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Abstract 

 
While forgetting is vital to human functioning, delineating between normative and 

disordered forgetting can become incredibly complex. This thesis characterizes a 

pathologic form of forgetting in epilepsy, identifies a neural basis, and investigates the 

potential of stimulation as a therapeutic tool. Chapter 2 presents a behavioral 

characterization of the time course of Accelerated Long-Term Forgetting (ALF) in people 

with epilepsy (PWE). This chapter shows evidence of ALF on a shorter time scale than 

previous studies, with a differential impact on recall and recognition. Chapter 3 builds 

upon the work in Chapter 2 by extending ALF time points and investigating the role of 

interictal epileptiform activity (IEA) in ALF. These findings lend support for distinct 

forgetting patterns between recall and recognition memory. We also demonstrate the 

contribution of hippocampal IEA during slow-wave sleep to this aberrant forgetting. 

Chapter 4 investigates the potential of intracranial stimulation to ameliorate IEA burden. 

Our findings suggest that stimulation does not appear to have a direct effect on IEA rate. 

Further studies are necessary to explore the potential of stimulation as a therapeutic tool 

outside of seizure cessation. Overall, this thesis provides further evidence and 

classification of long-term memory impairment in epilepsy and identifies a neural 

correlate that can be targeted for future clinical intervention.
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1 INTRODUCTION 

1.1 MEMORY AND FORGETTING 

“The great virtue of human memory is its power to forget”-Julian Hilton 

Memory has long been valued as the foundation of our identity, relationships, and 

perspectives. It serves as a collection of our experiences and builds the scaffolds in which 

we interact with the world.  However, memory is not the stable, concrete foundation it is 

often portrayed as. Like ourselves, memory is malleable, faulty, and ever-changing. And 

for those who have their memory impacted by disease, trauma, or injury, it does not and 

should not mean their lives can no longer be as full and vibrant as they once were. 

Forgetting can be both kind and cruel. Take, for example, grief. While the fading 

memories of loved ones can be tragic, it also lessens the pain of their passing over time. 

Although forgetting is often viewed as the villain that strips us of our precious 

experiences and recollections, it is vital to our functioning.  Forgetting allows us to move 

past painful moments, re-examine our beliefs, and unlearn harmful behaviors or 

perceptions.  

However, delineating between normative and disordered forgetting can become 

incredibly complex. This thesis details our investigation into a particular form of memory 

loss in people with epilepsy, its neural underpinnings, and the potential of stimulation to 

ameliorate memory deficits.  

1.1.1 Theories of Memory 

There are several theories of normative memory, as it is often difficult to find one 

definition that encompasses all applications. While none of the theories fully explain all 

aspects of memory and its neural basis, the few highlighted here each provide unique 

insight into different aspects of this complex process. 

The first, information processing theory, is a cognitive theory that describes how 

the brain receives, encodes, and retrieves information.1 This theory often likens the brain 

to a computer, with inputs, outputs, and processes that manage the data it receives. 

According to the theory, information is initially received as sensory information, such as 

sight, hearing, touch, and smell. This information is then encoded either temporarily in 
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short-term memory or permanently in long-term memory.2 Once information is encoded, 

it can be processed through a series of mental processes that transform it into usable 

knowledge.3 Perception allows us to understand the sensory inputs by organizing them 

into meaningful patterns and interpreting them according to our past experiences and 

expectations. Then through attention, we can selectively focus on pertinent aspects of 

information while ignoring others.2 Categorization groups similar items together based on 

shared features and existing schemas, while organization arranges these groups in a 

meaningful way. Additionally, rehearsal (the repeated activation of this memory) 

facilitates the transfer from short-term to long-term memory and aids in later retrieval.3 

