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Abstract 

Aim: The most common surgical treatment of epilepsy is temporal lobe resection 
(TLR). The aim of this thesis was to evaluate the tools used in pre-surgical work-up 
for TLR to predict post-surgical memory outcome and to improve selection of 
patients eligible for TLR.  

Methods: All patients in the thesis either had a pharmaco-resistant or difficult-to-
treat temporal lobe epilepsy (TLE), or had received TLR. In paper 1, functional 
magnetic resonance imaging (fMRI) memory paradigm, consisting of a verbal 
memory task and a non-verbal memory task, was used to predict post-surgical verbal 
memory deficits prior to TLR. In paper 2, a neuropsychological follow-up of 
patients that had received longitudinal hippocampal depth electrodes during work-
up for TLR was carried out to determine if such electrodes entail a risk for verbal 
memory deterioration. Paper 3 used structural 7 Tesla MRI to investigate how 
hippocampal subregions, and visual inspection of the hippocampus, correlate with 
memory performance in patients with TLE. In paper 4, the coherence between two 
common memory tests used for assessing verbal memory prior to TLR was 
evaluated. 

Results: The fMRI memory paradigm did not suffice as an additional indicator for 
verbal memory deterioration from TLR, while language activation detected by fMRI 
during verbal encoding did. Neuropsychological long-term follow-up revealed a 
risk of verbal memory deterioration from longitudinal hippocampal depth electrodes 
in the left hippocampus. Correlations were found between volumes of left 
hippocampal subregions and both verbal and non-verbal memory variables. Visual 
MRI inspection suggested modest correlation between both left and right 
hippocampal pathology, and verbal and non-verbal memory. The construct structure 
of the two verbal memory tests showed no coherence for testing verbal recall, and 
one of the tests correlated significantly with non-verbal memory.  

Conclusions: The results indicate that (1) fMRI language detection might foresee 
post-surgical verbal memory loss, (2) longitudinal hippocampal depth electrodes 
may harm verbal memory, (3) hippocampal subregion volumetry detects subregion-
specific memory deficits and (4) verbal memory tests may be contaminated by non-
verbal memory while others may not, rendering them non-interchangeable. All 
studies in this thesis provided information that should be considered, and may 
improve, pre-surgical assessment in TLR. 
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Sammanfattning på svenska 

Epilepsi är en av de vanligaste kroniska neurologiska sjukdomarna och omkring 0,7 
% av befolkningen har en aktiv epilepsi. Epilepsi försämrar självupplevd 
livskvalitet, ökar risken för socialt stigma och psykisk sjukdom, kan påverka minne 
och kan leda till för tidig död. Ungefär en tredjedel av de som har epilepsi blir inte 
anfallsfria med hjälp av mediciner och dessa brukar definieras som terapirefraktära. 
För en del av de terapirefraktära patienterna är epilepsioperation en möjlighet till att 
uppnå anfallsfrihet. Ungefär 60 - 70% av de som opereras är anfallsfria även efter 
10 år. De flesta epilepsioperationer som utförs på vuxna görs för att behandla 
temporallobsepilepsi (TLE), där de epileptiska anfallen har sitt ursprung i den del 
av hjärnan som kallas för tinningloben (= temporalloben). Därför kallas denna typ 
av operation för temporallobsresektion (TLR) och innebär att en del av 
temporalloben skärs bort. 

Epilepsioperation innebär risker. En av riskerna vid TLR är att patienterna får en 
minnesförsämring av operationen. Patienter med TLE har ofta anfall som startar i 
hippocampus, som är en struktur i mittersta delen av temporalloben. Hippocampus 
har en avgörande roll för minnet, vänster hippocampus för verbalt minne och höger 
hippocampus för icke-verbalt (bild-) minne. Majoriteten av patienter med TLE har 
en nedsatt minneskapacitet redan innan operation och denna kan tillta efter TLR.  

Inför operation går patienten igenom en rad olika undersökningar. Dessa 
undersökningar syftar att hitta var i hjärnan anfallen startar och att utgöra underlag 
för bedömning huruvida vinsterna (anfallsfrihet) med operation står i relation till 
riskerna. Till dessa undersökningar hör neuropsykologisk bedömning (för att 
undersöka minne och andra kognitiva funktioner), MRI (för att hitta strukturella 
skador i hjärnan), funktionell MRI (fMRI) (för att undersöka sambandet mellan 
hjärnfunktion och lokalisation av hjärnaktivitet), samt EEG-undersökning (för att 
mäta hjärnans elektriska aktivitet genom elektroder som placeras utanpå huvudet 
eller inne i hjärnan). Ingen av metoderna kan på egen hand bedöma risken för 
minnesförsämring. Denna avhandling har undersökt olika aspekter av samtliga av 
dessa metoder.  

Minnestester används för att undersöka patienters minnesfunktion innan och efter 
epilepsioperation. Totalt finns det en mängd olika minnestester och några av dem 
används för att mäta samma minnesfunktion, t.ex. verbalt minne. Ett normalt 
fungerande minne innan operation kan exkludera en patient från möjlighet att 
opereras p.g.a. att det då bedöms finnas en stor risk för försämrat minne efter 
operation. Omvänt bedöms en påvisad nedsatt minnesfunktion innan operation 
innebära att risken för ytterligare minnesförsämring är låg. Vikten av att använda 
tillförlitliga minnestester är således stor. I ett av delarbetena fann vi att de två mest 
använda testen för att mäta verbalt minne före och efter TLR i Sverige idag inte helt 
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och hållet mäter samma aspekter av verbalt långtidsminne och att ett av testen verkar 
vara påverkat av bildminnesfunktion. Detta talar för att vilket test som används kan 
påverka utfallet av utredningen, alltså om patienten kan opereras eller inte. Det 
betonar vikten av att noggrant utvärdera de neuropsykologiska minnestester som 
används. Det senare kan göras genom att i framtida studier följa upp och utvärdera 
minnesfunktion hos patienter som har genomgått TLR.  

Med hjälp av strukturell och funktionell MRI undersöks hjärnans struktur och 
funktion inför TLR. Förekomsten av MRI-verifierade avvikelser (d.v.s. skador i 
hjärnan) ökar chansen för att en operation ska göra patienten anfallsfri. I ett av 
delarbetena fann vi med hjälp av en avancerad hippocampusundersökning (som 
innebär att omfånget av olika strukturer inom hippocampus mäts) att det föreligger 
olika samband mellan hippocampus olika delar och minnesfunktion. Vår 
förhoppning är att med denna teknik få mer fördjupad kunskap om det komplicerade 
förhållandet mellan olika hjärnstrukturer och minnesfunktion, och att denna 
kunskap på sikt ska kunna användas för att förbättra riskbedömning av 
minnesförsämring inför TLR. I ett annat av delarbetena undersökte vi om 
minnetestning med hjälp av fMRI kan ge information om risken för verbal 
minnesförsämringen efter operation. Vid uppföljning av patienter som hade 
genomgått TLR gav studien inte stöd för detta. Däremot visade det sig att 
språkbedömning med hjälp av fMRI synliggör förhållandet mellan språk och verbal 
minnesfunktion och på så vis ökar chanserna att värdera risk för verbal 
minnesförsämring efter operation.  

I det sista delarbetet undersökte vi om en elektrod som under en kortare tid (ofta ett 
par dagar) opereras in i hippocampus, i syfte att hitta var i hjärnan anfallen startar i 
sig utgör en risk för försämrat verbalt minne. Vi undersökte patienter som under sin 
utredning inför TLR hade haft denna typ av hippocampuselektroder inopererade. 
Våra resultat visade att risken för verbal minnesförsämring var större hos den grupp 
patienter som hade haft hippocampuselektroder än hos kontrollgruppen som inte 
hade undersökts med denna typ av elektroder. Denna studie var den första i sitt slag 
att finna ett samband mellan hippocampuselektroder och verbal minnesförsämring, 
och vår konklusion av detta är att större studier behövs för att ytterligare befästa 
detta samband.  
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Introduction and background 

Epilepsy 

Epilepsy is currently among the most common - and for society most costly – 
neurological diseases 1. An epileptic seizure is an event of abnormal neuronal 
activity in the brain. The prevalence of epilepsy is about 0.7 % 2. For the diagnosis 
of epilepsy, one out of the following conditions must be obtained according to the 
International League Against Epilepsy (ILAE): (1) at least two unprovoked seizures 
>24 hours apart, (2) one unprovoked seizure with a high risk (>60 %) of reoccurring 
seizures over a 10-year period, or (3) the diagnosis of an epilepsy syndrome. In the 
new classification of epileptic seizures, the underlying causes are classified as either 
genetic, structural/metabolic, or unknown 3.  

