective study over one 

year of a cohort of type 2 diabetes patients with evidence only for early retinal 

complications (mild non-proliferative diabetic retinopathy).  

Participants 

Patients enrolled in this study met the following inclusion criteria: diagnosed with 

type 2 diabetes according to current WHO criteria, age 40 – 75 years, mild to 

moderate non-proliferative diabetic retinopathy (Early Treatment Diabetic 

Retinopathy Study (ETDRS) level ≤ 35) and disease activity shown by 

microaneurysms. Exclusion criteria included the presence of cataract disease, 

glaucoma, any other retinal disease, any eye surgery or treatment within a period 

of 6-months, pregnancy or breastfeeding, being on psychotropic medication or 

having any mood, anxiety or thought disorders as assessed by their treating 

physicians based on the clinical history. Patients with cardiac pacemaker or 

presence of metal implants on the body were also excluded. All participants gave 

a written informed consent. Tenets of the Declaration of Helsinki were followed 

and approval from the institutional board was obtained. Medical history and 
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demographic data were recorded and fundus photography imaging for ETDRS 

grading was performed. Metabolic control assessed by HbA1C, ophthalmological 

examination, visual psychophysical testing and multimodal imaging were 

performed. We included 11 males and 7 females in our type 2 diabetes group. 

The control group included 22 healthy subjects, age 49 – 71 years who underwent 

HbA1C assessment, ophthalmological examination and visual psychophysical 

testing.  

Visual acuity assessment 

Best Corrected Visual Acuity (BCVA) score was determined by letter counting 

using different charts for both left and right eyes. Subjects were instructed to read 

each line in sequence from left to right and top to bottom starting from the top-

leftmost letters of each chart. The eyes with higher BCVA were used for the 

correlation studies.  

Color fundus photography 

Color fundus photographs of both eyes were taken according to the Early 

Treatment Diabetic Retinopathy Study (ETDRS) protocol. The 7-field 

photographs at 30º were obtained with a Zeiss FF450 camera (Carl Zeiss 

Meditec, Dublin, CA) after pupil dilatation. The photographs were used for DR 

classification according to ETDRS grading. Images of the macula field were used 

for automatic microaneurysm (MA) counting. 

Computerized psychophysical tests 

Set-up 

Psychophysical testing software was programmed in MATLAB (MATLAB 2011a, 

The Mathworks Inc., Natick, MA) and previously tested in glaucoma patients 

(Mateus et al. 2015) using The Psychophysics Toolbox (PTB-3). Stimuli were 

presented on a 24-inch LCD-IPS monitor with a screen resolution of 1920x1200 

pixels and a refresh rate of 60 Hz.  

General characteristics of the test features 

The psychophysical tests included three main novel features and featured a 2 

alternative forced choice paradigm.  This required the participant to compare and 

discriminate a certain visual feature (speed, achromatic luminance, and color 

discrimination) between two distinct moving dots (a reference and a target dot 

presented in opposite hemifields). The two dots only differed in the visual feature 
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currently being tested. 

The two squared dots measured 0.3x0.3 degrees for the speed discrimination 

task and 0.6x0.6 degrees for both the achromatic luminance and color 

discrimination tasks. Participants were instructed to fixate on a central black cross 

that had the size of 1 visual degree in the center of the screen. The stimuli and 

the fixation point were presented on a grey background. The background had a 

luminance of 25 cd/m2. The duration of the trial was 400ms and the reference and 

target dots were presented at the same time to the participant while randomly 

alternating between the visual hemifields. The dots were moving back and forth 

along a 2-degrees random trajectory. Since dots were presented at the same time 

with random vectorial direction, the task could not be performed on the basis of 

estimating the final position of each dot. 

The participant was positioned 50 cm away, after correction for refraction, from 

the display system in a darkened room. The experiments were executed 

monocularly where the eye with the highest BCVA was selected. The tests were 

repeated 4 times corresponding to the four different meridians assessed (the 

horizontal meridian at 0 degrees and the vertical meridian at 90 degrees, and two 

oblique meridians at 45 and 135 degrees). The number of trials per each meridian 

was determined by a nonlinear logarithmic staircase procedure which is 

explained in detail in (Mateus et al. 2015).  

 

Figure 1:  An illustration of the different visual psychophysical feature contrast 
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discrimination tests used. The top-left corner image shows the possible positions 

of the reference and target dots. The remainder images show the different 

discrimination tasks in which the target dot represents the visual feature (speed, 

achromatic or chromatic contrast) which the subject is supposed to discriminate 

from the reference one. 

Speed discrimination test 

In this test, the reference and target dots had the same color, white, and same 

luminance, 30 cd/m2. The only different feature was the velocity of the target dot. 

The reference dot had a fixed velocity of 5 degrees/s whereas the target dot had 

an initial velocity of 24 degrees/s. The participant had to indicate which dot was 

moving faster and depending on their response the logarithmic staircase 

procedure would decrease the velocity of the target dot in subsequent trials until 

it reaches the reference velocity. The discrimination threshold is given by the 

algorithm when the participant is no longer able to discriminate the difference in 

velocity between the two dots. 

Achromatic luminance discrimination test 

In this test, both the reference and target dots were moving at the same velocity 

of 5 degrees/s and had an equal gray appearance where R = G = B. The only 

visual feature that was different between the target and reference dots was 

luminance. While the reference dot had a luminance of 30 cd/m2, the target dot 

had an initial luminance of 70 cd/m2. Similar to the speed discrimination test, the 

luminance of the target dot was gradually brought near to the reference dot 

according to the participant’s responses per the logarithmic staircase procedure. 

The discrimination threshold was given by the algorithm once the participant is 

no longer able to discriminate the difference in luminance between the two dots. 

Color Discrimination Test 

In this test, both the reference and target dots shared the same velocity of 5 

degrees/s and the same luminance of 30 cd/m2. The noise luminance strategy 

was used to minimize the residual luminance cues. The addition of luminance 

noise ensures that the participant is only discriminating the chrominance cues 

(Castelo-Branco et al. 2004; Mateus et al., 2015). This was achieved by placing 
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a matrix of luminance noise around each dot which was composed of 0.3-degree 

squared dots with 6 different luminance levels (30, 34, 38, 42, 46, or 48 cd/m2). 

The luminance of each dot of this matrix randomly changed in each trial. 

The reference dot had a LMS (long-wave, medium-wave, short-wave) coordinate 

of (l = 0.4106, m = 0.4108, and s = 0.4241) which gave the appearance of a gray-

color dot. The target dot had different colors depending on which cone population 

is being tested. For example, while testing the L-cone feature, the m and s values 

were fixed at the reference level.  L-cone test started at an l = 0.4732 (a pale red 

dot), the m-cone test started at an m = 0.5158 (a green dot) and the s-cone test 

started at an s = 0.9 (a purple dot). Similar to the achromatic luminance and speed 

discrimination tests, the target dot distinct feature, whether L, M or S cone 

stimulation, was brought down near the reference dot LMS coordinates according 

to the participant responses.  

Dimension Reduction of the Psychophysical Thresholds 

The tests were repeated in four different meridian (0, 45, 90, and 135) and the 

thresholds for each meridian for a single feature were highly correlated. 

Therefore, principle component analysis was performed in SPSS to provide three 

representative variables for speed, achromatic luminance and color 

discrimination thresholds. 

For speed discrimination thresholds, the values of the four meridians for the type 

2 diabetes and the controls were included in the principal component analysis 

and a single factor was extracted which explains most of the variance (> 85%) 

from the four different meridians for that feature. Factor extraction for the 

achromatic luminance discrimination thresholds was performed in the same way 

as we did for speed discrimination thresholds. 

Color discrimination tests included three different features depending on which 

main cone population was being stimulated and four different meridians for each 

feature, hence 12 different highly correlated variables. We chose to put all of the 

12 repeated measures to our principal component analysis algorithm and 

extracted a single component that explained the variance in most of the different 

cone tests and was correlated with L, M and S cone thresholds from the different 

meridians. 

The extracted factors had a mean of 0 and a standard deviation of 1, hence 
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standardized variables. 

Brain structural Magnetic Resonance Imaging (MRI) and Spectroscopy 

(MRS) 

Data were acquired on a 3T Siemens Scanner (Siemens Magnetom 3T TimTrio, 

Erlangen, Germany). T1-weighted structural images of the brain were acquired 

with a MPRAGE sequence with: 1 mm3 isotropic voxel, repetition time 2.53 s, 

echo time 3.42 ms, inversion time 1100 ms, flip angle 7º, field of view 256x256 

mm2, 256x256 matrix, 176 slices and GRAPPA acceleration factor = 2. T2-

weighted brain images were acquired from a FLAIR sequence with: 1 mm3 

isotropic voxel, repetition time 5 s, echo time 2.98 ms, inversion time 1.8 s, 

256x256 matrix, 160 slices, GRAPPA acceleration factor = 2. A GABA-edited 

magnetic resonance spectra was collected using the MEGA-PRESS method 

(Edden et al. 2014) from a 27 cm3 isotropic voxel, with echo time 68 ms, repetition 

time 1.5 s, 392 averages and 1024 data points. The T1 and T2-weighted images 

were analyzed for structural abnormalities and bright objects detection. The MRS 

voxel was positioned medially in the Occipital Cortex (Figure 2 A). Grey matter 

(GM), white matter (WM) and cerebrospinal fluid (CSF) fractions of the voxel were 

determined for each participant after tissue segmentation of the T1-weighted 

images using an in-house Matlab (R2012a, The MathWorks, USA) script based 

on the SPM8 (Wellcome Trust Centre for Neuroimaging, Institute of Neurology, 

UCL, London, UK, http://www.fil.ion.ucl.ac.uk/spm/) and VBM8 

(http://dbm.neuro.uni-jena.de/vbm8/) toolboxes. The MEGA-PRESS data were 

processed with Gannet software (Edden et al. 2014). GABA and total Creatine 

signals were obtained from the difference edited spectra. GABA and total 

Creatine peaks were fitted to a simple Gaussian and to a double Lorentzian 

models, respectively, and integrated for quantification (Figure 2 B). Results are 

expressed as levels of GABA/Cr. Normalization to Creatine was used  in order to 

reduce intersubject variance from both different signal-to-noise levels and CSF 

fraction within the voxel (Bogner et al. 2010). 

http://dbm.neuro.uni-jena.de/vbm8/
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Figure 2: A – Anatomical structural MRI showing MEGA-PRESS voxel placement 

from a type 2 diabetes subject at the occipital cortex. B - Example of the output 

spectra acquired from the same participant with Gannet Software which shows 

GABA peak integration and model fit. 

Statistical analysis  

Statistical analyses were performed with IBM SPSS Statistics version 20 

software. Paired-sample t-student tests were used to investigate if there were 

differences between means of the main outcome variables within the period of 

one year. Pearson’s correlations were used to search for associations between 

the different variables in our study. Of particular interest was to assess the 

GABA/Cr predictive role of visual psychophysical thresholds as measured by 

correlating GABA/Cr from the first visit with psychophysical synthetic thresholds 

from the second visit one year later. Our statistical significance threshold was set 

at a p-value < 0.05. 

RESULTS 

Demographic and Clinical Data 

A summary of the patients’ and controls’ demographic, metabolic and systemic 

features is presented in Table 1.  

Table 1: General characteristics of type 2 diabetes and control groups. 

Continuous scales are presented in mean (95% confidence interval). 

 Control (N=22) Type 2 Diabetes 

(N=18) 

p-

value 

Demographic Characteristics  

Age (years) 55.63 (52.63 – 
58.63) 

58.72 (54.84 – 
62.60) 

0.217 
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Gender 9 M | 13 F 11 M | 7 F 0.341+ 

Disease duration (years) N.A.* 14.94 (12.28 – 
17.60) 

N.A. 

Metabolic and Systemic Characteristics  

HbA1C (%) 5.30 (5.09 – 5.51) 
(m.c.- = 11) 

7.99 (7.40 – 8.58) < 0.001 

Systolic blood pressure 
(mm Hg) 

125.62 (116.17 – 
135.07) 

(m.c. = 9) 

148.17 (144.10 – 
152.24) 

< 0.001 

Diastolic blood pressure 
(mm Hg) 

73.38 (67.84 – 
78.92) 

(m.c. = 9) 

74.11 (69.77 – 
78.45) 

0.838 

BMId (kg/m2) 25.12 (23.65 – 
26.59) 

(m.c. = 5) 

30.52 (28.63 – 
32.41) 

< 0.001 

Ocular and Visual Characteristics  

BCVAa score 98.06 (91.59 – 
104.53) 

(m.c. = 4) 

85.22 (83.49 – 
86.95) 

< 0.001 

ETDRSb level N.A. 30.83 (27.64 – 
34.02) 

N.A. 

MAc number N.A. 5.89 (3.13 – 8.65) N.A. 
aBCVA: Best Correct Visual Acuity 
bETDRS: Early Treatment Diabetic Retinopathy Study 
cMA: Microaneurysms 
dBMI: Body Mass Index 
* N.A.: Not Applicable 
- m.c.: missing cases 
+ Fisher’s exact test was used 

Changes in systemic and ocular parameters over one year 

Paired t-tests were used to compare variables changes between the two visits. 

BCVA and systolic blood pressure improved significantly over the period of one 

year and were accompanied by a significant decrease in the number of retinal 

MA. Table 2 summarizes these findings. 

Table 2: Changes in systemic, metabolic and visual parameters over one year in 

the T2DM group (N = 18). Continuous scales are presented in mean (95% 

confidence interval). 

 First Visit Second Visit p-

value* 

BMI 30.52 (28.63 – 
32.41) 

30.55 (28.61 – 32.49) 0.739 

HbA1C 7.99 (7.40 – 8.58) 7.87 (7.17 – 8.57) 0.530 

Visual Acuity 85.22 (83.49 – 
86.95) 

87.50 (85.84 – 89.16) 0.004 
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Retinal 

Microaneurysms 

5.89 (3.13 – 8.65) 4.06 (1.65 – 6.47) 0.020 

Systolic Blood 

Pressure 

148.17 (141.32 – 
155.02) 

138.28 (134.21 – 
142.35) 

0.010 

Diastolic Blood 

Pressure 

74.11 (69.78 – 
78.45) 

73.28 (70.37 – 76.19) 0.724 

Psychophysics (variables are standardized and derived from 

PCA): 

 

   Speed 0.41 (- 0.06 – 0.88) 0.29 (- 0.34 – 0.92) 0.680 

   Achromatic 
Luminance 

0.29 (- 0.34 – 0.92) 0.14 (- 0.25 – 0.53) 0.663 

   Color Discrimination 0.08 (- 0.29 – 0.45) 0.33 (- 0.33 – 0.99) 0.415 
* Paired-sample t-test was used 

Visual impairment in type 2 diabetes and systemic biomarkers 

Additionally, using our novel set of visual psychophysical thresholds we found 

that speed discrimination thresholds were statistically different between type 2 

diabetes and controls in both visits as is depicted in Table 3. 

Table 3: Differences in psychophysical thresholds between the type 2 diabetes 

and control groups. 

 Control (N=22) Type 2 Diabetes (N=18) 

  First Visit p Second Visit p 

Speed - 0.45 (- 0.60 – 
- 0.30) 

0.41 (- 0.06 – 
0.88) 

0.0

03 

0.29 (- 0.34 – 
0.92) 

0.0

40 

Achromatic Lu

minance 

- 0.19 (- 0.59 – 
0.21) 

0.29 (- 0.34 – 
0.92) 

0.1
83 

0.14 (- 0.25 – 
0.53) 

0.2
71 

   Color 

Discrimination 

- 0.17 (- 0.52 – 
0.18) 

0.08 (- 0.29 – 
0.45) 

0.3
47 

0.33 (- 0.33 – 
0.99) 

0.2
04 

These are standardized variables, hence the negative sign in the controls, 
meaning better performance. Controls had a single visit for their visual 
psychophysical assessment.  
P-values represent the statistical significance of the difference in mean between 
Type 2 Diabetes and Control groups. 
BCVA was found to be negatively correlated with age in both visits and can also 

be predicted by age as is demonstrated in Table 4. BCVA was also correlated 

with disease duration and Body Mass Index (BMI) was predictive of BCVA one 

year later.  

Table 4: BCVA within-visit correlations and BCVA prediction one year later by 

demographic, metabolic and ocular parameters in T2DM. (N=18). 

 r p-value 

Within-visit Correlations for the first visit 

Disease Duration - 0.43 0.078 
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Age - 0.54 0.022 

HbA1C - 0.20 0.421 

ETDRS Level - 0.34 0.172 

Number of MA 0.09 0.721 

BMI - 0.32 0.203 

Within-visit Correlations for the second visit 

HbA1C - 0.17 0.505 

Number of MA 0.28 0.258 

BMI - 0.50 0.033 

Prediction One Year Later 

Disease Duration - 0.25 0.315 

Age - 0.46 0.055 

HbA1C - 0.10 0.696 

ETDRS Level - 0.23 0.356 

Number of MA 0.08 0.761 

BMI - 0.50 0.036 

Speed discrimination thresholds also showed a positive correlation with ETDRS 

level (r = 0.44, p = 0.071). In the second visit, HbA1C positively correlated with 

achromatic luminance discrimination thresholds (r = 0.60, p = 0.009). 

Occipital cortex GABA as a predictor of visual performance 

GABA/Cr was not influenced by grey matter content in the analyzed occipital 

cortical voxels (r = 0.20, p = 0.430). GABA/Cr significantly predicted speed and 

achromatic luminance discrimination thresholds within the first visit and one year 

later as is illustrated in Figure 3. GABA/Cr showed no significant pattern of 

correlation when correlating with color discrimination (small negative trend, but 

non-significant). GABA/Cr was not related to age, disease duration, HbA1C, BMI, 

number of MA or ETDRS level. 

GABA/Cr Predicts Visual Psychophysical Thresholds at Baseline 

  
GABA/Cr Predicts Visual Psychophysical Thresholds One-Year Later 

r = 0.54 
p = 0.02 

 

r = 0.52 
p = 0.03 
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Figure 3: GABA/Cr predicts speed and achromatic luminance discrimination 
thresholds at baseline. GABA/Cr also predicts speed discrimination thresholds 
one year later. r in the boxes represents Pearson’s correlation coefficient and p 
is the p-value of that correlation. All variables were log transformed. 

DISCUSSION 

In this study, we have three main novel findings related to type 2 diabetes visual 

performance in early diabetic retinopathy. Our cohort of type 2 diabetes patients 

scored worse in a novel speed discrimination task compared to healthy controls, 

and their lower visual acuity was predicted by systemic and retinal biomarkers 

whereas their speed and achromatic luminance discrimination thresholds were 

mainly explained by cortical processing. 