Secondly, and the theory that this thesis will focus on most, is consolidation 

theory. The consolidation theory of memory is a cognitive theory that describes how 

declarative memories are initially formed and then gradually strengthen over time 

through a process of consolidation. According to this theory, memories are initially 

fragile and prone to disruption but become more stable and resistant to interference as 

they are consolidated.4 The process involves the transfer of information from short-term 

memory to long-term memory, and the integration of this information with existing 

knowledge and schemas. The underlying rationale is that during system consolidation, 

the circuitry that supports the memory reorganizes over time.4–7 Consolidation is thought 

to occur as a dual process, involving synaptic (“early”) and systems (“late”) 

consolidation.8  

Lastly, the multiple trace theory of memory is a cognitive theory that suggests that 

memories are stored in multiple traces as engrams in the brain, each of which is created at 

a different point in time and represents a different aspect of the memory.9 According to 

this theory, the brain creates new traces each time a memory is retrieved and 

reconsolidated, leading to a more detailed and nuanced representation of the memory 

over time.10 

The multiple trace theory builds upon the idea of the consolidation theory of 

memory, which suggests that memories are initially stored in the hippocampus and then 

gradually consolidated and distributed across neocortical regions over time. However, 

unlike the consolidation theory which suggests that memories become less dependent on 

the hippocampus as they are consolidated, the multiple trace theory suggests that the 
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hippocampus continues to play a crucial role in memory retrieval and reconsolidation, 

creating new traces each time the memory is accessed.11 According to the multiple trace 

theory, the hippocampus creates a new trace each time a memory is retrieved and 

reconsolidated based on the current context and retrieval cues.12,13 These new traces are 

thought to capture the current state of the memory and integrate it with past experiences 

and knowledge, leading to a more nuanced and flexible representation of the memory 

over time. 

The multiple trace theory has been supported by neuroimaging studies in 

humans.10,14 These studies have shown that different aspects of a memory can be 

represented in different brain regions depending on the retrieval context and the type of 

information being retrieved.12,13 This theory has important implications for understanding 

the nature of memory and its relationship to cognition, perception, and emotion, and has 

led to new insights into how memories are stored and retrieved in the brain. 

1.1.2 Types of Memory Retrieval 

 Once memory has been stored, it can then be retrieved through two major 

means—recall or recognition. For many years the cognitive processes underlying these 

two types of retrieval have long been debated and explored. There are two major 

positions regarding the underlying methods of recognition versus recall. 

 One view posits that the processes involved in accessing memory for recognition 

and recall are fundamentally the same. The only difference between these retrieval types 

is their “threshold of strength”.  This strength theory was the first to distinguish between 

recognition and recall. According to this view, the repeated activation of information 

strengthens the representation of that memory. The essential difference between 

recognition and recall is a lower strength threshold for successful recognition.15–17 

However, this view was discovered to be overly simplistic as researchers found that 

experimental variables could have opposing effects on recognition and recall. 

 The other major view of retrieval proposes that recognition memory is supported 

by two independent processes – familiarity and recollection – that differ in their speed of 

operation and the specificity of the retrieved information, while successful recall depends 

largely on conscious recollection.18–25 Familiarity has been described as more of an 

automatic process that is associated with the fluency of the information that is processed, 
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as studied items seem to be processed more fluently than unstudied items.26 However, 

familiarity is more sensitive to perceptual changes between study and test, and fluency 

manipulations.27  

Whereas familiarity is only associated with recognition, recollection can be 

involved in either memory retrieval type. Recollection is thought to be a more conscious, 

active search which involves reinstatement of a memory trace within its context.28–34 

Recollection also requires more attention and elaborative encoding for successful 

retrieval.27  

Recognition tests of memory typically yield higher scores of retrieval than do 

recall tests. This is attributed to two factors: 1) recognition tests have a smaller number of 

alternatives from among which correct responses are to be selected and 2) recall often 

necessitates amount and depth of retained information necessary for retrieval of learned 

items as opposed to identification.35 There is also good evidence that recall performance 

declines more than recognition memory performance in the course of normal aging.36–38  

1.1.3 Neural Basis 

Within the theoretical framework of consolidation, the earliest modifications to 

memory neural networks occurs on a synaptic level within minutes to hours after 

learning. This level of memory formation likely involves long-term potentiation, activity-

dependent changes in synaptic strength within the neural networks activated during 

learning. The likely model of this synaptic change is the activation of cell-surface 

receptors and signaling cascades via kinase pathways that ultimately trigger the synthesis 

of vital proteins.39 For example, the MAPK/ERK cascade has been routinely identified as 

a major regulator of gene expression in response to neuronal activation40,41 and the 

stabilization of long-term memory is majorly impacted by protein synthesis in the 

hippocampus.42,43 Yet, determining how neuronal firing patterns in different brain regions 