Types of seizures 

The classification of epileptic seizures is in its basic form established on the 
localization of seizure onset, i.e. either focal, generalized or unknown 3. Focal 
seizures have, as the name implies, a localized focus of onset. Generalized seizures 
affect both hemispheres and large areas of the cerebral cortex simultaneously. 
Unknown onset refers to seizures where the origin is unknown, while the 
manifestations of seizures are recognized.  

In its extended version, focal seizures are classified according to the patient’s level 
of awareness, as seizures with either intact or impaired awareness, and in the next 
step as motor- or non-motor seizures. Since awareness is almost always impaired in 
generalized seizures, those are classified simply as motor- or non-motor (absence) 
seizures. All seizures, independent of their origin, are further classified according to 
clinical symptoms (e.g. tonic-clonic, myoclonic, epileptic spams etc.).  

Temporal lobe epilepsy 

Temporal lobe epilepsy (TLE) is the most common form of focal onset epilepsy 4. 
TLE, in most cases, begins with some form of cerebral injury during infancy or early 
childhood. Most commonly, childhood febrile seizures or perinatal injuries, status 
epilepticus or head-injury including unconsciousness during any time of the life-
span, is thought to be the cause of TLE 5. Also, increasing attention has been directed 
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toward limbic encephalitis as a possible cause of TLE, as it presents with the same 
clinical symptoms as TLE, especially in late-onset TLE 6.  

The pathophysiological course of epileptogenesis from the time of injury until the 
first seizure in TLE is uncertain, even though the extent of structural damage as well 
as inflammation, in acute and chronic seizures, seem to play a role. In the mesial 
syndrome of TLE, there is a latency period from the presumed insult until the first 
seizure 5. It has been reported that mean age for debut of TLE is 15 years of age, 
and the onset is commonly defined as either early onset (often before the age of 17 
or 18) or late onset 7,8.       

Cognition in epilepsy 

Cognitive deficits are common in patients with epilepsy, and so are psychiatric, 
behavioural and social cognition problems 9-11. The sources of cognitive deficits are 
manifold, including both stable (e.g. etiology, age of onset) and dynamic (e.g. drug-
regime, interictal- and/subclinical electroencephalography (EEG) manifestations) 
factors. Many times, there are individual combinations of factors affecting cognition 
in patient with epilepsy. Most commonly, cognitive deficits in epilepsy affect 
memory, attention, executive function or speed, or a combination of these. 

Cognitive deficits are already present in patients with newly diagnosed epilepsies in 
both children and adults and, most likely, cognitive deficits and psychiatric 
problems precede the debut of the disease 12-15. This challenges the long-standing 
assumption that epileptic seizures per se cause cognitive deficits in epilepsy, which 
was for a long time thought to be the case. This former viewpoint was based on the 
fact that cognition in epilepsy mainly was studied in patients with a chronic disease, 
e.g. candidates for epilepsy surgery. Since patients with longstanding or chronic 
epilepsies often have an early disease onset, a more probable explanation for the 
observed cognitive deficits is some form of obstruction early in life, resulting in an 
accumulative negative effect on neurodevelopment 11.  

Structural lesions are present in a large proportion of both children and adults with 
epilepsy 16,17. These can be associated with either specific or more general cognitive 
dysfunction, depending on the localization of the lesions and at what time in life the 
damage occurred. 

Cognitive deficits can also be accentuated by other factors, such as e.g. anti-epileptic 
drugs (AEDs). Some drugs have shown to have particularly adverse effects on 
cognition, but also the total drug load will have negative neuropsychological 
consequences 18,19.  

One of the most frequent complaints from patients concerning problems related to 
the epilepsy and to the AEDs are subjective memory problems. These reports have 
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shown to have weak correlation to objective episodic memory performance. Instead, 
subjective memory complaints in epilepsy seem to be related to patients’ mood and 
to other cognitive problems, such as language deficits, and also to the total drug load 
20,21.        

Memory  

Hippocampus 

Eighty percent of patient with TLE have seizures originating from the hippocampus 
of either the left or the right hemisphere, or both hemispheres 4. Figure 1 shows a 7 
Tesla magnetic resonance imaging (MRI) scan, T2 weighted image (0.5*0.5*0.75 
mm axial, 0.5*0.5*0.75 mm coronal) of a patient with TLE and a left hippocampal 
sclerosis.  

 

Figure 1 
Axial images of the hippocampus in a patient with left sided mesial sclerosis. Courtesy of I. Björkman-Burtscher, Dept 
of Radiology, University of Gothenburg, Sahlgrenska Academy 

The hippocampus is part of the medial temporal lobe and the limbic system. The 
hippocampus is usually divided into the subregions cornu ammonis 1-3 (CA1-3), 
the dentate gyrus (DG) and the subiculum (Sub). However, there is no consensus 
regarding which subregions to include in the hippocampal formation nor where to 
draw the anatomical borders for each respective subregion 22,23. Figure 2 shows an 
image of an automated segmentation, including all subregions of the right 
hippocampus, in a patient with TLE.   
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Figure 2 
Hippocampal body including all subregions. Courtesy of D. Berron, Clinical Memory Research Unit, Department of 
Clinical Sciences, Lund University 

Lesions in the hippocampus, e.g. cell loss in the case of hippocampal sclerosis (HS) 
in TLE, are associated with memory impairment 24,25. HS in TLE is defined by loss 
of principal cells and of interneurons, structural changes concerning sprouting and 
neurogenesis, gliosis, disruptions of blood-brain barrier integrity and 
neuroinflammation 5. Patients with TLE display variations in neuron loss. 
Histopathological specimens of resected tissue confirm HS in 34 - 45 % of all 
resected epilepsies, and in up to 60 % of all epilepsies with a mesial TLE (mTLE) 
26. Microscopic inspection of resected tissue after temporal lobe resection (TLR) has 
demonstrated that cell loss in the CA1 is most characteristic for the mTLE, while 
large variations of neuron loss in the CA2 exist, and that the structural integrity of 
the CA3 and the DG are least affected 27. As for memory function, some regions of 
the hippocampus, e.g. the CA1 and CA3, seem to be of greater relevance than others, 
although no real consensus exists regarding this 28.   

Declarative episodic memory  

In 1972, Tulving made a categorization of different types of long-term memory 
(LTM), into semantic and episodic memory, and stated that these memory types 
were distinct from each other and involved different memory systems 29. Semantic 
memory represents the acquisition and storing of things that we learn (e.g. “Madrid 
is the capital of Spain”), while episodic memory represents things that we 
experience (e.g. remembering the first day of school). Both semantic and episodic 
memory are forms of declarative, or explicit, memory. Figure 3 shows a proposal to 
the memory taxonomy.  
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Figure 3 
Taxomony of memory. Image source: H. Ljung, 2018 

The role of the hippocampus for declarative episodic memory is well-known, much 
because of the important work of Scoville and Milner in the 1950s on material-
specific memory deficits in patients with TLE and structural lesions 24. The 
hippocampus is involved in both encoding of new information and retrieval of 
already learnt information, although the latter has been shown to be more dependent 
on hippocampal structures than the first 30,31. The hippocampus seems to be 
responsible for integrating input from numerous brain regions and storing that 
information into entities to be remembered, as declarative episodic memory. While 
declarative episodic memory is impaired as a consequence of hippocampal damage, 
semantic memory is fairly preserved 32.  

Memory in TLE 

TLE is highly associated with deficits in episodic memory 33-35. Some studies show 
that up to 70 % of all patients with chronic TLE have impaired memory, while others 
have differentiated between three phenotypes of patients with TLE exhibiting 
diverse patterns of cognitive impairment: minimally impaired cognition (47 %), 
memory impairment alone (24 %) or memory impairment combined with impaired 
executive functions and speed (29 %). These phenotypes have also shown to be 
related to differences in cortical thickness and brain volume 36. It should be 
underlined that differences in proportion of patients reported to have memory 
deficits might partly be explained by diversity in the measures that have been used 
for testing memory function. Nevertheless, this demonstrates that cognitive 
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impairment in TLE goes beyond memory and that patients with TLE are not a 
homogenous group. What is evident is that there does not seem to be a progression 
of memory deficits over the course of the disease, since the gap in memory 
performance between patients with TLE and healthy controls doesn’t become wider 
with time 37-39. Rather, it has been suggested that in TLE, a hindrance in development 
is established early in life, even before seizure onset.  

Epilepsy surgery  

About 70 % of all patients with epilepsy become seizure-free on AEDs 40. Seizure 
freedom is almost exclusively obtained after trying one or two drugs 41,42. Despite 
the introduction of multiple new AEDs with different pharmacological mechanisms 
of action, the chance of seizure-freedom has not increased over the last decades 43.  