Visual acuity was mildly impaired in the type 2 diabetes group which can be 

related to glycemic control (HbA1C level above 7.0%) (Mahmood and Aamir 

2005) and elevated systolic blood pressure at baseline. Systolic blood pressure 

was previously reported to be negatively correlated with visual acuity (Ernest-

Nwoke et al. 2014; Taura et al. 2015), and our findings are consistent with this 

notion, since visual acuity seemed to improve in the second visit while systolic 

blood pressure was also lower compared to the first visit. The difference in the 

number of MA in the type 2 diabetes group can be related to its high turnover rate 

(appearance and disappearance rate) (Ribeiro et al. 2013). 

Our novel set of visual psychophysical testing is partially dependent on speed 

contrast detection of moving dots and several studies have shown that contrast-

dependent visual tasks could be impaired in early type 2 diabetes (Krásný et al. 

2006; Reis et al. 2014; Tsai et al. 2016). Indeed, we report for the first time that 

speed discrimination is impaired in type 2 diabetes patients as their thresholds 

r = 0.52 
p = 0.03 

 

r = 0.25 
p = 0.32 
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were significantly higher than the control group in both visits. The notion that 

patients may perform differently and in relation to GABA levels depending on the 

type of visual task involved has been previously reported in major depressive 

disorder (Norton et al. 2016). 

Visual acuity was negatively correlated with disease duration and age at baseline, 

and was predicted by the patient’s age one year later which agrees with the 

current literature (de Fine Olivarius et al. 2011; Trento et al. 2016). Similar to 

Misra et al findings, we show that speed and achromatic luminance discrimination 

thresholds are correlated with retinopathy grade and HbA1C respectively (Misra 

et al. 2010). 

Occipital cortical GABA/Cr was of interest to us because it is known to be altered 

in type 2 diabetes (van Bussel et al. 2016) and to be higher in diabetes patients 

with cognitive impairment. As motion detection tasks were shown previously to 

be related to cortical processing and occipital GABA (Edden et al. 2009), we 

hypothesized that psychophysical tests with visual features of speed, achromatic 

luminance and color discrimination of moving dots will also be at least partly 

dependent on cortical processing.  

A novel finding of our study is the observation that GABA/Cr not only predicts 

speed and achromatic luminance discrimination thresholds at baseline, but also 

one-year later. Higher GABA/Cr seems to be associated with higher speed and 

achromatic luminance discrimination thresholds which can be clinically translated 

into worse performance. The fact that GABA/Cr is positively correlated with worse 

psychophysical performance or contrast detection within and across time 

suggests that high levels of this neurotransmitter have a deleterious role.  This is 

consistent with the observation that higher occipital GABA was found to be 

correlated with type 2 diabetes and cognitive impairment (van Bussel et al. 2016), 

and higher brain GABA concentration was also reported in Zucker Diabetic Fatty 

rat models (Sickmann et al. 2012). Additionally, it seems that contrast detection 

is dependent on occipital GABA/Cr but the direction of this relationship is different 

according to the task involved (speed and achromatic luminance versus color 

discrimination), see also Norton et al. 2016. 

One limitation of this study is that GABA/Cr values were not available for 

correlation with visual psychophysical thresholds within the control group. 
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In conclusion, we show that type 2 diabetes patients have visual impairment early 

in the disease even with early retinopathy by a novel speed discrimination task. 

We also show that occipital cortical GABA/Cr, seems to be a novel predictor of 

speed and achromatic discrimination thresholds at baseline and one year later, 

irrespective of level changes, in type 2 diabetes.  
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Occipital blood-brain barrier permeability is an independent predictor of visual 

outcome in type 2 diabetes, irrespective of the retinal barrier: A longitudinal 

study 

S. I. Abuhaiba1,2,3,4 | M. Cordeiro2,5 | A. Amorim1,6,7 | Â. Cruz1 | B. 

Quendera7 | C. Ferreira1,7 | L. Ribeiro8 | R. Bernardes1,7 | M. Castelo-

Branco1,7 

Abstract  

Blood brain barrier permeability in type 2 diabetic patients has been previously 

shown to be altered in certain brain regions such as the basal ganglia and the 

hippocampus. Because of the histological and functional similarities between the 

blood-brain-barrier (BBB) and the blood-retinal-barrier (BRB) we aimed to 

investigate how the permeability of both barriers predicts visual outcome. We 

included two control groups (Acute unilateral stroke patients n=9, and type 2 

diabetics without BRB leakage n=10) and a case study group of type 2 diabetics 

with established BRB leakage (n=17). We evaluated gender, age, disease 

duration, metabolic impairment, retinopathy grade, and BBB permeability as 

predictors of visual acuity at baseline, 12 months and 24 months in the type 2 

diabetics without BRB leakage group and the case study group. We have also 

explored the differences in BBB permeability in the occipital lobe and frontal lobe 

in the three different groups. Ktrans (volume transfer coefficient) and Vp (fractional 

plasma volume) were estimated. The BBB permeability parameter Vp was higher 

in the case study group compared to the unaffected hemisphere of stroke patients 

control group, suggesting changed vascular dynamics in the occipital lobe of type 

2 diabetics with established BRB leakage. These patients showed significant 

correlation between glycated hemoglobin (HbA1C) levels and occipital and frontal 

Ktrans. We report for the first time that occipital BBB permeability is an independent 

predictor of visual acuity at baseline, 12 months and 24 months in type 2 diabetics 

with established BRB leakage. Our results suggest that occipital BBB 

permeability might be an independent biomarker for visual impairment in patients 

with established BRB leakage. 
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INTRODUCTION  

Diabetes Mellitus is one of the most devastating diseases of the 21st century, 

affecting about 382 million people and estimated to affect 471 million by 2035 (1). 

It is a metabolic disorder characterized by chronic hyperglycemia and 

disturbances of carbohydrate, fat and protein metabolism, resulting from defects 

in insulin secretion, insulin action, or both (2). 

Diabetic retinopathy is a very common comorbidity in diabetes and is present in 

about 60% of Type 2 Diabetes patients with more than 10 years of established 

disease and in almost every Type 1 Diabetes patient older than 20 (2,3). It is a 

microvascular complication, with prevalence strongly related to the duration of 

the disease, and is the most frequent cause of new cases of blindness among 

adults aged between 20 and 74 years (4). It is estimated to take at least five years 

for the development of the first signs of retinopathy after the onset of diabetes. 

Type 2 diabetes patients generally have many years of undiagnosed disease, 

hence they have a significant risk of diabetic retinopathy at the time of diagnosis 

(5,6). 

Visual loss results primarily from increased permeability of retinal existing vessels 

(7) (leading to edema) and growth of new abnormal retinal vessels (proliferative 

retinopathy) that occurs as a consequence of abnormal blood flow, abnormal 

permeability, and defective perfusion of capillaries. As a result, retinal ischemia 

stimulates a pathologic neovascularization mediated by angiogenic factors, such 

as vascular endothelial growth factor (VEGF), which results in proliferative 

diabetic retinopathy (4). 

At the brain level, the early consequences of diabetes are less evident and more 

difficult to assess, as the brain is not as optically accessible for direct observation 

as the retina. However, there is evidence of cognitive impairment related to 

metabolic disturbances in type 2 diabetes patients (8) and blood-brain-barrier 
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(BBB) permeability dysfunction in diabetic rats (9). BBB permeability has been 

shown to increase in specific brain regions in rats with Streptozotocin-induced 

diabetes, namely the hippocampus. (10–12). Hyperglycemia has been 

associated with altered BBB transport functions (e.g., glucose, insulin, choline, 

amino acids, etc.), integrity (tight junction disruption), and oxidative stress in 

central nervous system (CNS) microcapillaries (13). These have a potential 

causal role for upregulation and activation of the receptor for advanced glycation 

end-products (RAGE). Difficulty in detecting vascular impairments in the large 

and heterogeneous brain microvascular bed in vivo has led to controversial 

findings, especially regarding the effects of diabetes on the BBB. It was previously 

reported that type 2 diabetics have an increased signal on magnetic resonance 

brain imaging with intravenous gadolinium (Gd) diethylenetriamine pentaacetic 

acid (Gd-DTPA) compared to healthy controls in the basal ganglia, a finding that 

is suggestive of increased blood-brain barrier permeability in type 2 diabetics 

(14). 

The retina is an external prolongation of the brain, from the embryological point 

of view and, from this perspective, the blood-retinal-barrier (BRB) shares 

histological and functional similarities with the BBB.  In the early stages of diabetic 

macular edema, breakdown of BRB may occur, resulting in accumulation of 

extracellular fluid in the macula (15). Functional retinal changes and 

psychophysical visual impairment have been previously described in type 2 

diabetes patients with retinopathy (16,17), but a possible correlation with BBB 

leakage has not been explored yet. A recent study by our group has shown 

evidence for neurophysiological and psychophysical changes ever prior to BRB 

leakage (18), which suggests that neurophysiological and vascular phenotypes 

may be separable at least during a part of the natural history of the disease. 

In this study, we aim to elucidate the possible interplay between BBB permeability 

and BRB permeability. We are also interested in studying possible relationships 

between the BBB permeability within the occipital lobe and visual performance in 

type 2 diabetic patients. 

MATERIALS AND METHODS 
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Participants 

In this study, we recruited 17 type 2 diabetic patients with established blood-

retinal-barrier leakage - “Case Study Group”. We also recruited two control 

groups for comparative analysis: 9 non-diabetic patients with acute unilateral 

stroke and 10 type 2 diabetic patients without blood-retinal-barrier leakage.  

The participants were recruited from the Institute for Biomedical Imaging and Life 

Sciences (IBILI) and the Central Hospital of University of Coimbra (CHUC). All 

participants were provided with a formal written consent which explained the 

study protocol, the required investigations and any other information needed by 

the participant to make a sound decision to join the study. 

The inclusion criteria for the case study group and the type 2 diabetic patients 

without BRB leakage group included any patient with type 2 diabetes who is aged 

75 years or younger, and who have non-proliferative diabetic retinopathy (NPDR). 

Participants with cataracts or other eye diseases that could interfere with fundus 

examinations, eye surgery or treatment within the previous 6-months, pregnancy, 

lactation, renal failure (acute or chronic), severe cardiovascular disease (brain 

stroke, myocardial infarction, limb injury), known allergic or hypersensitivity 

reactions to Gadobutrol, used in dynamic contrast enhanced – magnetic 

resonance imaging (DCE-MRI), or known contraindications to MRI (cardiac 

pacemaker, claustrophobia, cochlear implants) were excluded from these two 

groups. The classification of the type 2 diabetic patients into a case study 

participant or a control participant was made possible by the evaluation of the 

retinal-barrier-status by retinal leakage analyzer (RLA) at the baseline visit. 

Participants from these two groups underwent routine clinical history and physical 

examination assessment, HbA1C level assessment, and color fundus 

photography. Best corrected visual acuity (BCVA) was assessed at the baseline 

visit, 12-month time-point and 24-month time point and is presented as decimal 

visual acuity. The blood-brain-barrier permeability was assessed by DCE-MRI.  

The inclusion criteria for the acute unilateral stroke patients group included any 

non-diabetic patient with a unilateral hemispheric vascular lesion, i.e. blood-brain-
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barrier permeability parameters were obtained from the healthy hemisphere, who 

is aged 75 years or younger. We excluded any participant who is pregnant, 

lactating, with renal failure (acute or chronic), with known allergic or 

hypersensitivity reactions to Gadobutrol, used in DCE-MRI, or known 

contraindications to MRI (cardiac pacemaker, claustrophobia, cochlear implants). 

Participants from this group also underwent clinical history and physical 

examination assessment in addition to the measurement of blood-brain-barrier 

permeability by DCE-MRI.  

The presence or absence of deep white matter lesions indicative of silent 

ischemia was assessed by an experienced neuroradiologist in the three groups. 

Ethics 

This study was performed per the ethical principles of the Declaration of Helsinki. 

Eligible patients only participated in the study after providing written informed 

consent. This study was approved by the Ethics Committee of the Faculty of 

Medicine of the University of Coimbra. 

Study Protocol 

Type 2 diabetics were contacted by our institution for participation and an 

informed consent was provided. The participants underwent RLA assessment to 

classify them between type 2 diabetics with established BRB leakage (case study 

group) or type 2 diabetics without BRB leakage (a control group). During the same 

visit, the participants also underwent colored fundoscopic photography, best 

corrected visual acuity assessment, and history and physical examination 

including the presence or absence of other co-morbidities such as 

hypercholesterolemia or hypertension. Additionally, the participants underwent 

structural MRI and DCE-MRI for the assessment of the blood-brain-barrier 

permeability and the presence or absence of deep white matter lesions at the 

same baseline visit. BRB assessment by RLA and BBB assessment by DCE-MRI 

were performed on the same day. 
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At the second visit, 12 months later, the type 2 diabetics were contacted again, 

and the best corrected visual acuity test was redone. Finally, at 24 months, the 

two groups had their best corrected visual acuity reassessed. 

Retinal leakage analysis 

The retinal leakage analyzer (RLA) quantifies localized fluorescein leakage from 

the retina into the vitreous across the BRB in humans, at multiple spatial 

locations. If the BRB is intact, there should be virtually no leakage, where the 

amount of leakage is proportional to BRB damage. RLA was used in the type 2 

diabetic participants to classify the patients between type 2 diabetics with 

established BRB leakage (case study group) and type 2 diabetics without BRB 

leakage (a control group). 

Retinal and vitreous fluorescence were measured within the first 10 and 15 

minutes after intravenous injection of 14mg/ Kg of 20% sodium fluorescein using 

the Heidelberg Retina Angiograph. The system was run using the default setup 

for leakage analysis. Fluorescein measurements obtained from the vitreous were 

then converted into leakage maps describing the distribution of the BRB 

permeability indices. 

Two types of information were obtained simultaneously: one for optical imaging 

of the retina, and the other representing fluorescence measurements from the 

areas being scanned. To compute the BRB permeability, a simplex index of 

permeability was determined. The measurement of the permeability index 

assumes 1-dimensional diffusion of fluorescein across the retinal plane and 

includes measurements of fluorescence near the retina. 

Type 2 diabetics with unilateral or bilateral BRB leakage were classified as the 

case study group (n = 17) while those without BRB leakage in both eyes were 

classified as the control group (n = 10). Figure-1 shows the differences between 

an abnormal RLA versus a normal RLA. 
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Figure-1: A. An RLA map that shows increased fluorescence due to retinal 

blood vessels’ leakage in a type 2 diabetic patient compared to B. who is a type 

2 diabetic without retinal leakage. For an RLA map to be considered normal, 

there should be no leakage at all.  

Structural MRI and DCE-MRI 

DCE-MRI typically consists of a T1-weighted sequence repeated several times 

over the course of several minutes following a contrast bolus injection. The main 

advantage of DCE-MRI over qualitative post-contrast T1- weighted imaging or 

visual evidence of gadolinium enhancement is that it is more sensitive to BBB 

damage (19). It also allows to quantitively measure the extent of contrast 

accumulation as a function of time, by applying an appropriate pharmacokinetic 

model, and ultimately to produce estimates of BBB permeability in the volume of 

plasma cleared for the tracer per unit of time and per unit of tissue volume.  

We asked the patients to fast for 4 hours before imaging.  MRI was performed 

using a 3.0 Tesla scanner (3T MAGNETOM Trio, A Tim System, Siemens 

Medical Solutions, Erlangen, Germany) with a standard phased array 12-channel 

head matrix coil. The subjects were positioned on the scanner table with the head 

at the center of the head-coil, and provided with headphones and paddings to 

minimize head movements during the scan. Structural and functional sequences 

were acquired, namely, MPRAGE_p2_1mm-iso, 1H-Spectroscopy svs_529, 

t1_tse_rs_tra. Then, a paramagnetic contrast agent - Gadobutrol (Gadovist 1,0 

mmol/ml, Bayer Pharma AG, Berlin, Germany) - was injected after the third 

sequence, using a previously applied intravenous catheter into the antecubital 
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vein, with a power-injector (Optistar™ MR Contrast Delivery System, Mallinckrodt 

Pharmaceuticals, St. Louis, United States) with programed flow rate and volume 

(constant rate of 3.5 mL/s). The dose was 0.1mmol/kg body-weight (i.e., most of 

the times approximately 7 mL to 9 mL). The rate and volume of saline-flush 

injection was 3.5 mL/s and 20 mL, respectively.  

In order to estimate the baseline T1 map, we obtained 3 variable flip-angle 

gradient echo (GRE) sequences (TR 5.9 ms; TE 2.11 ms; FA 2º, 5º, or 10º; 128 

× 128 matrix, 1.875 × 1.845-mm in-plane pixel size, 240 × 240-mm field of view, 

resulting in 5-mm slice thickness and 1950 Hz/pixel bandwidth). On the other 

hand, the perfusion sequence was the same with a flip-angle of 20º and 20 

continuous measurements.  

The 3D GRE sequence had the following settings: TR/TE 5.9/1.5 ms, FOV 240 

mm, matrix 128×128, slice thickness 5 mm, 32 slices, flip-angle 20°, for 20 times 

with a temporal resolution of about 11s. 

BBB permeability estimation  

The evaluation of blood-brain-barrier permeability (BBBp) was performed by a 

trained biomedical engineer (author AM) and supervised (for region of interest 

(ROI) selection) by an experienced neuroradiologist using an in-house custom 

software developed in Matlab by AM. The ROIs were bilateral in the case study 

group and in type 2 diabetics without BRB leakage (a control group), and 

contralateral to the stroke side in the second control group of acute unilateral 

stroke patients. 

After motion correction and registration, we manually drew a region of interest 

that included the occipital lobe (Grey and White Matter) and a control region that 

included the frontal lobe, see Figure-2. Pharmacokinetic modeling was performed 

using the Patlak Model, which is considered superior to the conventional Tofts 

and extended Tofts models in estimating low BBB permeability changes (20,21), 

in order to obtain the volume transfer coefficient (Ktrans), and fractional plasma 

volume (Vp) which are considered as reliable parameters of BBBp. The arterial 
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input function (AIF) used was the Parker modeled AIF (22). The process 

concluded with the computation of the mean values of Ktrans and Vp for each ROI. 