differentially encode independent aspects of memory (e.g., verbal information, 

visuospatial context, temporal, etc.) needs to be further explored to better understand the 

consolidation process. Additionally, this stage of the consolidation is thought to be 

temporarily stored in the hippocampus network, as evidenced by based structure specific 

genetic deletion studies.39 However, the extent to which these memory engrams 
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eventually become hippocampal-independent and more neocortically-based is still up to 

debate.44–46 

Late systems consolidation, on the other hand, involves the reorganization of 

medial temporal and neocortical structures over much longer timescales.8 The prevailing 

hypothesis of a consolidation storage system is that the medial temporal network (i.e., 

hippocampus, entorhinal cortex, perirhinal cortex, and parahippocampal cortex) is a 

temporary store that gradually distributes long-term memory throughout the neocortex for 

specialized processing in appropriate association areas.44 When a memory is retrieved, it 

is integrated with prior neocortical knowledge and differentiates it from competing 

memories, thereby making the memory less hippocampus-dependent and more readily 

accessible in the future.47 This would help explain, at least spatially, the previously 

unanswered question regarding how independent aspects of memory are differentially 

encoded. Different areas of the brain all contribute unique aspects to memory (e.g., 

visual, verbal, emotional, etc.) and require large-scale brain communication. The time 

frame of this full consolidation process is still unclear, however, and there is evidence 

that retrieval of long-term memories still activate hippocampal processing and thus is not 

fully independent.48,49 

Sleep also plays a major role in our understanding of the consolidation theory. 

According to the active system consolidation model,50 the transfer of information stored 

in the hippocampus during waking is progressively transferred to the neocortex in large 

part due to non-rapid eye movement (NREM) sleep. This process has been suggested to 

strengthen hippocampal-to-neocortical memory traces, thereby reducing interference.50–52 

The underlying mechanism is thought to be mediated by coupling among hippocampal 

ripples, sleep spindles, and slow waves. In both animal53 and human 54 studies, oscillation 

coupling strengthens memory consolidation during sleep. These slow oscillations are 

thought to trigger the reactivation of the more short-term, recently-acquired memory 

patterns in the hippocampus,55,56 thereby strengthening the memories57–59 and if paired 

with activation of long-term memories, helps integrate them with pre-existing 

knowledge.60  
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1.2 EPILEPSY 
When considering diseases and disorders that impact memory, typically dementias 

such as Alzheimer’s Disease immediately come to mind. However, epilepsy is a disease 

that, while not directly defined by its memory impairments, has a large impact on 

cognition for those afflicted. Epilepsy is a leading neurological disease61 that impacts 

1.2% of the US population,62 affecting over 3.4 million individuals nationwide 63 An 

individual is diagnosed with epilepsy when: 1) they have at least two unprovoked or 

reflex seizures in the span of 24 hours, 2) have one unprovoked or reflex seizure and a 

probability of having another seizure similar to the general recurrence risk after two 

unprovoked seizures (≥60%) over the next 10 years, or 3) have an epilepsy syndrome.64 

Not only is epilepsy associated with higher mortality rates than the general 

population,65 but it also heavily impacts quality of life for people with epilepsy (PWE).66 

Epilepsy can place restrictions on individuals’ autonomy and freedom (e.g., treatment 

regimens, employment, transportation, etc.),67 carries a heavy burden of stigma,68 and has 

high comorbidity with psychiatric conditions.69,70 Thus, investigating epilepsy and 

effective therapies is paramount to improving the lives of PWE. 

1.2.1 Types 

An individual’s epilepsy diagnosis is generally classified first by their type of 

seizures.71 Seizures are defined by onset as: focal, generalized, unknown, or 

unclassifiable. Seizures can be classified as focal onset if they begin in one hemisphere or 

generalized onset if the seizures occur in both simultaneously.64 Focal seizures are further 

categorized as “aware” or “impaired awareness” depending on whether consciousness 

was impacted by the seizure. Temporal lobe epilepsy (TLE) is the most common form of 

focal epilepsy.72 Generalized seizures are classified as “motor” or “non-motor” depending 

on whether abnormal motor activity is observed during the seizure.64 Seizures are 

unknown if their onset isn’t apparent, but other manifestations are known. However, 

unclassifiable epilepsy occurs if there is not enough known about the seizures or if they 

do not fit classic categorization.64 This International League Against Epilepsy (ILAE) 

official classification is detailed in Figure 1.1. 
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1.2.2 Cause 