A large proportion of the 30 % of patients which are not seizure-free from AEDs 
have either focal or unknown origin of seizure onset. As of today, epilepsy surgery 
is the only long-lasting curative treatment for epilepsy. For non-seizure-free 
patients, so called therapy-refractory patients, surgery means a chance of a life 
without an otherwise life-long disease. Up to 70 % of adults, and a slightly higher 
percentage of the paediatric population, obtain long-term seizure freedom from 
surgery 44,45. Since epilepsy surgery is not without risks, e.g. post-surgical infections, 
hematomas, mono-/hemiparesis or cognitive deficits, the selection of eligible 
patients is crucial 46,47.  

Temporal lobe resection  
TLE in general entails a high risk for therapy resistance compared to other types of 
epilepsy 48. Eighty percent of seizures in the temporal lobes originate from the 
hippocampus of either the left or the right hemisphere, or from both hemispheres 4. 
Temporal lobe resection (TLR) is the most common form of epilepsy surgery in 
adults (73 % of all cases), followed by extra-temporal lesionectomies. TLR, under 
the most successful circumstances, results in long-term seizure freedom in about 70 
% of all cases 5,48,49.  

TLR is in most cases performed as anterior temporal lobectomy (ATL), i.e. resection 
of 3 - 6 cm of the anterior temporal lobe, including the hippocampus and parts of 
the amygdala 50. The extent usually depends on whether the resection is done in the 
language dominant temporal lobe or not and whether there is a lesion or not. An 
alternative approach to ATL is so called selected amygdalohippocamectomy (SAH), 
in which temporal neocortex and white matter is spared. Few differences with regard 
to post-surgical seizure outcome have been reported between the two methods, 
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while SAH has been shown to be more lenient with regard to post-surgical memory 
deficits 51.   

Memory pre- and post-temporal lobe resection 

The majority of patients that undergo TLR demonstrate memory deficits prior to 
surgery. These deficits can, however, be aggravated by surgery, and deterioration in 
verbal memory is seen in over 60 % of patients after left TLR and in about 25 % of 
patients after right TLR 52,53. A normal pre-surgical memory capacity indicates a 
higher risk for memory deterioration due to surgery, especially in the case of 
resection in the language-dominant temporal lobe. Studies on long-term effects on 
memory after TLR show a stable outcome after two, and up to ten, years after 
surgery 54. Progressive post-surgical memory deterioration occurs more often when 
seizure freedom is not achieved 55. These patients have been described as ”double-
losers”, in that they don’t become seizure-free from surgery and they have a higher 
risk for post-surgical memory deficits. Many patients eligible for TLR are at a point 
in life were education, job-advancements and starting a family is central. An added 
memory deficit from surgery can have large consequences on everyday life for these 
patients.   

Presurgical investigations 

The chance of achieving seizure freedom, and the risk of postsurgical deficits, are 
evaluated during the extensive pre-surgical work-up. Patients with an epilepsy of 
presumed focal onset can be considered for surgical work-up after having tried two 
or more AEDs in sufficient doses without achieved seizure-freedom.  

The presurgical investigation consists of, in its most basic form, extracranial video-
electroencephalogram (EEG), structural MRI and neuropsychological assessment. 
Lateralization of language using fMRI is applied in close to all adult patients in the 
surgical program at Skåne University Hospital (SUS).  

If patients are MRI-positive (i.e. they show pathology on the MRI) and when EEG 
manifestations and the neuropsychological assessment show concordant results, the 
choice of offering patients surgery or not is usually straightforward. If MRI is not 
accordant with EEG and neuropsychological assessment, or if the patient is MRI-
negative (i.e. they don’t show pathology on the MRI), other methods such as 
invasive EEG, single-photon emission computed tomography (SPECT), positron 
emission tomography (PET) or magnetoencephalography (MEG) can be evaluated 
to gather further information.  

The pre-surgical evaluation is presented in the flow-chart in Figure 4, showing 
where in the pre-surgical investigation the studies in the thesis belong.  
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Figure 4  
Flow-chart of pre-surgical work-up for epilepsy surgery. Adopted from K. Källén, Division of Clinical Sciences 
Helsingborg, Department of Clinical Sciences, Lund University 

1.3.2.1. Neuropsychological memory assessment  

In the neuropsychological assessment of patients with epilepsy, testing memory 
function is central. Verbal memory tests have high ecological validity, in contrast to 
e.g. self-reported memory deficits, and memory problems affect many aspects of 
everyday life 56.  
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Episodic memory is assessed by testing both verbal material (i.e. verbal memory) 
and visuo-spatial material (i.e. non-verbal or visuo-spatial/visual memory). 
Generally, both encoding (or learning) and recall (or retention) are assessed for both 
verbal and non-verbal memory. The logic behind this is that episodic memory in the 
adult brain is material-specific, with verbal memory being associated to the 
language-dominant (often left) temporal lobe, and non-verbal memory to the non-
language-dominant (often right) temporal lobe. This viewpoint has dominated the 
field of epilepsy research and epilepsy surgery for decades 57,58. However, with 
today’s knowledge, the material-specific view is by some considered to over-
simplify distribution of language and memory. However, it is still the frame-work 
for a lot of the work on memory in epilepsy 59. For example, the fundamental 
assumptions in memory assessment in the pre-surgical work-up are based on the 
concept of functional adequacy and reserve capacity 60. The first refers to the 
function of the epileptogenic temporal lobe and the tissue to-be-resected. A good 
baseline performance, indicating normal or mainly non-affected memory 
performance, increases the risk of post-surgical memory decline. The reserve 
capacity refers to the function in the contralateral, i.e. non-inflicted, temporal lobe. 
This latter represents what the patient “is left with” in terms of (memory) function 
after surgery.         

Neuropsychological tests need to be robust regarding their psychometric properties. 
In other words, they need to assess what they are constructed to assess. Nonetheless, 
different memory tests designed to, and clinically used for, measuring the same 
aspects of memory (e.g. verbal memory) do not necessarily use the same 
measurements 61,62. For example, the material to be remembered can be either related 
or unrelated words or stories (in verbal memory tests), or e.g. faces or pictures (in 
non-verbal memory tests). This allows for different test-specific mnemonic 
strategies, potentially making tests unequally sensitive for measuring memory. 
When comparing test results from studies on patients with epilepsy, this needs to be 
considered. This issue gets even more intricate since epilepsy centers, both in 
Europe and the United States, use a variety of memory tests in patients with epilepsy 
63,64.  

From here on, declarative episodic memory will be referred to solely as memory, or 
distinctively as verbal memory and non-verbal memory.   

Electroencephalography (EEG) 

Extracranial (scalp) EEG is used for detecting seizure onset in epilepsy in general, 
and in work-up for TLR. In about 30 % of all pre-surgical investigations, onset of 
focal seizures cannot be determined by scalp EEG, and invasive EEG monitoring 
then becomes an important part of the pre-surgical investigation. Mesial temporal 
lobe coverage is important in patients with TLE, since most of these seizures 
originate from medial temporal lobe regions. For this purpose, subdural strips or 
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depth electrodes are used. Depth electrodes can be placed uni- or bilaterally 
according to a parasagittal or orthogonal approach as shown in Figure 5 65,66. 
Parasagittal placement of depth electrodes lets the electrode penetrate the 
hippocampus longitudinally, whereas the orthogonal approach lets it enter the 
hippocampus laterally. It has been shown that depth electrodes are associated with 
fewer surgical risks than e.g. strip electrodes 67. However, the risk of 
neuropsychological effects from depth electrodes has not been systematically 
studied and is not fully understood.  

 

Figure 5 
Image source: Mormann et al., Front Hum Neurosci, 2008 (66) 

Magnetic Resonance Imaging (MRI) 

Structural MRI has revolutionized epilepsy surgery, as source of information on 
epileptogenic lesions and as predictor of surgical outcome in epilepsy surgery. MRI 
provides images from multiple planes and with a thickness as little as down to 0.5 
mm.  

A systematic review on surgical outcome following TLR reported non-lesional 
(MRI-negative) TLR resulting in seizure-freedom in about 45 % of all cases and 
lesional (MRI-positive) TLR in about 69 % of all cases 68. This concludes that 
pathology shown on MRI, and the structural integrity of the hippocampus, is an 
important indicator for surgical outcome in terms of seizure-freedom and for post-
surgical memory outcome. The pre-surgical structural integrity of the hippocampus 
is highly essential for the prognosis of the disease, as well as for surgical result in 
terms of seizures and memory performance 68,69. The structural integrity of the tissue 
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to be resected is the base for the concept of “functional adequacy”, a well-
established notion that the memory function in the presurgical hippocampus of 
interest is an important predictor for post-surgical memory outcome 70.  