A.  B.  

C.  
D.  

Figure-2: A. Shows the placement of the occipital lobe ROI with a parametric 

map of Ktrans. The ROI included multiple slices to include 1000 voxels in 

average. B. Shows the placement of the frontal lobe ROI with a parametric map 

of Ktrans. The ROI included multiple slices to include 1000 voxels in average. C. 

and D. depict the relative contrast enhancement over time measured from the 

occipital and frontal ROIs respectively.  

The placement of the ROIs was bilateral in type 2 diabetic patients and 

contralateral to the vascular lesion, i.e. stroke, in the acute unilateral stroke 

patients.  

Statistical analysis  

Statistical analysis was performed using IBM SPSS Statistics 23.0. ANOVA test 

was used to compare the continuous variables between the three groups. Chi-

square test was used to compare proportional variables between the three 
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groups, i.e. gender, comorbidities, and the presence of deep white matter lesions. 

Independent samples student t-test was used to compare BBBp and visual acuity 

parameters between participants with or without comorbidities within the case 

study group. Pearson’s correlation was used to study the relationship between 

BBBp at baseline and the body mass index, disease duration, or HbA1C within 

the case study group and the control group of type 2 diabetics without BRB 

leakage. Pearson’s correlation was also used to evaluate the predictive 

relationship of BBBp and visual acuity at baseline, 12 months and 24 months 

within the case study group and the control group of type 2 diabetics without BRB 

leakage. Bonferroni correction for multiple comparisons was used. 

RESULTS  

Patient characteristics 

Table-1 summarizes the demographic, clinical, radiological, ocular, and retinal 

characteristics of the three groups included in this study. Our case study group 

“Type 2 Diabetics with Established BRB Leakage” was not statistically different 

from the control group of type 2 diabetics without BRB leakage or the control 

group of non-diabetics with acute unilateral stroke patients. Despite the absence 

of statistically significant differences, we noticed certain trends in our case study 

group. Type 2 diabetics with established BRB leakage tend to have a slightly 

increased frequency of hypertension, hypercholesterolemia, and deep white 

matter lesions compared to the control group of type 2 diabetics without BRB 

leakage. Additionally, type 2 diabetics with established BRB leakage were more 

likely to have advanced retinopathy grade and a slightly lower decimal visual 

acuity at baseline. 

Table-1: General characteristics of the different study groups. 

Parameter Case Study 

Group*  

 

(n = 17) 

Type 2 

Diabetics 

Without 

BRB 

Leakage  

(n = 10) 

Acute 

Unilateral 

Stroke 

Patients  

(n = 9) 

p-value 



O c c i p i t a l  C o r t e x  D i s r u p t i o n  i n  T y p e  2  D M | 77 

 

 

Age [years] 61.12 

(8.19) 

61.7 (8.46) 64.77 (6.82) > 0.05 

BMI [kg/m2] 30.38 

(4.51) 

30.33 (3.07) 27.05 (3.30) > 0.05 

Gender (M:F) 8:9 7:3 6:3 > 0.05 

Comorbidities 

Hypertension 88.2% 80% 44.4% > 0.05 

Hypercholesterolemia 52.9% 30% 77.8% > 0.05 

Deep White Matter Lesions 

None 53% 66.7% 22.2% > 0.05 

Yes 47% 33.3% 77.8% 

General Characteristics of Type 2 Diabetic Groups 

Duration of Type 2 

Diabetes Diagnosis 

15.65 

(6.06) 

16.7 (4.17)  > 0.05 

HbA1C [%] 7.93 (1.32) 8.00 (1.24)  > 0.05 

Ocular and Retinal Characteristics 

Right Eye     

Diabetic Retinopathy Grade 

Early 35.3% 50%  > 0.05 

C, D or F 64.7% 50%  

Visual Acuity 0.85 (0.05) 0.87 (0.04)   > 0.05 

Left Eye     

Diabetic Retinopathy Grade 

Early 47.1% 50%  > 0.05 

C, D or F 52.9% 50%  

Visual Acuity 0.85 (0.04) 0.87 (0.02)  > 0.05 

None of the tested parameters showed a statistically significant difference 

between the three groups. Hypertension, hypercholesterolemia and deep white 

matter lesions were slightly more reported in the case study group compared to 

the negative control group. The diabetic retinopathy grade was more advanced 

in the case study group and visual acuity showed a trend to be slightly lower in 



78 | C h a p t e r  2  

 

 

the same group. Continues variables are presented as mean (standard 

deviation). 

* Case Study Group: Type 2 Diabetics with Established BRB Leakage 

 

The BBB status in the Three Groups 

Table-2 summarizes the main differences in the BBB permeability parameters, 

between the three groups. The case study group had a statistically significant 

(survived correction for multiple comparisons) higher mean of occipital Vp 

compared to the control group of acute unilateral stroke patients (the contralateral 

hemisphere in stroke patients). 

Table-2: Blood-brain-barrier permeability differences between the three study 

groups. 

 Case Study 

Group*  

(n = 17) 

Type 2 

Diabetics 

Without BRB 

Leakage 

(n = 10) 

Contralateral 

Hemisphere in 

Acute 

Unilateral 

Stroke Patients  

(n = 9) 

ANOVA 

p-value 

Occipital     

Ktrans [min-1] 0.006 (0.001) 0.006 (0.001) 0.007 (0.003) N.S. 

Vp 0.006 (0.002) 0.007 (0.003) 0.003 (0.002) 0.001 

Frontal     

Ktrans [min-1] 0.005 (0.001) 0.005 (0.001) 0.006 (0.001) N.S. 

Vp 0.004 (0.001) 0.004 (0.001) 0.003 (0.001) 0.007 

Variables are presented in the format: Mean (Standard Deviation). The difference 

in mean of occipital lobe Vp survived correction for multicomparisons when 

comparing the case study group to the control group of acute unilateral 

stroke patients. 

Ktrans: volume transfer coefficient reflecting vascular permeability. 

Vp: fractional plasma volume 

* Case Study Group: Type 2 Diabetics with Established BRB Leakage 
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Relationship Between BBBp and the Disease Duration, BMI, and HbA1C in 

the Case Study Group versus the Control Group of Type 2 Diabetics Without 

BRB Leakage 

Table-3 summarizes the correlations between BBBp parameters from the 

occipital and frontal lobes, and disease duration, body mass index and HbA1C. 

Type 2 diabetics with established BRB leakage had a statistically significant 

correlation between their HbA1C and occipital and frontal Ktrans. This correlation 

was absent in the control group of type 2 diabetics without BRB leakage. 

Table-3: Correlation between blood-brain-barrier permeability and the general 

characteristics within the case study and the control group of type 2 diabetics 

without BRB leakage. 

 Disease 

Duration 

p BMI p HbA1C p 

Case Study 

Group* 

      

Occipital       

Ktrans [min-1] -0.018 N.S. 0.418 N.S. 0.612 0.013 

Vp 0.079 N.S. 0.104 N.S. 0.011 N.S. 

Frontal       

Ktrans [min-1] 0.096 N.S. 0.121 N.S. 0.579 0.019 

Vp 0.074 N.S. 0.143 N.S. -0.163 N.S. 

Type 2 

Diabetics 

Without BRB 

Leakage 

      

Occipital       

Ktrans [min-1] -0.211 N.S. -0.092 N.S. -0.367 N.S. 

Vp -0.177 N.S. -0.714 N.S. -0.251 N.S. 

Frontal       
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Ktrans [min-1] 0.279 N.S. -0.143 N.S. -0.116 N.S. 

Vp -0.118 N.S. -0.086 N.S. -0.351 N.S. 

Diabetics with established BRB leakage showed a positive correlation between 

occipital blood-brain-barrier permeability presented in Ktrans and HbA1C. These 

correlations cannot be found in the negative control group. 

Shaded values are statistically significant correlations. 

Ktrans: volume transfer coefficient reflecting vascular permeability. 

Vp: fractional plasma volume 

* Case Study Group: Type 2 Diabetics with Established blood-retinal-barrier 

Leakage 

Prediction of Visual Acuity from the Systemic and Demographic Features 

within the Case Study Group and the Control Group of Type 2 Diabetics 

Without BRB Leakage 

Neither the disease duration, nor the baseline HbA1C levels within the case study 

group were predictive of visual acuity at baseline, 12 months or 24 months. BMI 

predicted visual acuity at 12 months and 24 months (r = -0.451 and r = -0.393, p 

< 0.05 respectively) in the case study group. Disease duration, baseline HbA1C 

and BMI were not predictive of visual acuity at baseline, 12 months or 24 months 

in the control group of type 2 diabetics without BRB leakage. 

Relationship Between BBBp and Visual Acuity in the Case Study Group 

versus the Control Group of Type 2 Diabetics Without BRB Leakage 

Occipital Vp was predictive of visual acuity at baseline, 12 months and 24 months 

later in the case study group after correction for multiple comparisons. These 

correlations are presented in Figure-3. These correlations were absent in the 

control group of type 2 diabetics without BRB leakage. 
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Prediction of Best Corrected Visual Acuity by the Occipital Lobe Vp 

Type 2 Diabetics with Established BRB Leakage 

   

Type 2 Diabetics without BRB Leakage 

   

r = - 0.172 
p = 0.296 

r = - 0.171 
p = 0.297 

r = 0.332 
p = 0.146 

r = - 0.683 
p < 0.001 

r = - 0.605 
p = 0.001 

r = - 0.781 
p < 0.001 
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Figure-3: Occipital lobe Vp was negatively correlated with visual acuity in the type 2 diabetics with established BRB leakage at baseline, 12 months and 24 

months. These predictive correlations were not found in type 2 diabetics without BRB leakage. The red dots represent number of eyes not subjects. 

Bonferroni corrected significance level p = 0.004. BRB: blood-retinal-barrier. Vp: fractional plasma volume. BCVA: best corrected visual acuity. 
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BBBp and Comorbidities in Type 2 Diabetics with Established BRB Leakage 

Type 2 diabetics with established BRB leakage and hypertension had a higher 

occipital lobe Ktrans and Vp when compared to those without hypertension. Table-

4 summarizes the differences between patients with other comorbidities and 

those without comorbidities within the case study group. 

Table-4: Blood-brain-barrier permeability in relation to hypertension, 

hypercholesterolemia and deep white matter lesions within the case study 

group (Type 2 Diabetics with Established blood-retinal-barrier Leakage). 

 With 

Hypercholesterolemia 

Without 

Hypercholesterolemia 

p-value 

Occipital    

Ktrans [min-1] 0.005 (0.001) 0.006 (0.002) N.S. 

Vp 0.004 (0.001) 0.007 (0.003) N.S. 

Frontal    

Ktrans [min-1] 0.005 (0.001) 0.005 (0.001) N.S. 

Vp 0.004 (0.001) 0.004 (0.001) N.S. 

    

 With Hypertension Without Hypertension  

Occipital    

Ktrans [min-1] 0.006 (0.001) 0.005 (0.0004) 0.023 

Vp 0.006 (0.002) 0.004 (0.0002) 0.004 

Frontal    

Ktrans [min-1] 0.005 (0.001) 0.005 (0.01) N.S. 

Vp 0.004 (0.001) 0.003 (0.001) 0.013 

    

 With any DWM 

Lesions 

Without DWM 

Lesions 

p-value 

Occipital    

Ktrans [min-1] 0.006 (0.001) 0.005 (0.001) N.S. 

Vp 0.007 (0.003) 0.005 (0.002) N.S. 

Frontal    
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Ktrans [min-1] 0.005 (0.001) 0.005 (0.001) N.S. 

Vp 0.004 (0.001) 0.004 (0.001) N.S. 

    

 Diabetic Retinopathy 

Grades (C, D or F) 

Early Diabetic 

Retinopathy 

p-value 

Occipital    

Ktrans [min-1] 0.006 (0.002) 0.005 (0.001) N.S. 

Vp 0.007 (0.003) 0.005 (0.002) N.S. 

Frontal    

Ktrans [min-1] 0.005 (0.001) 0.005 (0.001) N.S. 

Vp 0.004 (0.001) 0.004 (0.001) N.S. 

Variables are presented in the format: Mean (Standard Deviation). Type 2 

diabetics with established blood-retinal-barrier leakage and hypertension had a 

higher occipital lobe Ktrans and Vp when compared to those without hypertension. 

Ktrans: volume transfer coefficient reflecting vascular permeability. 

Vp: fractional plasma volume 

Visual Acuity in Relation to the Baseline Status of Deep White Matter 

Lesions and Diabetic Retinopathy Grade within the Case Study Group 

Finally, we compared visual acuity at baseline, 12 months and 24 months in 

relationship to the presence of deep white matter lesions or diabetic retinopathy 

grade, see Table-5. Patients who have deep white matter lesions at baseline are 

more likely to have a lower visual acuity 24 months later. This same group, as 

depicted in Table-4, had a higher occipital blood-brain-barrier permeability 

Table-5: Prediction of visual acuity in the case study group* by deep white 

matter lesions and diabetic retinopathy grade status at baseline. 

 With any DWM 

Lesions 

Without DWM Lesions p-value 

Visual Acuity at 

Baseline 

0.84 (0.32) 0.86 (0.49) N.S. 

Visual Acuity at 12 

Months 

0.84 (0.31) 0.87 (0.52) N.S. 
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Visual Acuity at 24 

Months 

0.84 (0.32) 0.88 (0.51) 0.036 

    

 Diabetic 

Retinopathy 

Grades (C, D or 

F) 

Early Diabetic 

Retinopathy 

p-value 

Visual Acuity at 

Baseline 

0.85 (0.46) 0.86 (0.24) N.S. 

Visual Acuity at 12 

Months 

0.85 (0.49) 0.86 (0.35) N.S. 

Visual Acuity at 24 

Months 

0.86 (0.51) 0.87 (0.41) N.S. 

It seems that patients who have deep white matter lesions at baseline are more 

likely to have a lower visual acuity 24 months later. This same group, as depicted 

in Table-4, had a higher occipital blood-brain-barrier permeability. Variables are 

presented in the format: Mean (Standard Deviation).  

* Case Study Group: Type 2 Diabetics with Established blood-retinal-barrier 

Leakage 

DWM: Deep White Matter Lesions 

DISCUSSION 

The main purpose of this study was to assess the joint status of BRB and BBB in 

type 2 diabetics patients and whether the later could relate to visual performance. 

Pathophysiologic changes were assessed in the living human retina and brain 

using an extensive array of techniques to assess retinal (RLA), visual (best 

correct visual acuity) and brain (dynamic contrast enhanced MRI) barrier 

permeability and their respective functional impact.  

BRB impairment in T2DM is well established and can be easily directly quantified 

by RLA or other techniques (23). Additionally, BRB increased permeability has 

been extensively studied in T2DM and several factors have been identified that 

are known to play a role in the pathology of diabetic retinopathy which include but 
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are not limited to the vascular endothelial growth factor and interleukin-6 (4,24–

26). Because the same insulting factors for BRB such as hyperglycemia, 

hyperlipidemia and hypertension can influence the BBB, the development of 

novel techniques to study the status of the two barriers simultaneously is 

important to establish a correlation between these barriers, e.g. the estimation of 

BBB permeability by the quantification of BRB permeability in T2DM (27). The 

notion that the permeability of the two barriers are correlated has been also 

suggested in other conditions such as epilepsy (28). Moreover, a recent 

prospective study has reported an increase in the number of subclinical brain 

infarcts in patients with established BRB impairment further emphasizing that 

cortical small-vessel disease is more common in patients with diabetic 

retinopathy (29). 

Therefore, a central issue in our study was whether a direct correlation can be 

established between BRB and BBB and their respective role in the emergence of 

complications of diabetes.  

While there were no statistically significant differences in the demographics and 

clinical characteristics of the three studied groups, several trends were noted. It 

appears that the frequency of hypertension and hypercholesterolemia might be 

slightly higher in type 2 diabetics with established BRB leakage compared to type 

2 diabetics without BRB leakage. The frequency of deep white matter lesions was 

also higher in the type 2 diabetics with established BRB leakage compared to 

type 2 diabetics without BRB leakage. Type 2 diabetics with established BRB 

leakage also had a slightly more advanced stage of retinopathy. 

Surprisingly, despite the histologic and embryological similarities in addition to 

the previously discussed relationships between BRB and BBB impairment, our 

data suggests that the status of both barriers might be independent in type 2 

diabetics.  BBB permeability was not related to diabetic retinopathy grade, 

number of microaneurysms or macular leakage. This also point towards the 

possible independence of the two vascular systems and their respective barriers. 

Vp was higher in the type 2 diabetic groups compared to positive control group, 

which can be explained by the possibility of enhanced cerebral perfusion in type 
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2 diabetics (30). Further, the pro-angiogenic factor (vascular endothelial growth 

factor) levels were reported to be elevated in response to advanced glycation 

end-products (31). Vp has been shown in other disease conditions to be elevated 

in case of hypervascularity or enhanced angiogenesis (32–34). 

In addition to exploring the relationship between occipital BBBp and visual 

performance, we also evaluated the correlation between BBBp and disease 

duration, BMI and HbA1C in the type 2 diabetics with and without established 

BRB leakage. Ktrans, which is a BBBp parameter, showed a positive correlation 

with the HbA1C only in type 2 diabetic patients with established BRB leakage. 

Blood-brain barrier disruption in response to advanced glycation end-products 

has been previously reported in the literature, in animal models (31). Type 2 

diabetics with established BRB leakage had a slightly higher Ktrans and Vp within 

the occipital lobe in patients with deep white matter lesions which might be 

suggestive of silent ischemia. White matter hyperintensities in type 2 diabetic 

patients were previously reported to be associated with a higher signal from Gd-

DTPA which agrees with our finding (14). 

Although disease duration and HbA1C were not predictive of BCVA in type 2 

diabetics with or without BRB leakage, baseline BMI was negatively correlated 

with BCVA at 12 and 24 months only in the type 2 diabetics with established BRB 

leakage group; another subtle difference that we noted between the two groups. 

A previous study in Central China showed that overweight children are more likely 

to have visual impairment compared to normal weight children (35). While this 

study agrees partially with our findings, we could not find any recent study in the 

literature that could explain why this relationship was only observed in type 2 

diabetics with established BRB leakage.   

Because of the subtle differences in BBB permeability predictors between type 2 

diabetics with BRB leakage and without BRB leakage, we evaluated the 

relationship between BBB permeability and best corrected visual acuity in both 

groups.  
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Interestingly, occipital lobe Vp was predictive of BCVA at baseline, 12 months and 

24 months later only in type 2 diabetics with established BRB leakage. This 

suggests that dysfunction of BBB in vascular sectors related to visual regions 

such as in the posterior circulation, do independently contribute to visual 

impairment at this stage. This finding suggests that cortical small vessel disease 

and BBB disruption are more evident in patients with BRB impairment (29), and 

BBB permeability in these patients can predict functional visual impairment in 

terms of BCVA but the permeability of the two barriers remains largely 

uncorrelated. Similarly, microbleeds, a sign of microangiopathy, was reportedly 

found to be more common in patients with established proliferative diabetic 

retinopathy in type 1 diabetes and not in the general type 1 diabetic population 

when compared to controls (36).  