In addition to the heterogeneous presentations of epilepsy, there are a multitude of 

causes of the disease, both known and unknown.73 Generally, epilepsy is theorized to 

result from an imbalance between excitatory and inhibitory neuronal activity,  resulting in 

an excessive, hypersynchronous, oscillatory network.74 When this pattern of activity is 

sustained, it disrupts normal neuronal processing and can disrupt other neuronal networks 

beyond the seizure onset zone (SOZ).75 

The major etiological categories are structural, genetic, infectious, metabolic, 

immune, and unknown. Structural etiologies are typically findings on neuroimaging that 

can be reasonably inferred to cause the patient’s seizures when paired with 

electroencephalography (EEG) and clinical findings. This can include brain tumors, 

traumatic brain injury (TBI), or stroke. Genetic etiologies include disease-causing gene 

variants, copy numbers, or family history. Genetic causes and congenital structural 

abnormalities are the main cause of epilepsy in pediatric populations.76 Infectious 

etiology refers to a patient with epilepsy due to an acute infection. Infectious etiologies 

include neurocysticercosis, cytomegalovirus, or cerebral toxoplasmosis.77 Metabolic 

epilepsies are those due to a metabolic derangement (e.g., pyridoxine-dependent seizures 

and cerebral folate deficiency).78 Additionally, auto-immune diseases that cause new-

onset epilepsy (e.g., antibody-mediated limbic encephalitis) are classified as an immune 

etiology.79,80 Furthermore, approximately 66% of epilepsies are thought to have an 

idiopathic etiology,81 and are often associated with mutations in ion channels,  

Figure 2.1. International League Against Epilepsy classification of seizure types (basic 
version). Adapted from Fisher et al. (2017) with permission 
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particularly sodium and potassium voltage-gated ion channels.82 

1.2.3 Cognition 

PWE report memory deficits as one of the most distressing and disruptive aspects 

of their disorder—outranked only by seizures themselves.83 For those who suffer from 

epilepsy, memory deficits are a prevalent concern83 and a well-documented health 

issue72,84,85 in which both short- and long-term memory are negatively impacted.86,87 This 

is especially concerning as self-reported memory is a significant predictor of quality of 

life in these individuals.66 This problem is only compounded by the fact that therapies 

aimed at reducing seizure burden can exacerbate these memory deficits.88  

 The issue of cognitive impairment in epilepsy is multifaceted. It’s been shown 

that memory consolidation can be impaired in TLE,89 given the mesial temporal 

structures that are vital for consolidation are disrupted by epilepsy. Hippocampal atrophy 

from epilepsy leads to verbal memory deficits90,91 and patients with neuronal loss 

affecting all hippocampal subfields (CA1, CA3, CA4, and dentate gyrus) display reduced 

declarative memory capacities.92 It has also been consistently demonstrated that 

individuals with seizures originating in the left temporal lobe are impaired on verbal 

memory tasks, whereas those with seizures originating in the right temporal lobe are 

impaired on non-verbal, visual memory tasks.93–95 However, comprehensive 

neuropsychological investigations of patients with pharmacoresistant TLE have 

demonstrated considerably more diffuse and generalized cognitive impairments that 

affect virtually all domains of cognitive function tested and cannot be explained solely 

by hippocampal or even temporal disruption.96–98 Positron emission tomography (PET) 

studies have also provided additional insights. Hypometabolism across lobes of the brain 

in PWE have been linked to abnormalities in cognition and behavior.96 For example, 

hypometabolism of the thalamus has been associated with memory impairment99 while 

frontal hypometabolism with executive dysfunction and mood disorders.100,101 

Furthermore, overlapping variables such as structural damage, interictal epileptiform 

activity (IEA), seizure control, attentional dysfunction, anti-seizure medications (ASMs), 

mood disorders, and cell loss can all impact cognitive functioning and thus further 

complicate our understanding.88,90,102  
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Yet, it is increasingly clear that neuropsychiatric comorbidities occur before the 

onset of observable seizure activity103 and can persist even after individuals achieve 

seizure freedom.104 Therefore, cognitive impairment in epilepsy is not entirely related to 

the seizure activity in and of itself. Instead, non-seizure elements of the disorder also 

need to be explored to elucidating the neural underpinnings of epilepsy-induced memory 

disruption and improve patient care. 