With increased magnetic field strength, previously undetected pathology, or 
inconclusive MRI results, can be found. In patients with focal refractory TLE using 
a recommended 3 Tesla (T) MRI protocol for surgical investigations for TLR, it has 
been shown that about 20 % more cases of previously undetected pathology is 
observed 71.  

Advances in ultrahigh-field MRI techniques, with e.g. the utilization of 7T MRI, are 
starting to show promising results for improved detection of mesial sclerosis and 
other epileptogenic foci, although the number of studies, at this point in time, are 
limited and the protocols used are not harmonized 72,73. This is a significant matter, 
since it has been shown that histopathology reveals pre-surgically undetected mesial 
sclerosis in up to 50 % of all MRI-negative patients 74,75. In our own epilepsy 
surgical unit at SUS, histopathological evaluation of 31 patients having undergone 
TLR between 1998 and 2009 demonstrated undetected mesial sclerosis in one third 
of the total cohort (unpublished data).  

Functional MRI for lateralization of language 

Functional MRI (fMRI) is a non-invasive method for detection of neural correlates 
to mental functions (e.g. language). It uses so-called blood oxygen level-dependent 
(BOLD) changes in the MRI-signals. Neural activity increases in the brain region 
that is being activated by mental tasks. This increases the need for oxygen in the 
active brain regions, leading to alternations in blood flow. Thus, the relations 
between the amount of oxygenated arterial blood and the non-oxygenated venous 
blood change.  

The sequence of stimuli is called an fMRI paradigm, and how the paradigm is 
designed is based on the mental function that is studied. Two common types of 
paradigms are the block design or the event-related design paradigm. In a block 
design paradigm, stimuli are presented continuously over a period of time (a block) 
to maintain the mental activity. These blocks of increased neuronal activity (when 
tasks are being performed) are separated from blocks of inactivity (when tasks are 
not being performed). In an event-related design paradigm, stimuli (events) are 
presented for much shorter periods of time.  

Language lateralization prior to TLR is important for two reasons. First, TLR in the 
language-dominant temporal lobe has a much greater negative impact on verbal 
memory than TLR in the non-language-dominant temporal lobe. Second, atypical 
language dominance is more common in patients with epilepsy than in the general 
population 76,77. This includes both reorganization of language to the contralateral 
lobe, and bilateral temporal lobe involvement for language out- and input. 
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Especially patients with left TLE including structural abnormalities have 
demonstrated re-lateralized language function 67,71. Further, language function in 
areas with pathology can be re-lateralized to the contra-lateral lobe, while in the 
same patient language function away from pathology can be spared and remain 
within the ipsilateral lobe.  

Language lateralization using fMRI has, especially over the last two decades, shown 
to be a valid predictor for language-dominance. In Europe, it is used for 
lateralization of language in most epilepsy surgery centers 63,71.  

Results from language MRI have in most cases shown over 90 % concordance with 
results from the intracarotidal amytal test (IAT), or the so-called Wada test, which 
was previously known as gold standard for language mapping 78-80. Language fMRI 
is, compared to e.g. the IAT, a non-invasive, inexpensive and more easily repeatable 
procedure. Expressive language is often assessed with a verbal-fluency test and a 
verb-generation test, and language comprehension with a reading-comprehension 
test.  
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Aims 

The aim of this thesis was to evaluate the tools used in pre-surgical work-up for 
TLR to predict post-surgical memory outcome and to improve selection of patients 
eligible for TLR.  

The specific aims were: 

Paper 1 

To study if presurgical fMRI memory paradigms add information on the risk of 
verbal memory decline after anterior temporal lobe resection.  

Paper 2 

To investigate the possible negative effect of longitudinal hippocampal depths 
electrodes, used for localization of seizure onset, on verbal memory. 

Paper 3 

To investigate if declarative episodic memory in TLE patients correlates to 
hippocampal subregional volumes, segmented from 7T MRI images. 

Paper 4 

To study the structural concordance between two commonly used verbal memory 
tests used for pre-surgical work-up in TLR, and their relations to non-verbal 
memory, demographics and epilepsy-related factors, as well as their correspondence 
with mesial sclerosis.  
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Patients and methods 

Patient selection 

The patients in the studies were all patients at the Department of Neurology at Skåne 
University Hospital (SUS) in Lund, Sweden, between the time of 2003 and 2017. 
All patients had either a therapy-refractory or a difficult-to-treat TLE, and the 
majority of the patients had been candidates for TLR or had undergone TLR during 
this time period. All patients had, either due to subjective complaints of deficits in 
memory, or as a part of their evaluation for TLR, undergone one or more 
neuropsychological assessment/assessments.  

Paper 1 

This study examined whether fMRI memory paradigms applied in the pre-surgical 
investigation for TLR provided additional information on the risk of post-surgical 
memory deterioration. Twenty-four patients with therapy refractory TLE, eligible 
for TLR either at SUS (n=19), Sahlgrenska University Hospital (n=4) or Uppsala 
University Hospital (n=1), were initially included in the study. All patients had 
undergone at least the standard basic evaluation for epilepsy surgery including 
extracranial EEG-monitoring, MRI-scanning and neuropsychological assessment 
(further described under 3.2. Neuropsychological assessments). The decision for or 
against surgery was made during a conference consisting of specialists from 
multiple clinical disciplines. Fourteen patients (right TLE: n = 6; left TLE: n = 8), 
prior to proceeding to surgery, completed a fMRI task including a verbal memory 
encoding paradigm and a non-verbal recall paradigm.  

Based on the results from each patient’s structural MRI, neuropsychological 
assessment and the language dominant hemisphere, an individual risk assessment 
score (RAS) was created. The RAS was used as an indication for the risk of post-
surgical verbal memory decline, and each of the predictors (structural MRI, 
neuropsychology and language fMRI) was weighted as equally important 
indicators. The RAS was created as follows: (1) positive MRI evaluation gave 0 
points (indicating low risk for post-surgical memory decline), while negative MRI 
evaluations gave 1 point (indicating high risk for post-surgical memory decline); 
verbal memory capacity equal to or less than 1 SD below the normative range gave 



30 

0 points (indicating low risk for post-surgical memory decline), while a memory 
score within the normative range gave 1 point (indicating high risk for post-surgical 
memory decline); presumed language dominance in the not-to-be-resected temporal 
lobe gave 0 points (indicating low risk for post-surgical memory decline), while 
presumed language dominance in the to-be-resected lobe gave 1 point (indicating 
high risk for post-surgical memory decline). Patients with a total RAS of 0 - 1 points 
were assumed to have a low risk for post-operative verbal memory decline, while 
patients with 2 - 3 points were assumed to have a medium to high risk for post-
surgical verbal memory decline. 

The fMRI memory paradigms included one experimental verbal memory paradigm 
and one non-verbal memory paradigm that had previously been used at other 
epilepsy surgery centers 81,82. The results from the fMRI memory paradigms were 
not included in the clinical assessments. In an event-related designed paradigm for 
verbal memory, the patients performed a verbal encoding test and were asked to, 
alternately, decide if the words that they saw in the MRI-scanner were a) either 
pleasant or not, or (b) if the underlined letters in the words they saw in the MRI-
scanner were in alphabetical order or not. The first task was thought to represent 
deep encoding of verbal learning, and the latter to represent shallow encoding of 
verbal learning 8384. The non-verbal memory paradigm was a block-design 
paradigm, including a mental navigation task called the Roland Hometown Walking 
Test 85. In this task, patients were asked to recall a well-known walking tour in their 
own hometown, dived into different phases. An unexpected recognition test 
followed the fMRI verbal memory paradigm, immediately after the scanning 
session, aiming at testing for incidental learning. 

The verbal memory fMRI paradigm was designed to be equivalent to a clinically 
used verbal memory test, namely the Claeson-Dahl Test for Verbal Learning and 
Retention (CDT). The non-verbal memory fMRI paradigm was considered to reflect 
a clinically used non-verbal memory test, namely the Rey Complex Figure Test 
(RCFT).   

Post-surgical structural MRI (median 6 months, range 2 - 15.5) and post-surgical 
neuropsychological assessment (median 6 months, range 3 - 20) were performed. A 
change in memory scores equal to, or larger than, 0.5 SD was judged as a minor 
improvement or a minor deterioration (i.e. changes ranging from 0.5 to 0.9 SD). A 
change equal to, or larger than, 1 SD was considered a major change. Post-surgical 
memory change was compared to pre-surgical memory fMRI results to evaluate if 
the memory fMRI added useful information on risk for post-surgical memory 
outcome.   
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Paper 2 

This paper studied possible negative effects from longitudinal hippocampal 
electrodes on verbal memory. A long-term neuropsychological follow-up (up to 10 
years) was performed in patients with therapy-refractory temporal lobe epilepsy, 
once candidates for TLR at SUS. Patients were divided into two groups, a study 
group and a control group, based on whether or not they had received longitudinal 
depth electrodes for seizure onset detection during their work-up before surgery. 
Patients with an IQ lower than 60 or with an ongoing psychiatric or a progressive 
disease other than TLE were deselected. Also, patients that had received surgery in 
the left temporal lobe were excluded. The reason for this was that in this study, the 
possible negative effect from hippocampal depth electrodes on memory was to be 
investigated, and not the effect on memory from surgery. Patients that later received 
surgery in the right temporal lobe were, however, included, since the main purpose 
was to study possible verbal memory deficits. The study group comprised patients 
examined with longitudinal hippocampal depth electrodes in the language-dominant 
hemisphere, while the control group comprised patients with no invasive electrode 
placement during their pre-surgical work-up.  