BBB disruption in the visual cortex has been shown previously in a rat model to 

alter the fMRI response to different visual stimuli (37). We hypothesize that 

increased BBB permeability, i.e. BBB disruption, in the occipital lobe might have 

a negative impact on visual acuity in type 2 diabetics with established BRB 

leakage. 

In conclusion, we found that BBB permeability is predictive of visual impairment 

in T2DM in patients with established BRB disruption. We believe that patients 

with BRB disruption are at an increased risk of cerebral small vessel disease and 

BBB disruption, which can contribute to their visual functional phenotype.  
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SUPPLEMENTARY INFORMATION 

Table-6: Prediction of visual acuity in the case study group and the negative 

control group by occipital and frontal blood-brain-barrier permeability parameters. 

(Supplementary Data) 

Case Study 

Group* 

   

 Visual Acuity 

Baseline (r | p-

value) 

Visual Acuity 12 

Months (r | p-

value) 

Visual Acuity 24 

Months (r | p-

value) 

Occipital    

Ktrans [min-1] -0.406 | 0.024 -0.324 | 0.061 -0.282 | 0.091 

Vp -0.683 | 0.0001 -0.605 | 0.001 -0.781 | 0.0001 

Frontal    

Ktrans [min-1] 0.110 | 0.304 0.240 | 0.129 0.164 | 0.221 

Vp -0.431 | 0.018 -0.128 | 0.276 -0.367 | 0.039 

Type 2 Diabetics Without BRB 

Leakage 

  

 Visual Acuity 

Baseline (r | p-

value) 

Visual Acuity 12 

Months (r | p-

value) 

Visual Acuity 24 

Months (r | p-

value) 
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Occipital    

Ktrans [min-1] -0.032 | 0.460 -0.133 | 0.340 0.407 | 0.095 

Vp -0.172 | 0.296 -0.171 | 0.297 0.332 | 0.146 

Frontal    

Ktrans [min-1] 0.148 | 0.323 0.255 | 0.212 0.198 | 0.269 

Vp -0.032 | 0.460 -0.040 | 0.450 0.354 | 0.129 

Visual acuity showed multiple statistically significant correlations with the blood-

brain-barrier permeability parameter Vp from the occipital lobe. Bold and grey 

shadowed values survived correction for multiple comparisons.  

Ktrans: volume transfer coefficient reflecting vascular permeability. 

Vp: fractional plasma volume 

* Case Study Group: Type 2 Diabetics with Established blood-retinal-barrier 

Leakage 



O c c i p i t a l  C o r t e x  D i s r u p t i o n  i n  E p i l e p s y | 95 

 

 

 

Chapter 3: 

Occipital Cortex Disruption in Epilepsy: 

 
 
Physiologic Gamma Oscillations: 

Cortical functional topography of high frequency gamma activity 

relates to perceptual decision: an Intracranial study (Published 

original article) 

Disruption of the GABAergic System in Drug-Resistant 

Epilepsy: 

The impact of Cathodal tDCS on GABAergic-Inhibition 

Mediated Synchrony in epilepsy: a multimodal study on local 

epileptogenic and distant oscillatory patterns (Original article 
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Cortical functional topography of high frequency gamma activity relates to 

perceptual decision: an Intracranial study 
João Castelhano1,2, Isabel C. Duarte1,2, Sulaiman I. Abuhaiba1,2, Manuel Rito3, 

Francisco Sales3, Miguel Castelo-Branco1,2¤* 

ABSTRACT 

High-frequency activity (HFA) is believed to subserve a functional role in 

cognition, but these patterns are often not accessible to scalp EEG recordings. 

Intracranial studies provide a unique opportunity to link the all-encompassing 

range of high-frequency patterns with holistic perception. We tested whether the 

functional topography of HFAs (up to 250Hz) is related to perceptual decision-

making. Human intracortical data were recorded (6 subjects; >250channels) 

during an ambiguous object-recognition task. We found a spatial topography of 

HFAs reflecting processing anterior dorsal and ventral streams, linked to decision 

independently of the type of processed object/stimulus category. Three distinct 

regional fingerprints could be identified, with lower gamma frequency patterns 

(<45Hz) dominating in the anterior semantic ventral object processing and 

dorsoventral integrating networks and evolving later, during perceptual decision 

phases, than early sensory posterior patterns (60 - 250Hz). This suggests that 

accurate object recognition/perceptual decision-making is related to distinct 

spatiotemporal signatures in the low gamma frequency range. 

NTRODUCTION 

Gamma-band oscillations have been proposed to play a functional role across a 

wide range of cognitive domains [1–4] but their physiological underpinnings 

remain unclear [5–8] because a significant range of oscillatory sub-bands are not 

accessible to scalp EEG recordings, and even when they are, the meaning of 

their functional topography is difficult to unravel. This is an important challenge, 

because the dependence on stimulus properties, general object recognition 

aspects and task demands [9–11] are difficult to investigate without analyzing 

their precise spatial correlates. Induced gamma (in a wide range of frequencies) 

reflects complex processing as required in perceptual decision-
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making, and it is response to specific Mooney stimuli (two-tone abstract patterns 

depicting objects), comparing to the baseline. Hermes et al., 2014 reported a 

spatial distribution of increases in narrow and broadband oscillations with the 

broadband component being mainly located in early visual areas. Contrary to the 

frequently claimed stimulus specificity of the narrowband gamma oscillations, 

both suggested that all classes of visual stimuli induced responses in a 

broadband frequency range (80-200Hz) in a large portion of the fusiform gyrus 

and the visual cortex. Moreover, only part of the gamma activity (30 - 100Hz) is 

stimulus specific (and only in which concerns some types of stimuli: oriented 

gratings and only some natural images or Mooney objects). It is however 

possible, that in spite of the relative stimulus independence, such patterns may 

instead reflect general processing demands during perceptual decision-making 

and object recognition. Here we tested this hypothesis. 

To test whether activity in the gamma-band represents particular signatures of 

specific processing modules, we investigated whether these patterns are 

organized in distinct spatial maps, as a function of the timing of perceptual 

decision-making. Although a specific functional role of distinct sub-bands has 

been suggested for different sources in the brain [23–26], this issue is 

complicated by the fact that these sub-bands are not always defined in the same 

manner in different studies. Our previous simultaneous EEG/fMRI study showed 

separate sources of distinct sub-bands but only for relatively low frequencies (30-

45Hz; 60-75Hz) related either with perceptual processing or earlier visual 

processing [13]. Importantly, we found in this study that a gamma-band pattern 

around 40Hz emerged during successful perceptual decision making. 

There is still a lot of controversy concerning the spatial organization of those 

patterns of activity and their functional relevance. While some authors reported 

that large increases in gamma power [27] dominate in early visual areas 

[10,28,29], others have suggested prominent propagation of high frequency 

activity (HFAs) in the visual pathway [22,24,30–32]. As reviewed by Sedley and 

Cunningham 2013, other studies showed that broadband gamma seems to occur 

in various cortical areas for incongruent stimuli while narrowband patterns only 

occur in visual cortex. These results seem contradictory and it is not clear which 

are their sources and what is their relation to task dependent information 
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processing [32–34] and in particular their link with perceptual decision-making. 

The relation to the timing of object recognition and decision is a critical aspect 

which was taken into account in our study design. 

Invasive recordings are often used in the clinical context [30,35]. They provide a 

unique opportunity to measure brain signals at high temporal and spatial 

resolution [34,36–38]. This technique has been widely used to study high 

frequency activity [34,39,40] that cannot be uncovered by scalp EEG and their 

putative functional correlates have been widely debated [9,10,20,24,37]. Here we 

acquired intracranial data to test the following hypotheses: 1. high frequency 

activity is spatially organized across processing networks, i.e., their timing and 

functional topography reflect either early visual or late perceptual decision 

processes 2. their temporal patterning reflects specific object properties, or 

instead just a general recognition mechanism occurring during perceptual 

decision-making. These remain controversial hypotheses for which ECoG 

provides a unique opportunity to test, even with the limitations of available 

mathematical models for the analysis of high-density recordings at high spatio-

temporal resolutions[41]. We acquired invasive data in six patients with refractory 

epilepsy and also extended the range of visual categories used in previous 

studies by including new ambiguous stimulus categories (faces, objects and 

scrambled stimuli that may also activate similar decision regions) [42], allowing 

to test general processes. Moreover, our setup involved a large sampling rate 

and explored the spatiotemporal dynamics of cortical activity up to 250Hz without 

the limitation of previously defined frequency sub-bands. Our results demonstrate 

a frequency dependent functional topography with lower frequencies dominating 

during perceptual decision-making and higher frequencies during early visual 

processing in more posterior regions. These maps show a strong and consistent 

region dependence during perceptual search and object recognition. 

MATERIALS AND METHODS 

Patients 

We acquired invasive electrophysiology data from six epileptic patients (3 males 

and 3 females; see demographic and clinical details in Table 1) while they were 

performing a visual perceptual decision making task upon presentation of 

ambiguous stimuli (see details below). ECoG is a technique entailing data 



O c c i p i t a l  C o r t e x  D i s r u p t i o n  i n  E p i l e p s y | 99 

 

 

acquisition from intracranial electrodes of surgically implanted patients with 

intractable epileptic seizures. The implantation of invasive electrodes is used for 

further localization of seizure foci and functional mapping that is not feasible when 

using scalp EEG. This approach enables the extraoperative functional mapping 

during several days. They underwent extraoperative subdural ECoG recordings 

as a part of pre-surgical evaluation (data acquired between 04-Feb-2015 and 20-

Jan-2017) in the epilepsy unit of Coimbra University Hospital (UMES-CHUC). The 

study was approved by the Ethics board of the Faculty of Medicine of the 

University of Coimbra and has been conducted according to the principles 

expressed in the Declaration of Helsinki. The ethics approval covered the testing 

of children and written informed consent was obtained from the participants or 

their parents. 

Electrode placement 

For the invasive recordings, platinum electrodes were surgically implanted along 

the occipitotemporal and occipito-parietal areas (1-D strips of 8 electrodes and 2-

D arrays (grids) of 2x8, 4x8 and 4x5 electrodes were used). The number and 

placement of the electrodes was determined by the clinical needs of the patients. 

To avoid movement of subdural electrodes after placement they were stitched to 

the edge of dura mater and digital photos were taken to confirm position of the 

electrodes on the 3D anatomical data acquired with MRI and CT. 

Table 1. Demographic and clinical characteristics of the patients. 

Case Gender Age Seizure 

Type 

Current Medication Neuroanatomical 

Location of the 

intracranial 

EEG a 

01 M 40 Focal 

Dyscognitive 

Seizures 

Carbamazepine, 

Valproate, 

Zonisamide and 

Levetiracetam. 

Left Parieto-Temporal 

(Subdural Grid: 48 to 

60 contacts) 

02 F 20 N.A. 

03 M 39 N.A. 

04 M 13 N.A. 

05 F 35 Zosimade, 

Levetiracetam 
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06 F 30 Eslicarbazepine, 

Clobazam, 

Zonisamida 

Right Parieto-

Temporal (Subdural 

Grid: 56 contacts) 

ª Note that five subjects have a left grid while the 6th had the grid on the right 

hemisphere. 

Anatomical MRI, CT data and X-ray images (in which the electrodes were easily 

detected and localized in 3D) were acquired before and after subdural electrode 

placement, respectively. The individual data were then co-registered (using 

3DSlicer software 4.3.0 r22408) to precisely localize the positions of the 

intracranial electrodes (a general registration algorithm with a linear transform 

was used with 6 degrees of freedom). Then, we applied a semi-automatic 

segmentation to extract electrode positions. The image data of the five subjects 

with left grids were co-registered to obtain a single map of all electrode locations 

(Fig 1). The data of the subject with a grid on the right hemisphere were analyzed 

separately. 

Task description and invasive recordings 

The subject was presented with four different categories of Mooney pictures. The 

categories included Mooney Faces, Mooney Guitars, Scrambled non-face stimuli 

and inverted Mooney Faces. To make the task easy to understand, for each 

stimulus, subjects were instructed to report if a face was present (response button 

1, right hand) or not (response button 2, left hand), after stimulus offset (Fig 2). 

Stimuli were delivered using Presentation software (Neurobehavioral Systems). 

Stimulus duration was 250ms and inter-stimulus-interval varied randomly 

between 1900 and 2150ms. Stimulus order was randomized and the experiment 

was divided in three runs containing 100 stimuli per run (25 of each category). All 

subjects were submitted to at least 75 trials per category. Intracranial data were 

acquired from platinum grid electrodes at a high sampling rate (5kHz) using a 128 

EEG system (SynAmps2, Compumedics, Neuroscan) used in parallel with the 

clinical video-EEG. No filters were applied during the recording. Data were 

analyzed offline. 

Data analysis 

Behavioral and reaction time data were calculated to assess the validity of the 

responses to the task. All subjects were able to understand and perform the task 
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above chance level. A Wilcoxon statistical test was applied to compare response 

rates per category (p = 0.05). 

 

Fig 1. Electrode locations. A) 5 patients with left grids. B) 1 patient with grid on 

the right (subject 6). The individual anatomical (MRI and CT) data were co-

registered to precisely localize the positions of the intracranial electrodes. 

Electrodes (represented as balls) were manually assigned after automatic 

electrode position segmentation. Each color represents one subject. Individual 

data were coregistered between the five subjects to obtain a single group map 

with the electrode locations. Note that there are matched electrode locations 

between subjects with an extensive coverage of both hemispheres. L/R, A/P and 

S/I stands for left/right, anterior/posterior and superior/inferior respectively. 

Then, invasive data were visually assessed by an experienced epileptologist. 

Electrodes including epileptic spikes or artifacts were marked as bad (~20%). 

After artifact correction (using independent component analysis) a common 

average reference (excluding bad channels) was computed to avoid distributions 

that are biased by the location of the reference electrode [37]. Data were split into 

epochs locked to the beginning of the stimuli (-500 to 1500ms) and epochs with 

incorrect responses were discarded (on average >70% of trials remained for 

further analysis). The time-window before the stimulus onset was considered as 

baseline (-500 – 0ms) and the baseline correction was applied. 

Event related spectral power (ERSP; time-frequency (TF) decomposition) 

analysis [43–45] was performed using the EEGLAB toolbox [46] and MATLAB 

v8.1 (The Mathworks, Inc.). The wavelet parameters were: 6 cycles, 250 

frequency bins, 600 time points and the analysis frequency range was set to 15 

to 500Hz. A notch filter was applied (45-55Hz) to avoid potential line current 
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artifacts. The change between post and pre-stimulus epochs was assessed. 

Timefrequency data per channel and subject were obtained and a semi-automatic 

iterative channel clustering procedure was applied based on the similarity of 

frequency-dependent responses to the stimuli. Briefly, we applied the k-means 

cluster analysis (MATLAB R2013a) to find the clusters of channels with a similar 

frequency dependent response (spectrum of the 0-600ms time window). The 

default squared Euclidean distance measure was used for clustering with input 

parameters k = 3 and 100 replicates. This clustering approach minimizes the sum, 

over all clusters, of the point-to-cluster centroid distances. Channels belonging to 

the same centroid (cluster) were concatenated per condition and analyzed 

together (see Fig 3 and locations in “blue”, “orange” and “green” dots in results 

section figures). 

Statistical comparisons were performed per cluster to compare the time–

frequency results with the baseline and between stimulus conditions, with the 

alpha level set to 0.0125. A Wilcoxon rank sum test was carried out per time and 

frequency bin vs. baseline values. 

Additionally, we computed the spectrum as given by the time-frequency transform 

to assess the changes during and after stimuli presentation. The group trimmed 

mean (10% threshold) of the activity spectrum per time-window (stimulus ON: 25-

250ms; after the stimulus/decision period: 275-600ms) was computed [47] at the 

single trial level. The time-window was truncated at 600ms to avoid the 

concomitant motor response. A margin of 25ms was excluded at the beginning 

and end of each time-window to avoid possible edge effects of TF computation. 

Next, we computed the envelope (the absolute of the Hilbert transform) of the 

spectrum per condition and cluster of electrodes [48]. The data of the subject with 

a grid on the right hemisphere were analyzed separately. A statistical analysis 

was then performed to obtain the frequency bins where the envelope of the power 

was significantly different between timewindows (Stim On vs. After Stim). The 

statcond() function from EEGLAB was applied using paired t-tests with 

bootstrapping (2000). 

The resultant P values from the statcond function and Wilcoxon tests were 

corrected for multiple comparisons using a false discovery rate (FDR) approach 

(p = 0.0125). Furthermore, 



O c c i p i t a l  C o r t e x  D i s r u p t i o n  i n  E p i l e p s y | 103 

 

 

 

Fig 2. Task timeline: Mooney stimuli (ambiguous black and white shapes) 

of faces/inverted faces, guitars and scrambled pictures were presented for 

250ms. Subjects had to detect a face (or not) and respond (button press) during 

the inter-stimulus interval (1900-2150ms). Stimulus order was randomized and 

the experiment was divided in three runs (100 trials per run) to avoid subject 

fatigue. 

 

Fig 3. Channel clustering analysis of evoked frequency responses to faces. 

A) Frequency response of the 0-600ms time window per channel. Black lines: 

individual channels over all five subjects from the left hemisphere. B) Channel 

clusters as computed by the semi-automatic iterative channel clustering 

procedure. The default Kmeans approach with squared Euclidean distance 

measure was computed (best sum of distances = 6796; cluster 1 blue = 2327; 

cluster 2 orange = 2274; cluster 3 green = 2195). Channels belonging to the same 

centroid (bold lines) are marked with the same line color. The locations of these 

channels are plotted in the results section. 

to reduce the number of type-1 errors we follow the work by [49] and corrected 

the statistics at the cluster level based on the time-frequency adjacency (adjacent 

time-frequency points that all exhibit a similar difference). The time-frequency 

points that reached significance after FDR correction (p<0.0125) and the cluster-

based correction are marked in the TF and spectrum (envelop) plots (see results 

section). For the sake of clarity we call these significant TF clusters as ‘blobs’ and 

the similar channels are called clusters. 
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RESULTS 

Behavioral data 

We calculated the percentage of correct responses per category. All subjects 

were able to perform the task (discriminating between face and non-face objects) 

and could distinguish between face and non-face stimuli above the chance level. 

Behavioral data in Fig 4A show that ~80% of the faces/inverted faces were 

reported as ‘faces’ (z = 2.201, p = 0.028) while ~80% of the guitars were reported 

as ‘not faces’ (z = 2.201, p = 0.028). In the same line, scrambled stimuli 

(ambiguous) had reports of around 50% per response type (z = 0.105, p = 0.917) 

as was expected. Furthermore, response latencies (Fig 4B) were similar between 

stimulus categories and above 600ms after stimuli onset. In fact, concerning 

between category differences, only the Scrambled and Guitar categories differed 

in latency (z = -2.417, p = 0.007). 

Evidence for a spatial map of frequency distribution during perceptual 

decision/object recognition 

We investigated high frequency activity patterns as recorded with high 

spatiotemporal resolution using ECoG, during ambiguous perceptual decision 

making. Intracranial data analysis focused on visual processing regions covered 

by the occipito, parietal and temporal arrays of electrodes–corresponding to early 

visual and the dorsal/ventral pathways, which represent an important dichotomy 

in high level visual processing [50,51]. 

 

Fig 4. Behavioral results. A) Percentage of responses per stimuli category. 

*difference between responses per category with p = 0.028. B) Reaction time per 

stimuli condition. ** p = 0.007. Bars show the group average ± SD (N = 6). 
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We found distinct activity patterns occurring with distinct timing during the 

ambiguous visual perception decision task across distinct regions in the brain. 

These patterns did indeed prove to be distinct in frequency and temporal onset 

of significantly increased activation. These effects occurred up to the upper 

250Hz boundary. We performed a semi-automatic cluster analysis (see Methods) 

up to this frequency range.The electrodes that showed a similar type of activity 

between subjects were concatenated and the average TF analysis was 

computed. These clusters included electrodes with increased activity over 60Hz–

to 250 Hz, electrodes with increased activity below 45Hz and electrodes with 

decreased activity in the beta band. The topography of these high-frequency 

activity is shown in Fig 5A. We found a clear superior central region for the 

decreased beta activity as shown in electrodes labeled in blue. The early pattern 

of increase of higher frequencies (>60Hz–up to 250 Hz) is found in the posterior 

region electrodes related to early visual regions (labeled in “orange” dots). 

Moreover, the electrodes that represent the more anterior ventral visual 

processing pathways have increased later on (during perceptual decision) 

activation for the lower frequencies (“green” dots). These activity patterns are 

summarized in Fig 5B as a cluster average for the Mooney Faces category. A 

black line is shown to depict the TF blobs that activate significantly (FDR and 

cluster-based corrected for multiple comparisons) for each electrode cluster 

(‘blue’ -5.39<z<-3.12, 6.8E-8<p<0.0017; ‘orange’, 3.11<z<4.64, 

3.39E6<p<0.0018; ‘green’, 3.09<z<5.40, 6.8E-8< p<0.0019). These results could 

be generalized for the other stimulus categories and subject 6 (who was recorded 

in the opposite hemisphere, see Fig 1 and Figure B in S1 File). No significant 

differences were found between stimulus conditions after correction for multiple 

comparisons, suggesting that the observed topography is indeed related to 

general object processing mechanisms. It is important to note that lower 

frequencies emerge at anterior locations during late decision periods while higher 

frequencies are found for early visual stimulation periods at posterior sites (see 

next section). This is valid for all the six subjects and electrodes marked 

(individual graphs available upon request). 

High and low-frequency patterns show a distinct spatiotemporal 

topographic map during perceptual decision making 
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To further clarify the relation of the distinct frequency band patterns with 

perceptual decision, the average envelope of ERSP per conditions was computed 

for two distinct time-windows. A statistical t-test with bootstrapping (2000) was 

performed (including FDR p<0.0125 and cluster-based correction for multiple 

comparisons) to compare the activity during and after stimulus presentation 

(during decision) per frequency bin. The spectrum per time-window /conditions / 

cluster are shown in Fig 6. We found a clear temporal pattern for the visual 

perception task, with power increasing at frequencies up to 250Hz in posterior 

electrodes (“orange”) for all stimulus conditions during the initial stimulus 

presentation period (1.60<t<5.91, 0.0005<p<0.0065). For the time after stimulus 

offset (corresponding to the decision period), the activity at posterior electrodes 

(“orange”) is maintained while activity for lower frequencies (<45Hz) is mainly 

increased at anterior electrodes (“green” and “blue”), corroborating the notion that 

lower frequencies are tightly linked with the decision phase at anterior ventral 

object recognition related regions. Note that “blue” electrodes show a decreased 

activity (in spite of high magnitude; 1.85<t<7.04, 0.0005<p<0.0065) while the 

“green” ones show increased activity (as well as high magnitude; 1.88<t<5.75, 

0.0005<p<0.0065) at lower frequencies during the decision phase. The envelope 

of the spectrum is plotted in Fig 6 for each category and time-window showing 

the distinct temporal pattern of the lower frequencies in the three electrode 

clusters (detailed statistical output is shown in Table A in S1 File). Notably, the 

small standard deviation demonstrates that this holds true for all the individual 

subjects. The results for the subject 6 (right subdural grid; summarized in Figure 

B in S1 File) show a similar pattern of high frequency topography and temporal 

mapping for the ‘blue’ and ‘green’ clusters. 
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Fig 5. The topography of high frequency oscillations. We found distinct high 

frequency activity patterns during the ambiguous object recognition/perceptual 

decision task. The position of the electrodes per subject belonging to each of the 

clusters were marked as dots (in three distinct colors) in the coregistered brain. 

These patterns have distinct sources in the brain as represented by the 

correspondent dots. B) The example TF plots are a group average of all the 

represented electrodes of that cluster (N = 3 subjects for “blue” labels; N = 4 

subjects for “orange” and “green” labels). Data (dB) are presented for the Mooney 

faces condition but these results could be generalized for the other conditions 

(see Figure A in S1 File). The black line segmented “blobs” in the plots depict the 

TF spectral–temporal patterns which are significant (blue z = -3.12, p<0.0017; 

orange, z = 3.11, p<0.0018; green, z = 3.09, p<0.0019). The dashed lines mark 

the start and end of stimulus. White dots represent the contacts of the different 

grids co-registered in same space. 
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Fig 6. Analysis of Power per electrode cluster and condition reveals a 

temporal pattern of differences in power, with anterior object recognition 

regions showing increased decision related low frequency activity 

patterns. Cluster averaged power is plotted with standard deviation. Notably 

lower frequency band activation emerges after stimulus offset (decision period) 

for the more anterior electrodes (“green” and “blue”). Color lines (horizontal 

panels) represent the three clusters of electrodes. The more posterior channels 

(“orange” labels) have the main pattern increase at high gamma in contrast to the 

other locations. Black bars in the plots indicate the significant differences between 

time-windows (p<0.0065; detailed statistical values are reported in Table A in S1 

file). No difference was found across stimuli conditions, suggesting that the 

observed regional patterns reflect a general object recognition mechanism. 

DISCUSSION 

We were able to demonstrate a distinct topographic map of low (< 45 Hz) and 

high (up to 250 Hz) frequency activation patterns during a perceptual decision 

making task. The former were present in ventral anterior regions during the 

decision period and the later dominated early on during visual stimulation. These 

results are consistent with the notion distinct frequency bands have distinct 

sources and functional significance [13,27,37] and establish that they may be 
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organized in spatiotemporal maps [23] during perceptual decision-making and 

object recognition. 

ECoG has been widely use to study high frequency oscillations [39,40]. Here we 

explicitly tested whether hierarchical visual processing streams relate differently 

to low and high temporal frequency patterns. To address this issue we took 

advantage of the opportunity to perform ECoG mapping in six patients with 

refractory epilepsy and explored the spatiotemporal dynamics of cortical high 

gamma-band activity during holistic visual perceptual decision-making. We used 

Mooney stimuli which are known to generate a state of perceptual ambiguity 

during object recognition [42]. 

Distinct spatial and temporal maps of high frequency activity 

Previous reports suggested a functional dissociation between low and high 

gamma sub-bands [5,28,52,53] with distinct sources and cognitive functions 

[13,23,34]. Lachaux et al. 2005 showed an increase of gamma oscillations 

between 50 and 150Hz in response to particular Mooney stimuli, as comparing 

to the baseline. All classes of stimuli activated a wide portion of the fusiform gyrus 

and the visual cortex. Castelhano et al., 2014 had suggested, using EEG/ fMRI, 

that frequency patterns < 45 Hz were related to perceptual decision-making, 

which could now explicitly test at the ECoG level. 

We now provide evidence for topographic organization of visual sensory and 

perceptual processing and establish that these are related to a general object 

processing mechanism. We used a broad range of new ambiguous stimulus 

categories (faces, objects and scrambled stimuli that may also activate similar 

decision regions) [42] which allowed for generalization. Moreover, our setup 

comprised a higher sampling rate and explored the spatiotemporal dynamics of 

a broad range of cortical activity over an extensive part of the cortical mantle 

within whole hemispheres. 

The frequency dependent spatial patterning can be summarized as follows: the 

low gamma and beta activity spatially involved mainly anterior regions (ventral 

and regions involved in dorsoventral integration) during perceptual-decision and 

object recognition while the higher frequencies (up to 250Hz) are increased at 

posterior areas [24] early on during sensory processing. Moreover, we show 

(Figure C in S1 File) that it is unlikely these patterns are due to epilepsy activity. 
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These patterns are very variable and our results are an average of many trials 

time-locked to a stimulus event, thus rendering that influence almost null. 

Additionally note no overlap between the SOZ electrodes and the ones we 

reported as a source of the different clusters (see Figure C in S1 File). Our 

previous studies, ranging from single EEG, simultaneous EEG/fMRI in normal 

subjects and neurodevelopmental disorders provided evidence along these lines 

[7,8,26], in particular the link of decision processes with lower frequencies (<45 

Hz), but could neither provide evidence for topographic clustering nor for exact 

sources. Given that many cognitive processes elicit augmentation of gamma 

activity [12,20,34,54] involving occipital, occipito-temporal and other inferior-

frontal regions [9,37,47,55,56] invasive studies are valuable in pinpointing their 

neural underpinnings in a more precise way [34]. This is also emphasized by the 

need to parse the different number of possible processing nodes that are 

activated by specific stimulus categories (including faces and other impoverished 

stimuli) and cognitive processes and which modulate over a wide range of 

frequencies (up to 100Hz) [11,47]. 

Some evidence is available pointing to a distinction between sub-bands or 

differences in broad vs. sharp band patterns across different types of paradigms 

[13,23,27,37]. They appear to be functionally distinct and previous studies have 

also suggested that information is transmitted across neural networks in a variety 

of frequencies in the high-gamma range [10,37,57]. These and other studies have 

expanded the scientific interest on the relevant biological rhythms to very high 

frequency bands (>500 Hz) [19,22,58]. However, high-gamma power changes 

were recognized to not modulate uniformly across a wide range of frequencies 

(60 - 500Hz) and locations [22]. Moreover, reliable evidence for gamma 

patterning has been proven only for some stimuli (gratings or natural pictures) 

[10,55]. In this line, there is still ongoing controversy about the sources of gamma 

oscillations and mechanisms that generate them as a function of the cognitive 

process in given cortical loci [10,20,21,32]. 

Here we found a perceptual-decision related graded posterior-anterior 

sharpening of frequency band response amplitudes and their respective sources 

at the cortical surface level. We provided evidence that this occurs at distinct 

frequencies and as a function of the cognitive moment (visual processing or 
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decision). In addition, we analyzed every frequency bin in an unbiased manner 

without any sort of selection. de Pesters et al. 2016 had suggested possible 

sources of distinct oscillatory patterns within the beta and gamma ranges and we 

now show a topographic dichotomy with defined functional significance. This is in 

line with previous EEG/fMRI evidence suggesting that lower frequency patterns 

are relevant during the decision period, irrespective of the object category. 

Additionally, we found a spatial map of decreased beta activity located at anterior 

motor areas. We thus suggest a posterior-anterior topographic pattern reflecting 

a processing hierarchy, from early visual procession to decision and object 

recognition. 

This pattern of temporal and location precedence and dynamics of information 

processing is consistent with the known hierarchy of visual processing in the 

anterior dorsal/ventral streams. Given their close relationship to neuronal spiking, 

this ubiquity of high-frequency patterns, suggests that high-gamma may convey 

general mechanisms of cortical information transmission [16], namely object 

recognition. Our data, showing temporal dephasing of these patterns, are 

consistent with previous time-frequency analyses showing that high and low 

gamma power may be anti-correlated [27]. We postulate that this also holds true 

for each particular electrode location. Although these conclusions maybe limited 

by the limited sample size of invasive studies (six participants in our case), it 

suggests (with the added value of very high spatiotemporal resolution) that a 

distinct functional topographic map is present for different frequencies during 

visual perceptual decision-making. These results show that it is possible to parse 

the neural sources of high-gamma activity patterns during relatively complex 

tasks such as perceptual decision-making. 

In sum, we have found a frequency dependent spatial patterning during object 

recognition, which is independent of the particular object category, suggesting a 

general processing mechanism. The perceptual search for an object and ensuing 

recognition seems to generate distinct spatio-temporal signatures during visual 

processing and decision. We thus found evidence in favor of the hypothesis that 

high frequency activity (up to 250 Hz) are spatially and temporally organized in 

three clusters (posterior and anterior ventral and dorsoventral) as a function of 

visual processing and perceptual demands. 
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To our knowledge, this is the first time that such a functional topographic map is 

shown in relation to accurate perceptual decision. Furthermore, we show also a 

time and space dependent (as a function of early visual processing vs. high level 

decision) patterning of high frequency gamma activity. The clear posterior-

anterior pattern is consistent with hierarchical processing schemes from posterior 

to visual anterior dorsal/ventral streams and suggests that such object recognition 

related patterns are region and local connectivity dependent irrespective of the 

processed category. 
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reported in Table A in S1 File. The dashed lines mark the start and end of the 

stimulus presentation. Figure B in S1 File. Time-frequency results for the 

individual subject 6 (right subdural grid). A) Semi-automatic clustering of the 

spectrum per channel. 2 channel clusters are identified (best sumd = 454.58). B) 

Time-frequency plots and source locations for the two clusters of channels. Data 

(dB) are a cluster average for the Mooney faces condition (similar results are 

found for the other conditions). The dashed lines mark the start and end of 

stimulus and the black line signal the TF blobs significantly different from the 

baseline (blue cluster p<0.000621; green cluster p<0.001165). C) The power 

envelope of distinct time-windows and clusters of electrodes for the faces 

condition (mean ± SD). Lower frequencies have higher power after stimulus 

offset. Horizontal black bar indicate the significant differences (blue cluster 

2.455<t<8.5673, 0.005< p<0.0065; green cluster 1.594<t<6.5324, 

0.0035<p<0.0085). Figure C in S1 File. Locations of the epilepsy related 

electrodes superimposed in the results image. The ‘red labeled’ electrodes 

represent the SOZ electrodes across all subjects while the others are the ones 

reported in our results. Note that there is no overlap because we did not include 

these ‘bad electrodes’ in the analysis. A normalized time-frequency activity (group 

average of these SOZ electrodes) locked to the Mooney faces stimuli is also 

shown. Table A in S1 File. Statistical results. The statistical test results are 

reported per condition and cluster of electrodes for the two main comparisons.  

Wilcoxon rank sum comparison of TF data with the baseline.  T-test with bootstrap 

(2000) comparison of the spectrum per time-window (Stim On vs. Decision 

Period). The max and minimum values of significant blobs are reported (FDR and 

cluster-based corrected p = 0.0125). 
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Supplementary Material 

 

Figure A. Group Average Time-frequency activity per condition. Event-related 

spectral power (dB) were computed in EEGLAB per subject and condition. This 

figure summarizes the TF results per condition and cluster of electrodes (three 

horizontal panels with distinct colors). The black lines mark the time-frequency 

blobs that are significantly different from the baseline (p<0.0065; Wincoxon Rank 

Sum test with FDR and cluster based correction for multiple comparisons). The 

detailed statistical values of the significant TF blobs are reported in S1 Table. The 

dashed lines mark the start and end of the stimulus presentation. 
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Figure B. Time-frequency results for the individual subject 6 (right subdural grid). 

A) Semi-automatic clustering of the spectrum per channel. 2 channel clusters are 

identified (best sumd = 454.58). B) Time-frequency plots and source locations for 

the two clusters of channels. Data (dB) are a cluster average for the Mooney 

faces condition (similar results are found for the other conditions). The dashed 

lines mark the start and end of stimulus and the black line signal the TF blobs 

significantly different from the baseline (blue cluster p<0.000621; green cluster 

p<0.001165). C) The power envelope of distinct time-windows and clusters of 

electrodes for the faces condition (mean ± SD). Lower frequencies have higher 

power after stimulus offset. Horizontal black bar indicate the significant 

differences (blue cluster 2.455<t<8.5673, 0.005<p<0.0065; green cluster 

1.594<t<6.5324, 0.0035<p<0.0085). 
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Figure C. Locations of the epilepsy related electrodes superimposed in the 

results image. The ‘red labeled’ electrodes represent the SOZ electrodes across 

all subjects while the others are the ones reported in our results. Note that there 

is no overlap because we did not include these ‘bad electrodes’ in the analysis. 