Seventeen patients were eligible for the study group, and 16 patients finally gave 
their consent to participate in the study. Out of these 16 patients, all except one had 
received bilateral depth electrodes. Seventy-one patients were initially eligible for 
the control group, and 24 were finally included after a thorough selection based on 
their resemblance to the study group, shown in Figure 6. The factors that were 
evaluated, when selecting the control group, were factors that could possible affect 
memory, namely (in descending order): right TLR (yes/no); seizure freedom 
(yes/no); biological age (± 10 years vs. respective individual in the study group); 
age at epilepsy onset (below or above 18 years of age); education; and duration of 
epilepsy. 
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Figure 6 
Patient selection. Source: Ljung et al., Epilepsia, 2017 

All patients underwent a neuropsychological assessment, with emphasis on memory 
capacity, after inclusion in the study (this is further described under 3.2. 
Neuropsychological assessments). This memory assessment was compared to the 
pre-surgical memory performance, both individually and on a group level. 

Paper 3 

This study investigated if declarative episodic memory correlates with hippocampal 
subregional volumes and whether visual detection of pathology using 7T MRI 
corresponds to memory deficits in patients with TLE. Inclusion required that 
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patients with TLE had undergone neuropsychological assessment, either during 
work-up for TLR or for other clinical reasons, demonstrating unilateral or bilateral 
memory impairment ≥1 SD below the normative mean. The neuropsychological 
assessment is further described in 3.2. Neuropsychological assessments. All 
patients, except two, had previously undergone a 3T MRI investigation for reasons 
related to their epilepsy. Exclusion criteria were age <18 years, ongoing psychiatric 
or progressive neurological disorder other than multiple sclerosis in addition to TLE 
(n = 2), resective temporal lobe surgery or treatment with topiramate or zonisamide. 
This left a total of 22 patients that agreed to participate in the study.  

All study patients were examined by a 7T MRI scan. All (previous) 3T MRI and 7T 
MRI scans were evaluated by the same radiologist, following the same protocol. 
The following structures were assessed for both temporal lobes: 1) reduced 
hippocampal volume, 2) increased hippocampal signal, 3) anterior and/or posterior 
hippocampal pathology, 4) mesial sclerosis, 5) non-hippocampal epileptogenic 
lesion and 6) non-epileptogenic lesions. The 3T MRI scans had been assessed for 
an earlier study 86. 7T MRI scans were assessed in the present study, using the same 
protocol. 

Automated segmentation of hippocampal subfields technique was used for dividing 
the hippocampus into its anatomical subregions CA1-3, DG and Sub 87,88.  

Paper 4 

This paper aimed at comparing the construct structure between two verbal memory 
tests in presurgical evaluation for temporal lobe epilepsy (TLE) in Sweden, the 
Claeson-Dahl Test for Verbal Learning and Retention (CDT) and the Swedish 
version of the Rey Auditory Verbal Learning Test (RAVLT). Patients with a 
diagnosis of TLE were included if they had performed memory assessment with two 
verbal memory tests, the Claeson-Dahl Verbal Learning and Retention Test (CDT) 
and the Swedish version of the Rey Auditory Verbal Learning Test (RAVLT). After 
excluding four patients due to mental retardation, 59 patients remained. Out of these, 
57 had been evaluated for TLR at the epilepsy surgical center at SUS, between 2010 
and 2017, and the remaining two had been neuropsychologically evaluated due to 
subjective memory problems. Neuropsychological test data were retrieved from the 
patients’ medical records. The neuropsychological assessment is further described 
in 3.2. Neuropsychological assessment.  

For assessment of mesial sclerosis, 3T MRI examinations were reviewed by a 
neuroradiologist who was blinded for clinical data. MRI examinations of 
satisfactory quality, and performed closest in time to neuropsychological 
assessment, were included and scored according to: (1) presence of mesial sclerosis 
(yes or no) based on anatomy, volume and signal of the hippocampus; (2) presence 
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of epileptic lesions in the temporal lobe other than mesial sclerosis (yes or no) or 
outside the temporal lobe (yes or no); (3) presence of lesions not associated to 
epilepsy (yes or no). 

Neuropsychological assessments 

Studies 1 and 3 included prospective neuropsychological data. Study 2 included 
both historical and prospective neuropsychological data, while study 4 contained 
only historical data. In all four studies, the entire memory test battery was 
administered in one session per patient. In most cases, the tests were presented 
systematically and in the same order, with no verbal or non-verbal memory tests 
overlapping during the assessment. An exception from this rule were cases of 
incomplete historical test data, due to individual patient-related circumstances.   

The foundation for the neuropsychological assessment was as follows: for verbal 
memory, the CDT (studies 1 - 4), the RAVLT (studies 2 - 4) and the Logical 
Memory from the Wechsler Memory Scale (WMS) (study 2) were used. For non-
verbal memory, the Rey Complex Figure Test (RCFT) (studies 1- 4), the Brief 
Visuospatial Memory Test-Revised (BVMT-R) (studies 2 - 4) and the Recognition 
Memory Test for Faces/the Warrington (RMT/Warrington) (studies 2 - 4) were 
used. Studies 2 and 4 also included a verbal naming test, the Boston Naming Test 
(BNT), and a self-assessment measurement for symptoms of anxiety and 
depression, namely the Hospital Anxiety and Depression Scale (HADS).  

Verbal memory tests  

The CDT is a Swedish verbal memory test for list-learning and recall 89. It consists 
of a 10-item wordlist which is read to the test person (i.e. the patients) at a maximum 
of ten times, or until it is repeated correctly twice by the patient. After 30 minutes, 
the patient is asked to repeat the words from the wordlist, a task that the patient is 
unaware of in advance. The wordlist contains eight abstract words (adjectives, 
verbs, pronouns, relative pronouns, conjunctions and adverbs) and two concrete 
words (nouns).  

The Swedish version of the RAVLT contains a 15-item wordlist, all nouns, which 
are read to the patient five times, and asked to be recalled by the patient each time 
after the entire list has been read 90. After a brief distraction by another wordlist, the 
patient is asked (not being aware of this task in advance) to recall the 15-item 
wordlist and then to do the same thing once again after 30 minutes.  
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The WMS Logical Memory consists of two short stories that are read to the patient, 
one at a time 90. After each story has been read, the patient is asked to recall as many 
details as possible from the stories (the first story on one occasion and the second 
story on two occasions), and then to recall both stories once again 30 minutes later.  

The CDT, the RAVLT and the WMS Logical Memory subtest have all shown to be 
sensitive to verbal memory problems in patients with TLE, and they are used for 
pre- and postsurgical evaluation 54,62,91,92.  

Non-verbal memory tests  

In the RCFT, the patient is asked to copy a complex figure by drawing it. The patient 
is then asked to recall the figure by drawing it again after 3-5 minutes and then a 
last time after 30 minutes 93.  

The BVMT-R contains six simple geometric figures which are presented to the 
patient over three consecutive learning trials (all lasting 10 seconds), and asked to 
be recalled, by drawing them, after each trial and then again after 30 minutes 93.  

In the RMT/Warrington, the patient is presented with 50 male faces, each face 
shown for approximately 3 seconds 93. Immediately after seeing all faces, the patient 
is asked to recall which faces have been shown in a multiple-choice test.  

All three non-verbal memory tests have previously been used in patients with TLE 
and to detect nonverbal memory deficits following right TLR 94-96. However, the 
Warrington is the only of the non-verbal memory tests that has shown consistent 
results in detecting non-verbal memory deficits in patients after TLR in the non-
language dominant temporal lobe.  

Additional neuropsychological and psychiatric measures  

Verbal capacity, in terms of naming ability, was assessed using the Swedish version 
of the Boston Naming Test (BNT) 97. In this test, the patient is presented with 
pictures of familiar kind and with increasing difficulty and asked to name the object 
in the picture within a period of 20 seconds.  

The HADS, a self-report questionnaire with 16 questions on symptoms of anxiety 
and depression, was used to screen for psychiatric problems 98.  
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Statistical analyses 

All data were analysed using Microsoft Excel 2016 (Microsoft Corp., Redmond, 
WA, USA) and SPSS 22 and SPSS 25 (IBM Corp., Redmont, WA, U.S.A.), SPM5 
software (Wellcome Department of Cognitive Neurology, 
http://www.fil.ion.ucl.ac.uk/spm),  MATLAB (Mathworks, Natick, MA, U.S.A.)   

In study 1, the course of the blood-oxygen level dependent (BOLD) signal in fMRI 
was modelled by combining onset vectors from each paradigm with the canonical 
hemodynamic response function. To estimate regions of interest, laterality indices 
(LIs) were calculated with a toolbox functioning within the SPM5 environment 
(Wilke 2007), during the verbal memory fMRI paradigm. An overall fMRI LI mean 
>0.1 was classified as typical/left lateralization, while a LI mean <-0.1 was 
classified as atypical/right lateralization. A LI mean between these two cut-offs was 
classified as bilateral/non-lateralized. For the statistical analysis of 
neuropsychological data and fMRI data, multiple regressions and Spearman 
correlations were calculated.  

In study 2, statistical comparisons were performed with Student’s t-test for both 
between- and within-group comparisons. For test data that were not normally 
distributed, the Mann-Whitney U-test was used. Effect sizes were expressed as 
Cohen’s d. A change of ≥1 SD was defined as clinically significant, using age- and 
education-related normative reference data 89,93. To examine whether possible 
confounders (e.g. biological age >50 years, right TLR and bilateral TLE) had 
influenced the results, a logistic binary regression was performed.  

In study 3, correlations between the automated calculated volumes of hippocampal 
subregions, as well as volume of the left hippocampus, volume of the right 
hippocampus and the combined volume of both hippocampi, and memory 
performance (the latter transformed into z-scores) were calculated using linear 
regression analyses. Verbal memory deficits and non-verbal memory deficits were 
related to the visual MRI inspections. These were demonstrated as concordant or 
disconcordant. 

In study 4, two Principal Component Analyses (PCA), using Varimax rotation 
(Kaiser normalization), were performed. In the first, common features and 
dissimilarities between the CDT and the RAVLT (using z-scores) were investigated, 
using memory test variables from these two tests. From this analysis, factor scores 
were calculated based on the derived components. In the second PCA, separate and 
common features between both verbal memory variables (from the CDT and the 
RAVLT) and non-verbal memory variables (from the RCFT, the BVMT-R and the 
RMT/the Warrington) were analysed, again using z-scores. There were 59 cases of 
valid data (i.e. individual patients’ memory scores) and 15 memory variables. This 
rendered the sample just about adequate, and therefore the results from the PCAs 
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are considered preliminary. The Bartlett’s test of sphericity was used to determine 
the suitability of the database for data reduction, and the Kaiser-Meyer-Olkin 
measure for the overall data set was used to assess adequacy for each analysis. 
Further, Pearson’s correlation analysis was used to investigate relations between 
factor scores from the components constructed by CDT and RAVLT variables (the 
first PCA). Relations between the verbal memory components and the non-verbal 
memory components were examined to investigate their overlapping and common 
features. Also, relations between the verbal memory components and naming 
capacity (from the BNT) and psychiatric self-assessment (from the HADS) as well 
as demographics (biological age, age at epilepsy onset and education) were 
examined. Finally, associations between test performance in the CDT and the 
RAVLT and the lateralization of left seizure onset were analysed. The correlation 
between presence of mesial sclerosis (yes/no; based on visual inspection) in the left 
temporal lobe and verbal memory deterioration (yes/no; based on 1 SD below the 
mean of the age- and education-related normative reference data) for both the CDT 
and the RAVLT were analysed.  

Ethics 

All the studies were approved by the Regional Ethical Review Board in Lund, 
Sweden. 
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Results 

Summary of paper 1 

The assumption was, mainly based on results on examination of handedness, that 
all patients in the study were left hemisphere dominant. For patients with right TLE, 
verbal memory was expected to be left-lateralized. However, three out of six 
patients showed right lateralized verbal memory (n=2) or verbal memory lateralized 
in both temporal lobes. For the patients with left TLE, all patients were expected to 
show left-lateralized verbal memory. Nevertheless, the expected pattern was seen 
only in five out of eight patients with left TLE. Two patients with left TLE showed 
bilateral verbal memory and one patient showed right-lateralized verbal memory. 
Hence, four patients demonstrated an unexpected verbal memory lateralization on 
fMRI. Two patients that suffered verbal memory deficits due to right TLR were 
identified as high-risk patients for verbal decline due to their bilateral language-
dominance. Two patients that suffered verbal memory decline due to surgery could 
not be anticipated in advance, neither based on their RAS nor on their fMRI memory 
assessment.  

Correlations between neuropsychological memory assessment and memory fMRI 
paradigms were seen for the visuospatial fMRI paradigm and the RCFT change 
score, indicating that strong left-lateralization for memory correlated with greater 
loss in non-verbal memory post-surgically. Also, for patients with right TLE, left 
verbal encoding correlated with better verbal outcome after surgery, while in left 
TLE, left-lateralization in verbal encoding correlated with worse verbal memory 
outcome. 

In conclusion, paper 1 showed that fMRI language patterns are important indicators 
for post-surgical verbal memory decline in left TLE and right TLE, and that 
increased left lateralization in language regions, detected by fMRI, proposes higher 
risk for post left TLR memory decline. Memory fMRI did not add pre-surgical 
information on post-surgical risks on either an individual- or a group-level.  
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Summary of paper 2 

There was no difference between the study group and the control group in terms of 
memory performance before the placement of hippocampal depth electrodes, in test 
session 1 (T1). At follow-up, in test session 2 (T2) (time elapsed from T1: 22 – 111 
months, mean: 61.5 months), an equal proportion of patients in both groups had 
undergone right TLR (25 %), while the remaining patients had not undergone 
resective surgery. The study group performed significantly worse than the control 
group in four out of 12 memory variables (two variables for verbal learning; one 
variable for verbal recall; one variable for non-verbal memory). Most of the 
statistically non-significant differences between groups showed strong effect-sizes 
(>0.6), indicating that the small cohorts (n = 16 and 24) led to underpowered (= 
false-negative) statistical comparisons. 

Memory scores worsened between the two test sessions in five out of six test 
variables in the study group. The same comparison for the control group showed a 
worsening in only two out of six memory variables. However, these differences 
were not statistically significant, something that might, at least in part, be explained 
by the fact that these comparisons were underpowered. Nonetheless, within-group 
changes in memory performance from T1 to T2 showed that the study group 
deteriorated by more than 20 % in verbal memory, while the control group showed 
only a 4 % deterioration.  

Another important outcome parameter in this study was the individual change in 
memory performance equal to or exceeding 1 SD according to normative reference 
data. Such a change would be considered clinically significant in a routine setting. 
56 % of the patients in the study group deteriorated in verbal memory performance 
while the corresponding decline in the control group was only 21 %.  

Summary of paper 3 

Out of the total cohort of 22 patients, results from five patients’ 7T MRI 
segmentations were deselected due to technical difficulties, leaving a total of 17 7T 
MRI scans suitable for segmentation. In this group, significant correlations were 
found between hippocampal volumes and memory performance, where smaller 
volumes consistently corresponded with reduced memory performance. Bilateral 
hippocampal volume reduction (i.e. the sum of both the right and the left 
hippocampus) explained as much as 49 % of the total variance for verbal learning 
and 61 % of the total variance for verbal recall. A small volume of the total left 
hippocampus correlated with both verbal learning and recall. In addition, smaller 
volumes of several of the subregions of the left hippocampus correlated with 
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decreased verbal memory performance: the left CA1 correlated with decreased 
verbal learning and recall; the left CA2 with decreased verbal learning and verbal 
recall; the left CA3 with decreased verbal learning; the DG with decreased verbal 
learning. Also, smaller volumes of the left CA1 and DG correlated with deficits in 
non-verbal memory. 

No correlations were found between the volume of the total right hippocampal and 
non-verbal memory nor between any of the right hippocampal subregions and any 
of the non-verbal memory variables. However, reduced total volume of the right 
hippocampus, as well small right CA1 and CA2 volumes, correlated with verbal 
memory performance.  

A comparison between the visual 7T MRI inspections and memory performance 
was carried out for 21 patients (Table 1). One patient was deselected from this 
comparison due to non-applicable 7T scans. 