A normalized time-frequency activity (group average of these SOZ electrodes) 

locked to the Mooney faces stimuli is also shown. 
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Table A. Statistical results. The statistical test results are reported per condition 

and cluster of electrodes for the two main comparisons. * Wilcoxon rank sum 

comparison of TF data with the baseline. ** T-test with bootstrap (2000) 

comparison of the spectrum per time-window (Stim On vs. Decision Period). The 

max and minimum values of significant blobs are reported (FDR and cluster-

based corrected p=0.0125). 
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The impact of Cathodal tDCS on GABAergic-Inhibition Mediated Synchrony in 

epilepsy: a multimodal study on local epileptogenic and distant oscillatory 

patterns 
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Abstract  

We aimed to investigate antiepileptic effects of cathodal trans direct-current 

stimulation and mechanisms of action based on its effects on the 

neurotransmitters responsible for the abnormal synchrony patterns seen in 

pharmacoresistant epilepsy. We hypothesized that non-invasive electrical 

stimulation exerts its antiepileptic activity by modulating GABAergic inhibitory 

circuits in the epileptogenic zone. This is a hypothesis-driven pilot prospective 

single-blinded repeated measure design study in patients diagnosed with 

pharmacoresistant epilepsy of temporal lobe onset. We included seven patients 

who underwent two sessions of cathodal stimulation (sham or real). After each 

session, we performed simultaneous electroencephalographic recording to count 

epileptic discharges and utilized two visual paradigms that are known to induce 

gamma oscillations (abstract “Mooney” faces and gratings). We also performed 

magnetic resonance spectroscopy to measure brain metabolite concentrations in 

the two areas of interest. This is the first study to test for the impact of 

neurostimulation on physiological and pathological brain oscillations, and to 

measure brain metabolites in the epileptogenic zone and control regions 

simultaneously in patients with pharmacoresistant epilepsy. We found that 

cathodal stimulation significantly decreased the number of interictal discharges 

per minute as well as GABA levels, in both areas of interest. Moreover, cathodal 

stimulation suppressed grating evoked gamma oscillations in the epileptogenic 

zone whereas it induced gamma oscillations in distant parieto-occipital regions. 

These results provide a window into the anti-epileptic mechanisms of action of 

tDCS, based on local and remote changes in GABA tonus and neural oscillatory 

patterning. 

Introduction: 

Epilepsy is a very common neurologic condition that has a prevalence of around 

1% and an yearly incidence of 61/100.000[1]. A significant proportion (up to 40%) 

of patients remain intractable and are diagnosed with pharmacoresistant 

epilepsy[2]. Surgical intervention remains the mainstay of treatment in those 
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patients with focal onset, however this may be associated with significant 

neurologic deficits [3]. Moreover, symptomatic freedom after resection surgery is 

estimated to be around 70% [3] and to be less than that in patients with non-

lesional MRI studies. Because of these, novel translational science approaches 

leading to less invasive treatments of drug-resistant epilepsy are needed.  One 

of such possible new treatments is the utilization of focal noninvasive brain 

stimulation. 

Epilepsy has historically been seen as a disorder of 

hypersynchronization/desynchronization. This places gamma-amino butyric acid 

(GABA), the main inhibitory neurotransmitter as a putative main mechanistic 

player. GABAergic inhibition enables synchronization of activity in neuronal 

networks and underlies oscillations related to normal cognitive functions [4–6]. 

However, GABAergic inhibition might be responsible for the abnormal 

synchronization that leads to the generation of pathologic high frequency 

oscillations, seen in patients with epilepsy, especially temporal lobe epilepsy [6]. 

Seizures are the result of hypersynchronous neuronal discharges which result in 

the summation of the action potentials of multiple neurons in the epileptogenic 

zone, at least in the initiation phase. The summation of the postsynaptic currents 

results in large amplitude epileptic electroencephalographic (EEG) patterns. 

GABAergic inhibition is expected to play a critical role in the generation of this 

pathologic hypersynchronous state in the epileptogenic zone [7]. In vitro studies 

show that gamma frequency oscillations which are dependent on GABAergic 

synchronization are responsible for physiologic gamma oscillations and also 

pathologic oscillations seen in epilepsy [7]. However, in the case of epilepsy, the 

level of local and neuronal spike synchrony in the epileptogenic zone is much 
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higher than in normal tissues [8–10]. Physiological gamma frequency oscillations 

can be induced using visual stimuli as Mooney face and Grating stimuli [11–15]. 

Mooney faces are stimuli that challenge holistic perceptual processing, consisting 

of degraded pictures of human faces, where the shadows are rendered in black 

and the highlights in white. The task implies to group the fragmentary parts into 

coherent images to percept the Mooney face [16]. Gratings are periodic stimuli 

that are also well suited to study Gamma band oscillations. They consist of 

moving or static bars of variable spatial frequency and contrasts and are used to 

study induced synchronization of neural populations [15].  

Synchrony in the context of epilepsy represents quite a complex matter. While 

there is evidence of local and neuronal spike hypersynchrony, there is also strong 

evidence of desynchrony at a larger scale [17]. GABAergic inhibition mediated 

synchrony is responsible mainly for local or neuronal spiking synchrony. 

GABAergic mediated synchrony is the generator of local high frequency 

oscillations in the gamma frequency range seen on EEG, whereas, the 

glutamatergic system is responsible for the maintenance of the power and 

amplitude of these gamma oscillations [18]. Beta range oscillations may also be 

dependent on GABAergic processes. Finally, it should be noted that there is 

evidence of a synchrony balance in the brain where, in disorders that are 

characterized by increased local synchrony in one area of the brain, one could 

expect to have less local synchrony in other brain regions [18]. This later 

observation could explain why patients with epilepsy might have less than optimal 

cognitive functioning in some domains. 

A noninvasive stimulation method that has some form of antiepileptic effect 

should in theory modulate the neurotransmitters responsible for this abnormal 
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and complex synchrony patterns seen in epilepsy. Transcranial direct current 

stimulation (tDCS) is a safe method of focal brain stimulation [19]. Cathodal tDCS 

inhibits neuronal firing and decreases cortical excitability, which both are 

desirable effects in epilepsy patients. However, the exact mechanism of cathodal 

tDCS inhibitory effects in epilepsy are still unknown [20]. Cathodal tDCS has 

shown clear benefits in the control of seizures. In a preclinical study of tDCS in a 

rodent model of focal epilepsy, it was evident that the seizure threshold was 

elevated [21].  

Cathodal tDCS has been previously used in adults and children in small clinical 

trials. In one study in children, after a single session of cathodal tDCS stimulation 

in patients with focal onset seizures, it was shown that the frequency of 

epileptiform discharges decreased by 45.3% immediately after the tDCS session, 

and the effect reached its maximum at 48 hours after treatment (57.6% reduction) 

[22]. Based on this, it became clear that cathodal tDCS is potentially useful 

noninvasive brain stimulation treatment technique for patients with drug resistant 

epilepsy. 

In this study, we aimed to investigate the mechanistic role of cathodal tDCS in 

terms of inhibition and brain oscillations and to shed light on its role as an 

antiepileptic. We tested the hypothesis that cathodal tDCS modulates GABAergic 

inhibition and its mediated local synchrony in the epileptogenic zone as compared 

to a reference area in the occipital region. A multimodal imaging approach with 

MRS and EEG was used to measure the effects of ctDCS on brain metabolites 

and cortical epileptogenesis respectively after sham and real tDCS. Changes in 

metabolites are measured by magnetic resonance spectroscopy, whereas 

neurophysiologic effects are assessed with electroencephalography (EEG). This 
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is the first study to our knowledge that utilizes MRS to measure neurotransmitters 

in the epileptogenic zone and the occipital region post cathodal stimulation of the 

epileptogenic zone and correlate the modulated changes with EEG parameters. 

Our hypothesis was that c-tDCS would decrease cortical excitability and this 

could be measured by a reduction in the number of epileptiform discharges in the 

EEG. The results will provide direct evidence for the hypothesis of synchrony 

balance in epilepsy and for the efficacy of c-tDCS in focal non-lesional 

pharmacoresistant epilepsy. To our knowledge, this is the first study to test for 

the impact of neurostimulation on physiological and pathological brain 

oscillations, and to measure GABA, Glx, and Glutathione in the epileptogenic 

zone and occipital area simultaneously after real-c-tDCS in patients with 

pharmacoresistant temporal lobe epilepsy. 

Methods: 

Participants: 

This is a hypothesis-driven pilot prospective single-blinded repeated measure 

design study in patients diagnosed with pharmacoresistant epilepsy of temporal 

lobe onset. Seven participants with pharmacoresistant epilepsy were included. 

Inclusion criteria were the following: age above 18 years, diagnosis of 

pharmacoresistant epilepsy as defined by the International League Against 

Epilepsy, non-pregnant and non-lactating in women. Exclusion criteria were skin 

conditions such as eczema, metal inside head but outside the mouth, implanted 

devices such as cardiac pacemaker, cochlear implant, or vagal nerve stimulation 

device, history of recurrent or severe headaches, and presence of other comorbid 

neurologic conditions. All procedures used in this study conformed with the 

Declaration of Helsinki, and the protocol was approved by the Faculty of Medicine 
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of University of Coimbra Research Ethics Committee. A written informed consent 

was obtained from each participant and they accepted that their clinical 

information are to be used in the scope of this research project and for any 

publications that may result from this work. 

Because it is common to have cognitive deficits in epilepsy patients, these seven 

participants were selected based on their ability to perform simple cognitive visual 

tasks such as detection of faces from non-faces, and maintaining focus in the 

center of the screen in the case of the gratings’ visual task. Participants were 

recruited from the epilepsy monitoring unit at (Centro Hospitalar e Universitário 

de Coimbra). The decision to include patients only with left-side onset of seizures 

was based on the assumption that we want to uniform the stimulation protocol to 

be identical in all patients to allow for group-level analyses.  

Participants were contacted two weeks after their discharge from the epilepsy 

monitoring unit and invited to participate in the study which was conducted at the 

Institute of Nuclear Sciences Applied to Health (ICNAS), University of Coimbra, 

Portugal. Patients were instructed to not make any changes to their medication 

while included in the study. 

Participants visited ICNAS twice. The first visit was to explain the experiments, 

and to perform sham tDCS. The participants did not know that they will be starting 

with sham tDCS. One week later, the participants came for a second visit to 

ICNAS to perform real tDCS. After tDCS in each visit, EEG, EEG with visual 

tasks, and MRS were performed. Table 1 summarizes the demographic data of 

the included patients and their clinical information. 
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+ During 25 minutes of acquisition (5 minutes resting state EEG and 5 minutes per 
visual task run for 4 runs). 
* Localization is based on the multidisciplinary team consensus based on multimodal 
imaging, interictal, ictal EEG, and ictal semiology supported by ESI (Electrical source 
imaging). FCD – focal cortical dysplasia. 
& Based on epilepsy protocol structural MRI as interpreted by a neuroradiologist. 

TDCS: 

All participants underwent sham-tDCS in the first visit followed by real-tDCS. 

tDCS was performed in a quiet room at ICNAS using a Soterix Medical 1x1 tDCS 

Low-Intensity Stimulator (Soterix, New York, USA). Participants were blinded to 

the nature of the intervention. 

Participants underwent a 20 min stimulation session at 1.5 mA continuous current 

delivered to the brain via two surface electrodes put in between saline-soaked 

sponges. Both electrodes had same dimensions of 3 by 4 cm. The cathode was 

placed at an area demonstrated in Fig. 1 whereas the anode was placed in the 

ID IED per 
minute+ 

Localization* Age Age at 
onset 

Medications Etiology& 

1 5.6 Left 
frontotemporal 20 

8 Levetiracetam 
Valproate 
Perampanel 

FCD 

2 31.3 Left temporal 32 22 CBZ FCD 

3 13.2 Left temporal 
21 

14 Valproate 
Oxcarbazepine 
Perampanel 

FCD 

4 9.6 Left temporal 
33 

22 CBZ 
Valproate 

Tumor 

5 5.5 Left temporal 
35 

17 CBZ 
Zonisamide 

Tumor 

6 7.3 Left temporal 
46 

40 Levetiracetam 
Valproate 
Zonisamide 

FCD 

7 8.2 Left temporal 

37 

23 Levetiracetam 
Valproate 
Perampanel 
Clobazam 

FCD 
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occipital region. The stimulated area under the cathode electrode was chosen 

based on the lobar localization of the presumed epileptogenic zone. 

     

Fig. 1 The cathode was placed on the left temporal region, whereas the anode on the  

occipital region with the center on Oz. 

Lobar Localization of the Presumed Epileptogenic Zone: 

The presumed epileptogenic zone was determined based on multimodal imaging 

approach utilizing scalp EEG, MRI, FDG-PET and ictal-SPECT when available. 

A multidisciplinary meeting was held to discuss each participant before his/her 

enrolment in the study as part of their presurgical evaluation. Based on imaging 

findings and clinical semiology, lobar localization was determined in the 

multidisciplinary meeting. The lobar localization was confirmed using an in-house 

protocol of electrical source imaging which has been used as part of the routine 

presurgical evaluation. 
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Electrical Source Imaging to Identify the Presumed Epileptogenic Zone: 

Long-term EEG data from the most recent admission to the epilepsy monitoring 

unit was exported for each patient. As expected, each patient could have more 

than one cluster of interictal discharges “spikes” and the most representative one 

was chosen by a neurologist. Template matching using Curry 7 was utilized to 

automatically detect spikes in the EEG recording and an average was obtained. 

Band pass filter (5 to 45 Hz) was used and the filtered average was exported in 

cnt format. 

In Brainstorm the patient’s individual MRI was imported and a BEM model was 

generated [23,24]. Cortical-constrained sLORETA was used and the maximum 

point at the peak of the spike was identified in each patient [25]. The EEG 

electrode in closest proximity to the maximum point was determined in each 

patient and the center of the cathode electrode was placed over this point.  

 

Tasks: 

Scalp electroencephalography was performed after each tDCS session (sham or 

real). Visual tasks “Mooney faces” or “Gratings” were started 5 minutes after 

starting EEG recording. Resting state EEG was used to count the number of 

interictal discharges.  

During Mooney faces we chose two runs in each session. Each run consisted of 

80 stimuli (160 in total in both runs) of (40 faces; 40 non-faces per run) of 1 

second duration of the stimulus and 1 to 1.5 second interval between stimuli. After 

each stimulus, the subject had to report by button press if it was a face or a non-

face stimulus using two keyboard keys. The same protocol was repeated in the 

second session one week later after real c-tDCS. 
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For the gratings task subjects were instructed to fixate at a center circle in the 

screen and a press a button each time the circle color changed (red vs green). 

Two runs per session were used and each run consisted of 72 stimuli (24 per 

each grating’s type and 144 in total per session) and of 1.5 second duration. The 

type of gratings was balanced and presented in random order. Contrast in the 

different gratings’ stimuli was kept at 100%. Visual grating stimuli type A had a 

spatial frequency of 0.67 cpd, type B had a spatial frequency of 1.33 cpd and type 

C had a spatial frequency of 2.86 cpd. Visual angle velocity was 1.5 degrees per 

second. A central fixation cross of black color had a size of 0.25 visual degrees 

within a circle background where the color randomly changes to red or green 

during a 200 ms period. Afterwards, a question block was presented with a black 

background and a central fixation question mark of white color and 1.25 visual 

degrees size. The subject was instructed to report whether the fixation circle 

changed to red or green by pressing two different buttons at the time of the 

question block. The same protocol was repeated after real c-tDCS. 

The duration of each run is 5 minutes, during which counting of interictal epileptic 

discharges (IEDs) was performed. 

Patients had four runs each per their visit. The first two runs used Mooney task, 

whereas the second two runs used a gratings’ visual task. 

EEG recordings and analysis: 

EEG was recorded using a 64 electrodes cap (QuickCap, NeuroScan, USA) with 

the electrodes placed according to the extended 10/20 system. The electrode 

impedances were kept below 20 kΩ. The signal was amplified and recorded at a 

sampling rate of 1 kHz, low pass filter at 200 Hz, using a SynAmps2/RT amplifier 

(NeuroScan, USA).  
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Electroencephalographic signal was recorded using Scan 4 (NeuroScan, USA), 

with the acquisition reference electrode placed at a half distance between CZ and 

FCZ. 

Data analysis was performed with Brainstorm [26], which is documented and 

freely available for download online under the GNU general public license 

(http://neuroimage.usc.edu/brainstorm). The EEG signal was down sampled to 

400 Hz and band filtered between 1 and 100 Hz.  

For the task related signal, the epochs were defined from −1000 to 1000 ms, with 

the zero locked to the stimuli onset. The dataset was cleaned using an automatic 

rejection tool with a threshold of 120 μV for all electrodes, and this was followed 

by a visual inspection to ensure the data was free from artifacts. Rejected 

channels due to abnormal noise activity were interpolated using spherical spline 

interpolation. The recordings were re-referenced to the average of all remaining 

channels.  

Time-frequency decomposition was done in Brainstorm, with Morlet wavelet 

[27,28]. Electrode PO8 was chosen to perform time-frequency decomposition in 

Mooney task. In Gratings, oscillations were studied simultaneously in the EZ and 

a reference region at POZ. The EZ electrode in our cohort was FT7. 

MRS acquisitions and analysis: 

Patients underwent anatomical and spectroscopy imaging using a Siemens 3T 

Scanner (Siemens Magnetom 3 T TimTrio, Erlangen, Germany). T1-weighted 

structural images of the brain were acquired with a MPRAGE sequence with: 1 

mm3 isotropic voxel, repetition time 2.53 s, echo time 3.42 ms, inversion time 

1100 ms, flip angle 7°, field of view 256 × 256 mm2, 256 × 256 matrix, 176 

slices and GRAPPA acceleration factor = 2.  
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T1-weighted images were analyzed for structural abnormalities. Two MRS 

voxels were positioned one in the left anterior temporal lobe and another 

medially in the occipital cortex, see Fig. 2. The EZ voxel measured 15.625 cm3 

whereas the occipital voxel had a volume of 27 cm3. We opted for a smaller 

volume in the temporal region because of the presence of bone and CSF in the 

selected area which rendered larger voxel volumes too noisy. 

 

Data were acquired on a 3T Siemens Scanner (Siemens Magnetom 3T TimTrio, 

Erlangen, Germany). T1-weighted structural images were acquired with a 

MPRAGE sequence with: 1 mm3 isotropic voxel, repetition time 2.53 s, echo time 

3.42 ms, inversion time 1100 ms, flip angle 7, field of view 256x256 mm2, 

256x256 matrix, 176 slices and GRAPPA acceleration factor = 2. We used the 

Hadamard Encoding and Reconstruction of MEGA-Edited Spectroscopy 

(HERMES) approach [29] to quantify GABA, Glx and Gluthathione. Two voxels 

were chosen for each patient one in the left anterior temporal lobe and the second 

is bilateral occipital lobe. The volume of the EZ voxel in the temporal lobe is 

15.625 cm3 whereas the occipital voxel had a volume of 27 cm3. The structural 

images were analyzed for structural abnormalities and bright objects detection. 

The HERMES data were processed with Gannet software [30]. GABA, Glx and 

Glutathione in addition creatine signals were obtained from the difference edited 

spectra. The peaks for each metabolite were fitted to a simple Gaussian model. 