Table 1.  
Correspondence between 7T MRI visual inspection morphology and neuropsychology   

Memory 
deficit 

Pathology L 
hippocampus 

Pathology L TL 
(non-hippocampal)  

Non-lesional  Pathology R TL 

Verbal 
memory, n = 15 
(learning and 
recall: 9; 
learning 2; 
recall 4)  

n = 2 
(side of onset: 
L: 1; bilat: 1) 

n = 3 
(side of onset: L: 1; 
bilat: 2) 

n = 9 
(side of onset: L: 
5; R: 2; bilat: 1; 
non-lat: 1) 

n = 1 
(side of onset: R:1) 

Memory 
deficit 

Pathology R 
hippocampus 

Pathology R TL 
(non-hippocampal)  

Non-lesional  Pathology L TL 

Non-verbal 
memory, n = 18 

n = 2 
(side of onset: 
R: 2) 

n = 1 
(side of onset: bilat: 
1) 

n = 10 
(side of onset: L: 
4; R: 4; bilat: 1; 
non-lat: 1) 

n = 5 
(side of onset: L:2; ; 
bilat: 2; non-lat:1) 

L = left; R = right; Bilat = bilateral; non-lat = non-lateralized; TL = temporal lobe;side of onset = seizure onset 
hemisphere defined by EEG-recordings (extracranial and/or intracranial) and semiology.  

For 19 patients, comparisons between 3T and 7T MRI scans were performed. This 
was not the main scope of the study. However, this comparison showed additional 
pathology, not seen on 3T MRI, on the 7T MRI scans in one patient (bilateral 
minimal heterotopia).    

Summary of paper 4 

Two PCAs were performed, the first containing only verbal memory test variables 
and the second containing both verbal and non-verbal memory variables. The first 
PCA accounted for 81 % of the total variance and it revealed three components 
whereof one comprised learning and two comprised recall: (1) verbal learning, (2) 
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verbal long-term memory I, and (3) verbal long-term memory II. The second PCA 
accounted for 76 % of the total variance and it revealed four components whereof 
two comprised verbal memory and the remaining two non-verbal memory: (1) 
verbal learning, (2) complex figural memory, (3) verbal retention, and (4) 
visuospatial memory. Altogether, the PCAs showed coherence for the verbal 
learning variables of the CDT and the RAVLT, while divergence was seen for the 
recall variables of the two tests.  

A Pearson’s correlation analysis for memory components drawn from the first PCA 
showed that the RAVLT delayed recall variable was correlated to 80 % of the non-
verbal memory measures, while neither the CDT learning nor recall variables were 
related to any of the non-verbal memory measures. Both the CDT and the RAVLT 
indicated clinically significant impairment of verbal memory (defined as 
performance ≥1 SD below the normative age- and education-related mean) in 70 - 
80 % of patients with left TLE, with or without hippocampal sclerosis. The results 
demonstrate that the two tests do not differ with regard to concordance between 
detection of deficits and mesial sclerosis in left TLE. In addition, the analyses 
indicated that the RAVLT is correlated to nonverbal memory, something that was 
not seen for the CDT. 
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General discussion 

The aim of this thesis was to evaluate the tools used in pre-surgical work-up for 
TLR to predict post-surgical memory outcome and to improve selection of patients 
eligible for TLR. Patient safety and the highest possible quality should be strived 
for, and that makes evaluation of all procedures and routines obligatory.  

All the papers in this thesis focus on the accuracy, safety and potential of the 
instruments that we use in the pre-surgical work-up. All routines investigated in this 
thesis have proven valuable for epilepsy surgery. They all provide information on 
cerebral pathology and its functional correlates related to the patient’s epilepsy. 
However, none of these methods has the potential to predict post-surgical verbal 
memory risks on its own. Instead, all methods must be seen in relation to each other 
and with consideration of the individual patient’s medical history and present status.  

Pre-surgical investigation – what can be expected?   

What can be expected from surgery depends, not surprisingly, on what the physician 
wants to predict, and what the patient wants to know. To answer the question, many 
pieces in the puzzle must be found and put in the right place. In my thesis, I studied 
some of these pieces in an effort of seeing them in relation to one another, and in 
hoping to provide knowledge on how to improve patient selection and patient safety.  

Memory assessment in the context of TLE and TLR 

Neuropsychological examination, primarily memory testing, is to this day the most 
well-established routine for memory assessment prior to TLR (Vogt 2017). Testing 
of the function of the temporal lobe to-be-resected predicts which possible losses, 
in terms of memory function, the individual patient stands before. The 
neuropsychological assessment also estimates the patient’s individual reserve-
capacity, by assessing memory function in the contralateral hemisphere, and general 
cognitive ability 52,99. Therefore, the appropriateness of the memory tests is essential. 
Another aspect is that if different tests are used for assessing memory prior to TLR 
these tests should evaluate memory concordantly. Most European centers for 
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epilepsy surgery use neuropsychological assessment for deciding on the 
appropriateness and the extent of the resection 63. These assessments are based on 
estimates and experience with many different memory tests. In Europe, twelve 
different verbal memory tests and ten different non-verbal memory tests are 
currently being used for assessing declarative memory, respectively. In addition, 
several surgical centers also use neuropsychological test results for research 
purposes, e.g. for studying the effects of TLR and other surgical procedures on 
memory. The papers in this thesis used three different verbal memory tests and three 
different non-verbal memory tests. A prerequisite for research and for the 
comparison of findings from different centers is that the different tests used for 
assessment of the same cognitive abilities in fact do measure the same functions. As 
the present thesis shows, this is not always the case.  

One study in my thesis (paper 4) investigated the coherence of two verbal memory 
tests (the CDT and the RAVLT) used for assessing memory prior to TLR. We found 
that the two tests only overlap in some of the memory measures (variables), but not 
in all. The memory variables that showed convergence were the ones representing 
verbal learning (encoding). Seemingly, verbal learning variables from memory tests 
are largely associated with short-term memory and only moderately with episodic 
long-term memory 100-102. The two variables that have proven to more clearly 
measure declarative episodic memory, the recall variables from each respective test, 
did not converge in any of the analyses in the study. The main finding was that the 
RAVLT was significantly correlated to 80 % of the non-verbal memory variables 
while the CDT was not. This surprising finding might be explained by the fact that 
the RAVLT consists exclusively of concrete nouns, partly presented in an 
associative order (e.g. “school” followed by “parent” and “farmer” followed by 
“turkey”), while the CDT contains only 20 % nouns with remaining words being 
adjectives, verbs, pronouns, relative pronouns, conjunctions and adverbs. The words 
in the RAVLT thus allow for different mnemonic techniques, including non-verbal 
ones, which the CDT does to a much lesser extent. From a clinical perspective, that 
could mean that the RAVLT assesses memory function in a less “purely verbal” 
manner than the CDT does, potentially making the RAVLT less valid as a verbal 
memory test. 

Another possible explanation for the differences in measuring recall might be the 
fact that the CDT and the RAVLT are based on slightly different prerequisites. In 
the RAVLT, the recall scores are based on the absolute number of words recalled 
30 minutes after the encoding phase. In the CDT, the recall score is relative to how 
much (in percent) the patient remembers of his or her maximum performance during 
the encoding phase. In that sense, the CDT assesses the proportion of words lost 
over time (from encoding to recall), which the RAVLT does not. The notion that 
this could be of importance is highlighted in a paper by Helmstaedter and 
colleagues, showing that the only memory variable that differentiated patients with 
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left and right TLE was the loss of learnt words in delayed recall (in the German 
version of the RAVLT) 62. The same group of researchers had earlier shown that 
this exact variable was suitable for differentiating left mesial from left neocortical 
lesions 101. During the processing of the study data in study 4, this difference was 
acknowledged. We therefore created and analysed “loss of words” variables for both 
tests. In this analysis, the differences between the two tests remained.   

The results from paper 4 highlight that verbal memory tests should not be seen as 
interchangeable. This information may have clinical consequences in terms of 
which test to use and to consider most reliable. At present, there is no indication 
which of the two tests better predicts verbal memory deficits prior to TLR, since a 
systematic follow-up on post-surgical memory deficits is not available. At least, 
both tests performed comparably in exhibiting verbal memory deficits in left mesial 
sclerosis. 

For now, what could be hypothesized is the possible benefit from using both tests 
simultaneously in the clinic. As shown, the RAVLT represents more global aspects 
of memory, while the CDT is more stringently verbal in its composition.  This 
indicates that these tests possess different structural characteristics. This notion 
might be useful in understanding the patient’s individual functional adequacy versus 
reserve capacity relationship. For example, a normal performance in the RAVLT, 
not seen in the CDT, might indicate a good reserve capacity in the contralateral 
temporal lobe in left TLE, being a positive predictor for surgery. Thus, using both 
tests could bridge the space between verbal and non-verbal memory tests. This 
approach might also be helpful in planning for life after surgery with regard to 
compensatory strategies.  

The relation between epilepsy, structural pathology and memory  

Paper 1 investigated whether memory fMRI paradigms provide additional 
information on post-surgical memory outcome. The fMRI results were related to 
predictors for post-surgical memory outcome, namely pathology in the medial 
temporal lobe, language dominance and memory performance. The results from the 
study indicate that pre-surgical memory fMRI does not predict post-surgical 
memory deficits. However, the relationship between language activation, detected 
by fMRI during the verbal memory fMRI paradigm, does. Our main finding was 
that language activation detected by fMRI provided information that could 
potentially foresee post-surgical verbal memory loss after right TLR.  

Even though the results from the memory fMRI paradigms in that paper did not 
predict post-surgical memory loss, they confirmed that verbal function and verbal 
memory are central and must not be overlooked in predicting memory deficits from 
TLR. These results had direct impact on the clinical routines in the epilepsy surgical 
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center at SUS in Lund: with few exceptions, patients to a much larger extent now 
undergo language fMRI, including those having surgery performed in the language-
non-dominant temporal lobe and where there is no indication of atypical language 
lateralization (from neuropsychology, handedness, history of illness or presence of 
structural abnormalities).  

In paper 2, the functional effects of structural damage not originating from the 
syndrome of TLE or from TLR, but instead from pre-surgical investigation, were 
studied. Invasive EEG is a routine procedure worldwide, but knowledge on its 
effects on memory is limited. The reoccurring question during clinical discussions 
of whether placement of longitudinal hippocampal depth electrodes for detection of 
seizure onset is potentially harmful for memory, was the starting point for this study. 
Initially, the discussion concerned mainly patients with non-affected memory 
performance at baseline (during the pre-surgical investigation). Gradually, the 
discussion covered all patients eligible for depth electrode investigation. Damage of 
already affected hippocampal and temporal lobe tissue may impose a worsening of 
memory functions. Simultaneously, it is not given that this invasive procedure leads 
to surgery and, thus, a chance of achieving seizure freedom. This can affect the risk-
benefit evaluation. 

All study patients had received hippocampal depth electrodes in their left temporal 
lobes, and all but one also in their right temporal lobe. This provided a chance for 
observing possible effects not only on verbal memory, but also on non-verbal 
memory. At baseline, the study- and the control groups did not differ with regard to 
memory performance, but at follow-up they did. The results provide support for 
verbal memory decline from depth electrodes, even after other factors with putative 
impact on memory were controlled for. The results for non-verbal memory were not 
as convincing, with only one non-verbal memory showing between-group 
differences at follow-up.  

Although paper 2 was not a prospective study, the results raise a red flag concerning 
the use of longitudinal hippocampal depth electrodes. The method is no longer 
applied in the epilepsy surgery center in Lund. Instead, stereo-EEG or depth 
electrodes placed perpendicular to the hippocampus are used. This is not the case 
for many other centers, especially in the United States, where longitudinal depth 
electrodes are widely used. Until further evidence of the possible harmful effect of 
longitudinal depth electrodes on memory is available, the results from this study 
should be considered a warning. 

Paper 3 confirmed different relations between variables of memory performance 
and hippocampal subregions 18,103-105. These results have the potential to provide 
important information in the pre-surgical work-up for TLR. For example, the CA1 
was strongly correlated to both verbal learning and recall. It has previously been 
reported that CA1 is the most affected hippocampal structure in terms of cell loss 
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106. If automated hippocampal volumetry, including segmentation, could be 
combined with visual structural inspection the results might be of importance, 
especially for the “non-lesional” patients. Such patients are usually considered less 
suitable, even non-eligible, for TLR. If volume loss in CA1 corresponds with 
deficits in memory, chances might be that they are presumed less as “high-risk 
patients” and that surgery can be an option.  

Another interesting finding was that the coherence between verbal memory deficits 
and structural pathology in the left medial temporal lobe was sparse, only seen in 
approximately 50 % of patients with verbal memory deficits. About half of the 
patients with verbal memory deficits showed no left mesial temporal lobe 
pathology, and 15 % had pathology only in the right medial temporal lobe. Half of 
the patients in paper 3 with non-verbal memory deficits were in fact “non-lesional”. 
Opposed to what was expected, only one fourth exhibited pathology in the right 
temporal lobe while one third exhibited pathology in the left temporal lobe. This 
discrepancy between side of pathology and corresponding memory deficits was also 
seen in the correlation between right subregional hippocampal volumes and 
memory. No correlation was seen between volumes of the right hippocampus and 
memory function, while left hippocampus volumes correlated with both verbal and 
non-verbal memory function. Whether this finding is caused by insufficient methods 
for investigating structural pathology, or if the answer can be found in the 
construction of the memory tests, or if it can be explained by atypical lateralization 
of language and memory in patients with TLE, cannot be answered by this thesis.    

And what about the impact of language on memory function?  

The results of this thesis raise many questions on the relationship between language 
and memory. For instance, one verbal memory test (the RAVLT) showed 
correlations to all the non-verbal memory variables. Both visual inspection of 
hippocampal pathology and the automated segmentation question the coherence 
between side of pathology (language-dominant or non-language-dominant) and 
deficits in verbal and non-verbal memory. In paper 2, longitudinal depth electrodes 
in the left hippocampus affected verbal memory, but this was not seen as distinctly 
for right hippocampal depth electrodes and non-verbal memory.   

Paper 1 showed that fMRI can visualize the connections between language and 
verbal memory. This indicates that the prediction on “what can be expected from 
surgery” goes beyond the established concept of “functional adequacy” and “reserve 
capacity”. This notion is further accentuated by the results from the left TLR group, 
which showed that a strong language lateralization in the anterior language regions 
seems to protect against memory decline from surgery. Since the theory of 
functional adequacy and reserve capacity is not based on language per se (even 
though the interrelationship between the both is well documented), knowledge on 
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language function and its cerebral distribution could add to the information on risk 
for memory deterioration after surgery.   

Future perspectives 

The study on the effects of hippocampal depth electrodes on memory has received 
strong reactions. It has been criticized for having methodological flaws, although I 
can’t help to wonder whether the criticism comes from a place of not wanting to 
know if these results are true. Others have commended the study for its attempt to 
investigate the possible negative impact of depth electrodes 107, and one 
subsequently published clinical study has confirmed its results 108. I hope that this 
discussion will lead to larger and prospective studies, which can confirm or refute 
the results from our study. Invasive EEG-monitoring is crucial in pre-surgical work-
up for TLR and patients could be wrongfully excluded from surgery if they did not 
undergo invasive investigations. However, increasing knowledge on the safety of 
longitudinal electrodes and exploring alternative methods (such as e.g. stereo-EEG 
or conventional depth electrodes perpendicular to the longitudinal axis) is a part of 
the never-ending evolution of medicine: to secure the best possible and safest care 
of the patients.  

My hope, based on the results from paper 3, is that hippocampal subregional 
volumetry becomes a supplementary diagnostic procedure for patients eligible for 
TLR. Future studies should also provide more information on the relation between 
memory deficits and volumes of hippocampal subregions.  

I also look forward to fMRI becoming as much an unquestioned tool used for pre-
surgical work-up for epilepsy surgery as structural MRI. By combining the display 
of neural activity in vivo with other methods for studying functional networks, e.g. 
the resting state network, additional information on TLE might be provided.  

The results from paper 4 on memory tests have raised my attention toward the 
importance of critically reviewing the entire test battery used in patients with TLE 
and prior to TLR. Much is perhaps not unknown but unspoken when it comes to the 
methodological limitations and differences in the memory tests used for this 
purpose. It is highly important to evaluate the consistency of memory tests used 
simultaneously in pre-surgical and post-surgical evaluation for TLR. Also, a more 
active discussion regarding these issues is needed among neuropsychologists 
working with epilepsy surgery.  
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Conclusions 

This thesis shows that no tool for predicting memory deficits from surgery can give 
the full picture of potential risks on its own.  

The importance of MRI-confirmed pathology prior to TLR is indisputable. The 
information that MRI gives on hippocampal integrity can only be fully understood 
when combined with memory testing. And memory testing, combined with 
information on structural abnormalities, only tells half the story when the 
distribution of language is not displayed. One must always look to improve these 
tools and methods. Also, the aftermaths of our procedures must continuously and 
unconditionally be evaluated.   

A final remark is that the risk of memory deficits from surgery cannot be measured 
in absolute terms. Assessing risks must always be done in the light of the individual 
patient. There will be risks that, seen from a physician’s or neuropsychologist’s 
point of view, are too high or unjustifiable. This work has opened my eyes for the 
fact that what is a risk for one patient and what might seem as a grey zone or a no-
zone, can be justified in another case. In summary, what is undisputable is that in 
working with patients that suffer from all the difficulties related to TLE, or that 
undergo work-up for TLR, one must always question established clinical routines 
and continuously try to improve the investigational toolbox, to ensure the best 
possible quality and patient safety. 
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