Creatine signal was fitted to a double Lorentzian model. Results are expressed 

as levels of metabolite/Cr. Normalization to creatine is used to reduce intersubject 

variance from both different signal-to-noise levels and CSF fraction within the 

voxel [31]. An example output is shown in Fig. 3. GABA signal is known to be 
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contaminated by other macromolecules [32] therefore, we refer to GABA from 

now on as GABA+. Model fit errors for all spectra were set at < 10% to be 

accepted. Spectra with higher fit error for any of the metabolites were considered 

as missing values. 

  

  

Fig. 2: Placement of the voxels for MRS. In red, we show the EZ voxel which 

is positioned in the left anterior temporal lobe whereas in blue we show the 

reerence voxel which is positioned in the occipital zone medially. The EZ 

voxel measured 25 x 25 x 25 mm whereas the occipital voxel measured 30 x 

30 x 30 mm. 
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Post sham-tDCS Post real-tDCS 

  

Fig. 3: Spectra obtained from the EZ. GABA+/Cr decreased from 120 to 100. 

Fit error for each metabolite is < 10%. 

 

Statistical analysis: 

Statistical analyses were performed with IBM SPSS Statistics version 20 

software. Paired-sample t-student tests were used to investigate if there were 

differences between means of the main study variables, in this repeated 

measure design. Our statistical significance threshold was set at a p-value < 

0.05. 

Results: 

Effects of tDCS on cortical excitability of the epileptogenic zone 

(presented as frequency of interictal discharges per minute): 

c-tDCS did not induce any seizure activity in any of our patients. Moreover, the 

pattern and characteristics of the interictal discharges were not modified by c-

tDCS. 

Real c-tDCS decreased the number of interictal discharges per minute by 61%, 

p = 0.013 (paired t-test, Fig. 4, Table 2). The counting was performed during the 
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5-minute recording of resting-state EEG and during the visual tasks (total 

duration of 25 minutes). 

 

Fig. 4: Real c-tDCS decreased the number of interictal discharges per minute 

by 61%, p = 0.013. 

 
Table 2: Frequency of Interictal Discharges Per Minute after Cathodal Stimulation 

 Post sham-tDCS Post real-tDCS p-value 

IEDs per minute 11.532 + 3.432 4.464 + 1.666 0.013 

N (subjects) 7 7  

 

Effects of tDCS on neurotransmitters profile in the epileptogenic zone: 

c-tDCS decreased GABA and GABA/Glx ratio in the EZ (see Suppl. Tables S1-

S3). Moreover, glutathione in its reduced form is increased in the EZ after c-tDCS. 

Fig. 5 shows that GABA in the epileptogenic zone is decreased, whereas 

glutathione is increased (p-value < 0.005 and 0.05 respectively). GABA/Glx ratio 

decreased from 1.611 + 0.222 to 1.079 + 0.195, p = 0.011, after real c-tDCS 

stimulation of the epileptogenic zone. 
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Fig. 5: GABA in the epileptogenic zone is decreased, whereas glutathione is 

increased. These effects were statistically significant with a p-value below 0.005 

and 0.05 respectively. Glx was not statistically different after real c-tDCS as 

compared to sham c-TDCS. 

Effects of tDCS on neurotransmitters profile in the occipital area: 

GABA in the occipital zone which was under anodal stimulation is decreased, p < 0.05. The 

changes in the EZ and occipital GABA/Glx ratios are shown in Table S3. 

Effects of tDCS on event-related potentials related to facial neural 

processing: 

In this analysis, we chose to include only correct face-detection ERPs. Fig. S1 shows the 

averaged ERPs after sham versus real c-tDCS stimulation of the EZ.  

Effects of tDCS on oscillations with Gratings task: 

As visual gratings might induce beta or gamma oscillations in widespread areas, we wanted 

to compare post-sham-tDCS with real-tDCS in the epileptogenic zone (FT7) as compared to 

a distant brain region (POZ). Cathodal stimulation of the epileptogenic zone showed a trend 

for suppression of low gamma oscillations in the temporal region (epileptogenic zone) 

Brain Metabolites after Stimulation of the  
Epileptogenic Zone Measured by MRS 

Glutathione/Cr Glx/Cr GABA+/Cr 
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whereas induced gamma oscillations in POZ which is distant from the epileptogenic zone 

Fig. S2. 

Discussion: 

In the present study, we investigated the mechanisms of action of cathodal tDCS in the 

treatment of pharmacoresistant epilepsy of temporal lobe origin. Cathodal tDCS was effective 

in suppressing interictal discharges by approximately 61% after a single session confirming 

that cathodal DC polarization indeed decreases cortical excitability in the epileptogenic zone 

in patients with left temporal lobe epilepsy. We found that cathodal stimulation of the 

epileptogenic zone decreased GABA concentration. This is the first study to report this effect 

in human subjects. These results provide the biological basis for the reported before efficacy 

of a single session of c-tDCS immediately after the session. 

In our design, the anode was placed over the occipital region. Similar to [33] anodal 

stimulation of the occipital region in our patients did not increase cortical excitability or 

increased epileptic activity. 

At baseline, we show that GABA levels were significantly higher in the epileptogenic zone 

as compared to the reference area in the occipital region. One of the possible hypotheses for 

the development of pharmacoresistant epilepsy is reduced sensitivity to GABAA receptors to 

agents binding to the benzodiazepine receptor site 1 and other changes in GABAA receptors 

were reported in brain tissues resected from patients with pharmacoresistant temporal lobe 

epilepsy (TLE) [34]. In common etiologies of drug resistant epilepsy such as cortical tubers 

in tuberous sclerosis or in patients with focal cortical dysplasia it has been previously shown 

that extracellular GABA is markedly elevated in the epileptogenic zone [35–38]. It should be 

noted that the etiology of pharmacoresistant epilepsy in two of our patients is tuberous 

sclerosis. Taki and colleagues reported that epileptic tuberi in tuberous sclerosis have an 

elevated level of GABA as compared to non-epileptic tuberi [38]. On the other hand, it has 

been reported that GABA levels were low in patients with drug-sensitive epilepsy syndromes 
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and the use of antiepileptics in that subgroup of patients was associated with an elevation in 

GABA which was associated with response to treatment [35]. Therefore, one can conclude 

that GABAergic dysfunction in epilepsy is multifaceted and in patients with drug-resistant 

epilepsy as in our cohort one expects to find an elevated GABA in the epileptogenic zone 

which agrees with our findings. 

Cathodal stimulation of the epileptogenic zone resulted in a decrease in GABA concentration 

which has relevant clinical significance. We hypothesize that this decrease in GABA could 

be due to improved transportation of GABA, increased degradation of GABA, or other 

unexplored mechanisms. Surprisingly, the decrease in GABA in our study was associated 

with a decrease in cortical excitability in the epileptogenic zone as evidenced by a decrease 

in the frequency of epileptic discharges post real-tDCS. A recent modeling study suggested 

that cathodal stimulation of the EZ in a drug resistant epilepsy model would mainly suppress 

GABAergic interneurons which was associated with less epileptic spiking (Denoyer et al. 

2020). Cathodal stimulation has been previously reported to decrease GABA by 

approximately 11% [39]. In our study, GABA in the EZ decreased by approximately 25%. 

Froc et al also reported that cathodal stimulation decreases glutamate significantly however 

we did not see any change in glutamate in our study. Bilateral stimulation with the cathode 

placed at M1 has been reported to result in a decrease in GABA concentration in the cathode-

stimulated area [40]. 

GABA degradation is dependent on the TCA cycle and glutathione in its reduced form is 

needed for proper trafficking of GABA in the TCA cycle. In this study, we show that 

glutathione in its reduced form is decreased in the epileptogenic zone as compared to the 

reference area. Glutathione has been previously reported to be decreased in the epileptogenic 

zone in patients with drug resistant epilepsy measured by in vivo (1)H-MRS [41]. Moreover, 

cathodal tDCS stimulation of the epileptogenic zone has increased the concentration of 

glutathione which is a potent antioxidant in the brain. This could be the explanation of 
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improved degradation of GABA and could explain why GABA is decreased in the 

epileptogenic zone after tDCS.  

These findings suggest that a decrease in GABA in the epileptogenic zone is associated with 

a decrease in epileptogenicity as measured by number of interictal discharges per minute. 

GABAergic inhibitory interneurons are known to play a role in local synchrony in the gamma 

frequency range [18]. Because of that we chose two visual tasks that are known to be 

dependent on the inhibition/excitation balance in the occipital region, and which induce clear 

gamma oscillations, namely the Mooney faces task and Gratings [11–14].  

Visual processing of faces and no-faces has been previously shown to be dependent on the 

function of inhibitory GABAergic interneurons. In our study, we show that GABA is 

decreased in the occipital region, under anodal stimulation. Moreover, we show a decrease in 

the P100 (and marginally N170) components of the event-related potentials of faces. This 

could be explained by a decrease in the summation of the action potentials of neurons in the 

occipital region due to decreased GABAergic-mediated synchrony. It has been previously 

reported that the P100 and N170 components have higher amplitudes with inverted or 

scrambled faces as opposed to upright faces [42] which is consistent with the notion that the 

perception of the task as less challenging could be associated with a decrease in the 

amplitudes of these two components. If this is true, then one might argue that cathodal 

stimulation of the epileptogenic zone has influenced the occipital region which resulted in an 

improvement in facial processing. It has been reported that the epileptogenic zone has 

abnormal functional and structural connectivity to distant cortical regions and increased local 

synchrony in the epileptogenic zone could have a deleterious effect on cognitive functioning 

[18].  

Anodal stimulation of the occipital region resulted in a decrease in GABA. Visual gratings 

are known to induce temporal-parietal-occipital gamma oscillations [43] which make them a 

good candidate to study the modulation of gamma oscillations simultaneously in the 
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epileptogenic zone and the reference occipital area post sham and real tDCS. We show that 

real tDCS has suppressed gamma oscillations in the epileptogenic zone and evoked gamma 

oscillations in the occipital region which further establishes the hypothesis that increased 

local synchrony in one area (i.e. the EZ), one would expect to have less local synchrony in 

normal functioning brain regions (i.e. occipital region). 

In conclusion, our findings suggest that c-tDCS provides potent antiepileptic mechanisms in 

patients with pharmacoresistant epilepsy as it has been associated with a significant decrease 

in the frequency of interictal discharges. The possible mechanism of action of c-tDCS 

according to our findings is the modulation of the GABAergic inhibition mediated synchrony 

in the epileptogenic zone, with a reduction of GABAergic inhibition in the cathodal-

stimulated region.  
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Supplementary Tables: 

Supplementary Table 1: Effects of Cathodal Stimulation on Brain Metabolites in the 
Epileptogenic Zone. 

 Post sham-tDCS Post real-tDCS p-value 

GABA 0.129 + 0.019 0.096 + 0.018 0.002 

Glx 0.08 + 0.004 0.093 + 0.003 NS 

Glutathione 0.031 + 0.007 0.048 + 0.004 0.049 

GABA/Glx ratio 1.611 + 0.222 1.079 + 0.195 0.011 

N (subjects) 7 7  

 
Supplementary Table 2: Effects of Cathodal Stimulation on Brain Metabolites in the 
Occipital Zone. 

 Post sham-tDCS Post real-tDCS p-value 

GABA 0.098 + 0.004 0.086 + 0.004 0.02 

Glx 0.087 + 0.003 0.088 + 0.002 NS 

Glutathione 0.051 + 0.005 0.046 + 0.003 NS 

GABA/Glx ratio 1.129 + 0.053 0.994 + 0.081 0.025 

N (subjects) 7 7  

 
 
Supplementary Table 3: Inhibition/Excitation Balance in the Epileptogenic Zone 
versus the Occipital Region after Cathodal Stimulation. 

 EZ GABA/Glx Occipital 
GABA/Glx 

p-value 

Post sham-tDCS 1.61 + 0.23 1.09 + 0.05 0.042 

Post real-tDCS 1.08 + 0.19 0.98 + 0.07 NS 0.555 

N 7 7  

 
The EZ GABA/Glx ratio was significantly higher than the occipital ratio after sham-tDCS. 
Cathodal stimulation of the epileptogenic zone abolished this difference between the 
EZ and occipital region. 
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Figure S1: ERP of faces and non-faces from Mooney tasks. Blue is post sham-tDCS 
(based on 515 trials) whereas, red is post real-tDCS (based on 651 trials). Green-shade 
represents SEM. 
 

 
Figure S2: Cathodal stimulation of the epileptogenic zone has suppressed low gamma 
oscillations in the temporal region (epileptogenic zone) whereas induced gamma 
oscillations in POZ which is distant from the epileptogenic zone. 
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Lovastatin as an Antiepileptic 
 
AMT-PET for the Localization of the EZ in TSC-associated 

Epilepsy and Drug Resistant Epilepsy  
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Lovastatin as an antiepileptic: Effect of lovastatin as a physiologic challenge on 

the GABAergic system in drug-resistant epilepsy and TSC-Associated Epilepsy 

INTRODUCTION: 

Epilepsy is a common neurologic disorder that presents with recurrent seizures 

in about 1% of the general population with one third of the patients having poor 

control with multiple antiepileptic medication despite recent novel AEDs (1,2). 

Recently, increasing evidence has emerged pointing towards possible 

involvement of astrocytes, other immune cells, and blood-brain-barrier 

breakdown in epileptogenesis (3). Inflammation has also been shown to be 

related to epileptogenesis in several animal models of epilepsy (4–6). 

With this new understanding of pathology in epilepsy, studies have been done to 

assess the role of specific anti-inflammatories in epilepsy (6–8). Statins, in 

addition to their cholesterol lowering effects, have been shown to have anti-

inflammatory effects as they reduce expression of interleukin-1b and interferon-c 

(9,10). Additionally, they were found to have a protective effect for the 

endothelium and the blood-brain barrier (11). Because of these properties and 

the safety profile, several studies in vivo and in vitro have tried to evaluate if they 

have any anticonvulsant effect. 

Atorvastatin, lovastatin and simvastatin have been studied in different animal 

models of epilepsy to investigate their effects on quinolone acid (KA) or 

pilocarpine induced seizures as well as audiogenic induced seizures (12–17). 

Atorvastatin is the most studied statin in epilepsy with possible anticonvulsant 

effects in KA-induced seizures, absence seizures, and audiogenic seizures 

(18,19). This effect can be mainly appreciated early in the disease process and 

with repeated doses suggesting a possible neuroprotective role. The mechanism 

of action as an anticonvulsant was explained by an increase in NO synthesis, and 

a possible direct negative modulation of NMDA glutamate receptor activity but 

not to HMG-CoA reductase inhibition (12,20,21). 

Simvastatin was less evaluated as an antiepileptic, but the few studies done are 

very promising. In vitro studies showed an excitoprotective effect of simvastatin 

against NMDA-induced neuronal damage (22). Simvastatin was tested in KA-

induced animal models of epilepsy with a significant reduction of seizures 

frequency and hippocampal cell death (17,23). Moreover, simvastatin was 
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showed to abolish status epilepticus induced by KA (24). Finally, simvastatin was 

also found to be effective in animal models of audiogenic seizures (18). 

Lovastatin on the other hand was extensively studied in neurofibromatosis type 

1 and been found to improve cognitive function due to an inhibitory cortical effect 

(25). Lovastatin has been found to have a similar anti-epileptic profile to 

atorvastatin with the only exception of exacerbating absence seizures induced by 

AY-9944 (15,16,26). Lovastatin has also been found to be effective antiepileptic 

in fragile X syndrome by preventing excess hippocampal protein synthesis in an 

animal model (27). 

In humans, statins were found to reduce epilepsy risk in the elderly, and mortality 

related to status epilepticus (28,29). Despite the amount of evidence in favor of a 

possible antiepileptic effect to statins, they were not studied in randomized clinical 

trials in humans. 

Next, we will study high frequency oscillations and use statins in this group of 

patients to evaluate gamma oscillations as a possible biomarker for 

epileptogenesis in patients with tuberous sclerosis. 

Due to the previously discussed relationship between HFOs and epileptogenesis, 

we hypothesize that they could be modulated by statins. Their spatial distribution 

or occurrence could be reduced which could explain in part how statins potentiate 

the effect of most commonly used antiepileptics. Additionally, we hypothesize that 

these direct effects on the epileptogenic network could be related to changes in 

brain metabolites such as glutamate, GABA or NAA which will be evaluated using 

MRS. 

STUDY OBJECTIVES: 

1. To study the effects of a pharmacological challenge, lovastatin 180 mg 

over three days, on brain oscillations and inhibition/excitation balance. 

AIMS: 

1. High frequency oscillations characterization in drug resistant patients 

2. Mechanism of anticonvulsant effect of statins. 

Statins have been found to have neuroprotective, antiepileptic and 

anticonvulsant effects in animal models and human observational studies. 
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3. Relationship between dynamic GABA and HFOs in epilepsy 

Our approach should allow us to study how dynamic GABA changes in the 

seizure onset zone evaluated by MRS correlate with similar changes in 

HFOs and possibly elucidating a link between brain metabolites and high 

frequency oscillations in epilepsy.  
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Supplementary Materials: 

METHODOLOGICAL ASPECTS 

Population definition:  

Patients with focal-onset drug-resistant epilepsy (50% TSC-associated and 50% 

due to other etiologies), males and females (non-pregnant), who are competent 

enough to sign an informed consent. Patients should not have any metallic 

implants such as cardiac pacemakers, medication pumps, VNS, or history of 

active heart disease or stroke. Use of tricyclic antidepressants, bupropion, and 

neuroleptic medications is an exclusion criterion. Patients should not have any 

ictal autonomic features and should have no history of neurodegenerative 

disease. 

Participants:  

- Patients with non-invasive EEG and epilepsy: up to 12 epilepsy due to any 

cause  

Visit 1: 

- Obtain informed consent and explain the study protocol 

- Give a box of the drug which could be either placebo or lovastatin: 

o The box contains 9 pills of 20 grams “either placebo or lovastatin” 

o The patient is instructed to take three pills per night for three 

consecutive nights 

o The possible side effects of lovastatin were explained to the patient 
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o The patient is instructed to not make any changes to their 

antiepileptics 

Visit 2: 

- Perform EEG with Mooney and Gratings tasks (see Chapter 3: 

Mechanisms of action of tDCS neurostimulation on neurochemistry, 

neurophysiological responses, and oscillatory patterning in refractory 

epilepsy) for explanation of the tasks 

- Perform MRS with one voxel in the EZ and another in the occipital region 

- Give another box of the drug which will be the opposite of what was given 

in visit 1 

o The patient is instructed to start taking the pills three weeks after 

the date of visit 2 

o A reminder as a text message is sent to the patient one day before 

the supposed date to start taking the pills 

o The patient will come for the third visit after taking the third dose of 

the pills 

Visit 3: 

- Repeat EEG with tasks and MRS 

Follow-up: 

- All patients are to be contacted 30 days after concluding their participation 

in the study Repeat MRS 
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AMT-PET for the Localization of the EZ in TSC-Associated Epilepsy and Drug 

Resistant Epilepsy  

INTRODUCTION: 

Several molecular probes are being used in PET, however only alpha-[11C]-

methyl-L-Tryptophan (AMT) is the only biomarker that has been shown to be able 

to pinpoint the epileptic focus itself in the interictal state (Kumar et al., 2011). It 

has been estimated that one quarter of people with epilepsy will develop drug-

resistant epilepsy (Kwan & Brodie, 2000) and such patients may benefit from 

surgery if accurate presurgical localization of the epileptogenic zone is possible. 

Unfortunately, most patients with drug resistant epilepsy have a disconcordance 

between their clinical, electrophysiological and imaging data that would make 

accurate localization of the EZ to be problematic. Several traces of PET have 

been used in epilepsy and of these tracers is AMT. AMT traces tryptophan 

metabolism via the serotonin and/or kynurenine pathways. AMT can identify the 

EZ by showing a localized area of increased AMT uptake. One of the advantages 

of AMT over FDG-PET is that the signal of AMT is easier to interpret visually and 

because the tracer uptake is increased in the EZ unlike that of FDG, atrophy of 

the region of interest will not adversely affect the results. Another advantage of 

AMT-PET is that the results are not affected by the frequency of seizure activity 

or interictal discharges on scalp EEG (C. Juhász et al., 2003; Wakamoto et al., 

2008) making it convenient to perform without the need of continuous EEG 

monitoring such as is the case with EEG-fMRI, ICTAL-SPECT or Interictal-

SPECT. Increased uptake of AMT in the EZ has been previously documented 

and explored by (Chugani, 2011). 

Tuberous sclerosis complex (TSC) is an autosomal dominant disorder 

characterized by hamartomas in various body organs including the brain. 

Epilepsy is the most common neurologic presentation and is reported in up to 

90% of patients with TSC (Chu-Shore et al., 2010; Józwiak et al., 2000). Most 

likely, the brain tubers and the associated cortical dysplasia are the main key 

players in epileptogenesis in TSC (Crino, 2004; Uhlmann et al., 2002). It has been 

suggested that up to two thirds of TSC-associated epilepsy cases will eventually 

develop drug-resistant epilepsy (Chu-Shore et al., 2010). TSC-associated drug 

resistant epilepsy patients who do not undergo aggressive treatment will develop 
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epileptic encephalopathy and poor cognitive outcome. The issue with TSC is that 

there is a large number of multifocal tubers throughout the brain, however not all 

of them are epileptogenic (Jansen et al., 2007; Kagawa et al., 2005; Teutonico et 

al., 2008; Weiner et al., 2006; Wu et al., 2010). Therefore, it is reasonable to look 

for methods of identifying the epileptogenic tubers from non-epileptogenic ones. 

FDG-PET shows hypometabolism in all kinds of tubers, making it unsuitable to 

identify truly epileptogenic tubers from non-epileptogenic tubers (Rintahaka & 

Chugani, 1997; Szelies et al., 1983). On the other hand, seizures in TSC patients 

tend to be very brief making then unsuitable for ictal SPECT. AMT-PET is a 

potentially helpful and promising tracer in such patients with drug-resistant 

epilepsy including TSC-associated and those with focal cortical dysplasias 

(Asano et al., 2000; Chugani et al., 1998; Marco Fedi et al., 2003). AMT-PET is 

helpful because it has been shown that its uptake is increased only in 

epileptogenic tubers (Asano et al., 2000; Chugani et al., 1998). In many TSC-

associated epilepsy patients, the EEG point towards a bilateral source or EEG 

changes are diffuse because the location of the tubers is deep. 

Cortical developmental malformations also show increased AMT uptake (M. Fedi 

et al., 2001). This is helpful as in a significant number of patients with drug 

resistant epilepsy is the etiology is a focal cortical dysplasia that cannot be easily 

identified by MRI (Jeha et al., n.d.). It is estimated that 10 to 40% of people with 

a cortical developmental malformation will have a normal MRI (Jeha et al., n.d.).  

Study Objectives 

To evaluate tryptophan metabolism via serotonin and/or kynurenine pathways in 

an attempt to identify the epileptogenic zone in TSC-associated epilepsy and 

drug resistant epilepsy of other etiologies. 

Aims: 

• Epileptogenic tuber localization in patients with TSC-associated drug 

resistant epilepsy 

• Epileptogenic zone localization in patients with drug resistant epilepsy due 

to cortical developmental malformations (focal cortical dysplasia, 

periventricular heterotopia, congenital perysylvian syndrome and 

polymicrogyria) 
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• Characterization of AMT uptake by other brain tumors 

• To assess cortical plasticity after cortical resection in surgical epilepsy 

patients 
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Supplementary Materials: 

Methods: 

Subjects: 

• Adult and children will be included 

• The patient must have focal onset drug-resistant epilepsy 

• A presumed epileptic focus is needed for each patient based on seizure’s 

semiology, and scalp or intracranial EEG 

• No evidence of other psychiatric disease  

• No evidence of isolated mesial temporal sclerosis or focal cerebral atrophy 

because of a previous cerebrovascular event 

Technique: 

• Duration of the PET study is 60 minutes 

• A PET/CT GEMINI GXL Philips scanner is used 

• The patient is instructed to fast for six hours and to consume a low-protein 

diet on the previous day of the scan 

• Children may be sedated by an anesthetist or a pediatrician. Pentobarbital, 

fentanyl or midazolam may be used based on the child’s age 

• Patients will be closely monitored during the scan time to detect any 

seizures 

• Adequate hydration will be provided to allow for good radiopharmaceutical 

excretion  

• A venous line will be placed for tracer administration. A second venous 

line will be placed for the collection of timed blood samples to be collected 

at 0, 20, 30, 40, 50, and 60 minutes after AMT injection 

• The arms will be placed below head in supine position during the 

acquisition  

Radiopharmaceutical: 
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• AMT will be administered 

• Slow IV administration over 2 minutes period 

• Children’s dose: 0.1 mCi/Kg 

• Adults dose: 370 MBq in average 

Image Acquisition:  

• Acquisition starts after tracer administration and post-voiding  

• Qualitative and semiquantitative image analysis by nuclear medicine 

physician  

Blood sample protocol: 

• A 0.5 mL sample will be collected at the previously mentioned time points 

after AMT injection similar to Juasz approach (Csaba Juhász et al., 2006, 

2011).  

• After 20 minute of AMT injection, a 20-minute dynamic PET scan of the 

heart will be performed in a 2D model to obtain the left ventricular input 

function 

• At 25 minute of AMT injection, a dynamic emission scan of the brain will 

be acquired in a high-sensitivity 3D mode 

• Measured attenuation correction obtained from transmission scans is 

applied to the AMT-PET images 

• Summed activity images of AMT concentration in the brain and tumors are 

created to visualize the results 

Outcome measures: 

• Was the EZ localized by the AMT-PET scan 

• Concordance with multimodal imaging approach in the presurgical 

evaluation 

• Impact of AMT-PET result on surgical decision 
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CONCLUDING REMARKS: 
The excitation-inhibition balance hypothesis is an exciting topic that is intriguing 

to neuroscientists and neurologists. Understanding the impact of different 

diseases on the E-I balance not only serve our comprehension of the 

pathogenesis of such complex disorders, but can also shed light onto the fine line 

between physiologic adaptations of the GABAergic system and pathologic states. 

In this work we studied the different effects of two common disorders that are 

clearly linked to an abnormal E-I balance and showed how the integrity of the 

GABAergic system is important at the local and distant neural circuit level. This 

chapter summarizes the findings of our work and their relevance for further 

studies. 

Type 2 Diabetes Mellitus Affects the Occipital Cortex 

One of the most feared complications of T2DM is visual and cognitive impairment. 

In the first study related to T2DM we reported three main novel findings related 

to T2DM visual performance in early diabetic retinopathy. We used novel 

chromatic, achromatic and speed discrimination visual tasks in this study, for 

which T2DM patients scored worse than healthy controls. We also found that they 

had a lower best corrected visual acuity (BCVA) and that their BCVA correlated 

with metabolic and retinal biomarkers. However, their poor performance on speed 

and achromatic luminance discrimination tasks could only be explained by 

impaired cortical processing. 

The visual psychophysical tasks used in this study were partially dependent on 

contrast detection of moving dots. We chose this paradigm because of the 

growing evidence of impaired contrast-dependent visual processing in T2DM 

(Reis et al., 2014). Occipital cortical GABA concentration is reported to be 

elevated in T2DM (van Bussel et al., 2016) especially in patients with evidence 

of cognitive impairment. The visual tasks used in our study can be considered a 

special type of combination of contrast and motion detection which have been 

previously related to cortical processing and occipital inhibitory circuits (Edden et 

al., 2009). We showed that speed and achromatic luminance discrimination 

thresholds were correlated with occipital GABA at baseline and also predicted 

one year later. We showed that patients who had a higher occipital GABA 
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concentration had worse performance on these visual tasks. Accordingly, we 

concluded that higher GABA concentration in the occipital cortex in T2DM has a 

deleterious effect on visual performance, similar to the previously reported 

adverse effects on cognitive integrity (van Bussel et al., 2016). 

In the second study in this disease model we investigated the relationship 

between BRB and BBB disruption in T2DM and BBB permeability could relate to 

visual performance. There is growing evidence of BBB disruption in T2DM. First, 

it has been previously reported that BBB integrity is compromised in T2DM by in 

vitro and in vivo experimental models (Pasquier et al., 2006). BBB permeability 

is increased in aging rhesus monkeys with T2DM (Xu et al., 2017). These 

disruptions of the BBB in T2DM have been previously linked to impaired cognition 

even before the onset of microvascular or macrovascular disease in T2DM 

(Bogush et al., 2017).  

BRB leakage in T2DM is well established (Klein et al., 1984) and is linked to 

hyperglycemia, hyperlipidemia and hypertension which are possible 

complications of T2DM. As these same insulting factors are also associated with 

BBB disruption in other diseases, it was reasonable to assume that the BBB in 

T2DM is also somehow disrupted. There is growing evidence of BBB disruption 

in patients with BRB leakage in addition to an increased risk of cortical small-

vessel disease (Cheung et al., 2010). Our findings however point to the 

independence of the two barriers in the early stages of T2DM. We found that BBB 

permeability is not linked to the grade of diabetic retinopathy, number of 

microaneurysms or the presence/absence of macular leakage. Interestingly, BBB 

permeability was positively correlated with HbA1C only in type 2 diabetics with 

established BRB leakage. Such patients with poor metabolic control have been 

reported to have an elevated E-I ratio suggesting a link between metabolic 

control, neurotransmission in T2DM (d’Almeida et al., 2020) Moreover, in T1DM, 

poor metabolic control was associated with increased markers of 

neuroinflammation, further linking neuroinflammation, neurotransmission and 

metabolic control together (d’Almeida et al., 2020).  As HbA1C is related to 

advanced glycation processes, we conclude that BBB disruption occurs in 

response to advanced glycation end-products which is in agreement with animal 

model studies (Shimizu et al., 2013). Finally, we looked for a correlation between 
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BBB permeability and best corrected visual acuity. BBB permeability in the 

occipital lobe was predictive of BCVA at baseline, 12 and 24 months later only in 

type 2 diabetics with established BRB leakage. Clearly, BBB disruption in the 

occipital lobe contributes to visual impairment in this group of patients, adding to 

the identified contribution of GABA 

An association between T2DM and BBB disruption has been previously reported 

(Hawkins et al., 2007). We hypothesize that the main mechanism of BBB 

disruption in T2DM is endothelial and small vessel pathology induced by chronic 

inflammation, oxidative stress and poor metabolic control which is in agreement 

with the literature (Janelidze et al., 2017; Tousoulis et al., 2013). Our results are 

unique in that they show BBB disruption in the visual cortex is linked to visual 

impairment in T2DM which is similar to the results of a previously published study 

on a rat model which showed altered fMRI response to visual stimuli if the BBB 

is disrupted (Fa et al., 2011). 

In conclusion, BBB permeability is predictive of visual impairment in T2DM 

especially in patients with established BRB leakage. We hypothesize that this is 

the case because of the evidence of increased risk of cortical small vessel 

disease and BBB disruption in patients with BRB disruption. These findings will 

need in the future to be integrated with the neurotransmission chances in E/I 

balance in T2DM,  

Physiological relevance of High Frequency Activity: a role in 

Perceptual Decision Making 

Gamma activity and high frequency activity are both linked to physiologic and 

pathologic GABAergic mediated mechanisms (Gulyas et al., 2010; Lewis et al., 

2005; Mann & Paulsen, 2007; Uhlhaas et al., 2009; Whittington et al., 2011). We 

first studied physiologic gamma oscillations in a cohort of drug resistant epilepsy 

patients and how their spatiotemporal maps are related to perceptual decision-

making and object recognition.  

Our results showed that there is evidence of topographic organization of visual 

sensory and perceptual processing. First, we found that low gamma and beta 

activity spatially involved the anterior regions (ventral and regions involved in 

dorsoventral integration) during perceptual decision and objective recognition. 

Higher frequency activity up to 250 Hz was confined to the posterior areas 
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(Nagasawa et al., 2012) early during sensory processing. It has been previously 

reported that many cognitive processes may induce gamma activity in the 

occipital, occipito-temporal and inferior frontal regions (Cho-Hisamoto et al., 

2015; Crone et al., 2006; de Pesters et al., 2016; Engell & McCarthy, 2011; 

Hermes et al., 2015; Lachaux et al., 2005; Michalareas et al., 2016). However, 

this is the first study to show how high frequency activity is clustered among 

different regions in relation to time and type of process. Our findings also showed 

that spatial organization of high gamma activity is related to object recognition 

regardless of the nature of the presented object, suggesting a general processing 

mechanism.  

As this high frequency activity is generated by inhibitory circuits in the neocortex, 

we consider them in the scope of this thesis, by identifying a physiological basis 

for high frequency oscillations. 

GABAergic System Dysfunction in Drug Resistant Epilepsy 

Epilepsy is a very common neurological disorder and approximately 30% of those 

with epilepsy will not respond to antiepileptic drugs in maximum dose (Berg, 

2009; Berg et al., 2010). The main question in such patients is whether 

localization of seizure’s onset is possible which would render them possible 

candidates for resection surgery (Chandra et al., 2010).  

GABA is the main inhibitory neurotransmitter in the brain. It is easy to understand 

how a decreased inhibitory tone in the cortex might be related to epileptogenesis 

which is the case in patients with drug-responsive epilepsies. However, several 

studies pointed to the possibility of a dual action of GABA in the epileptogenic 

zone where they reported elevated GABA concentration in focal cortical 

dysplasia, tuberous sclerosis associated epilepsy, and in patients with drug-

resistant epilepsy in general (Cepeda et al., 2007; Cherubini et al., 1991). Several 

studies from intracranial EEG showed that patients with drug resistant epilepsy 

typically have areas that generate pathologic interictal HFOs and the generation 

of HFOs is also dependent on spontaneous inhibitory postsynaptic currents 

(Cepeda et al., 2006). 

In our second study related to epilepsy as a disease model, we investigated the 

possible mechanism of action of cathodal tDCS as an antiepileptic in patients with 

drug resistant epilepsy of temporal lobe origin. We showed that at baseline, 
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GABA levels were significantly higher in the epileptogenic zone as compared to 

the occipital region. Increased GABA tone measured by infrared videomicroscopy 

and whole‐cell patch clamp recordings on biopsied samples of the epileptogenic 

zone in patients with drug resistant epilepsy has been reported before in the 

literature (Cepeda et al., 2006, 2020, 2007), however this was the first study to 

compare GABA concentration in the EZ to that in a reference area (the occipital 

lobe).  

Cathodal stimulation of the EZ resulted in a significant decrease in GABA 

concentration which is a novel finding and to our knowledge this is the first study 

to report this in human subjects. In addition to decreasing GABA in the EZ, 

cathodal stimulation also reduced interictal discharges by 61%, which could be 

translated as a decrease in cortical epileptogenesis. A recent modeling study 

showed that cathodal stimulation in drug resistant epilepsy will mainly suppress 

GABAergic interneurons in a computer model which is associated with decreased 

number of epileptic spikes (Denoyer et al., 2020).  

Moreover, a recent study showed that pathological HFOs are associated with 

increased GABAergic synaptic activity in the epileptic focus (Cepeda et al., 2020). 

We chose to study the effects of cathodal stimulation on evoked gamma 

oscillations in the EZ as compared to the occipital region. In summary, we found 

that low gamma oscillations were evoked by certain visual tasks in the temporal 

region (epileptogenic zone) and were absent in the occipital region at baseline. 

After cathodal stimulation of the epileptogenic zone, we showed that evoked 

gamma oscillations were suppressed in the epileptogenic zone and rescued in 

the occipital region. This is one of the most relevant findings of our work, because 

it suggests a long-range delicate balance of the control of neural oscillations. We 

therefore suggest that GABAergic inhibition tone in distant networks need to be 

in balance. When GABA concentration was markedly elevated in the EZ as 

compared to the occipital region, optimum processing of visual information was 

defective in the occipital region. After a balance was restored between EZ and 

occipital GABA (EZ/Occipital GABA ratio reduced from 1.31 to 1.08 p = 0.031), 

gamma oscillations were evoked in the occipital region as one would normally 

expect with the used visual tasks in our study. These findings can be seen as 

generalization to a more global framework of the hypothesis of local synchrony 
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balance (Uhlhaas et al., 2009; Uhlhaas & Singer, 2006) given that local 

synchrony is mediated by GABAergic tone.  

Conclusion 

In summary, we showed that the GABAergic system is disrupted in T2DM and 

epilepsy. In both of these conditions, an elevated GABA concentration was 

associated with an adverse outcome. 

In the case of T2DM, higher occipital GABA was associated with poor visual 

performance and metabolic control. Additionally, we showed that BBB is 

disrupted in the occipital region of patients with T2DM, and this can predict BCVA 

and visual performance up to one year later. 

Finally, we show that higher frequency oscillations are mediated by the 

GABAergic system and a balance is needed for optimum functioning. In line with 

this tenet, we showed that c-tDCS works as an antiepileptic by decreasing GABA 

concentration in the epileptogenic zone, suppressing abnormal gamma 

oscillations, and restoring a balance of local synchrony in the brain. 
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