1.2.4 Interictal Epileptiform Activity 

Interictal epileptiform activity (IEA), a hallmark biomarker of active epilepsy,105 

is one factor among many that have been implicated in this memory impairment.75,86,106–

109 Interictal discharges can be divided into three major types: Type 1 consists of 

repetitive, high-amplitude interictal spike-wave complexes (including polyspikes), Type 2 

are high-amplitude, isolated interictal spikes, and Type 3 have an atypical morphology 

but are still considered abnormal and epileptiform.86 These IEA types can be seen in 

Figure 1.2. Interictal discharges in the form of spikes are sporadic, transient episodes of 

synchronous activity with a duration of about 70ms.105 These discharges have been 

consistently implicated in memory impairment due to the extensive detrimental effects 

they exert on memory processes.110  

 

 
Figure 1.2 Types of Interictal Discharges. 
Sample depictions of each type of classified IED are provided. Adapted from Quon et al. 2021, 
with permission. 
 

Theoretically, IEA can impact cognition in two major ways: 1) IEA alters and 

disrupts ongoing cognitive processes, leading to transient cognitive impairment and 2) 

IEA leads to long-term structural changes.111 Short-term memory studies lend support to 

the former method in how IEA exerts a wide range of deleterious effects on 

memory.75,86,106,107,109,112 Depending on IEA timing, duration, and location, this activity 

can affect different memory epochs.75,86,109 Horak et al. found that IEA occurring during 

either encoding or recall periods of short-term memory decreases correct recall.110 
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Similarly, Kleen et al. also found that IEA during memory maintenance decreased the 

likelihood of a correct response.86 In these instances, IEA has a time-dependent impact on 

memory leading to transient cognitive impairment. 

Yet, our knowledge of IEA and memory is almost entirely based on these studies 

of short-term memory.75,106,107 Additionally, in the studies that do examine long-term 

memory, IEA is either completely unexplored or is associated with more long-term 

general intelligence scores.113 While this can largely be explained by the limited time 

frame in which most investigators are able to test their subjects, this lack of research on 

the etiology of long-term memory impairment in epilepsy puts a significant constraint on 

our ability to comprehensively understand epilepsy-induced cognitive disruption. This 

presents a major gap in our understanding of the neural basis of long-term episodic 

memory decay. Thus, there is a critical need to examine the influence of IEA on long-

term episodic memory to close this gap and identify a potential biomarker of long-term 

memory impairment. Additionally, with the identification of this biomarker, we can 

determine the potential benefit of suppressing IEA through targeted treatments like 

stimulation or medication. 

1.2.5 Treatment 

Epilepsy is considered “resolved” under the following circumstances: 1) a patient 

with an age-dependent epilepsy syndrome becomes older than the age in which this 

syndrome is active, or 2) a patient is 

seizure-free for ≥10 years and has been 

off all anti- seizure medications for ≥5 

years.64 To achieve seizure control, 

PWE are given ASMs. Janson and 

Bainbridge reported that 54% of 

patients achieve seizure freedom via 

monotherapy (one ASM) and 3% after 

polytherapy (more than one ASM), as 

seen in Figure 1.3.65 Unfortunately, 

36% of PWE do not respond to Figure 1.3. Percentage of seizure freedom in 
response to ASMs. Reused from Janson et al. 
2021 (Open Access) 
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medication and are considered refractory.114  

Despite the development of many new ASMs in the last 25 years, the proportion 

of refractory patients has not significantly decreased.115 This is particularly troubling 

given the duration of epilepsy and age of seizure onset are significantly related to 

memory deficits.116 Established guidelines recommend that PWE who have failed two or 

more ASMs are unlikely to achieve seizure freedom with further medication changes 

alone and should therefore be referred for surgical evaluation.117–119 

For these patients, surgical resection remains the gold standard for seizure 

freedom, given that 50-60% of refractory patients become seizure-free after surgery.120 

For resection, patients first undergo intracranial EEG (iEEG) monitoring in order to 

localize seizure onset. This iEEG monitoring also provides a unique window for 

researchers to study brain function, given the temporal and spatial resolution of neural 

activity this type of recording affords—particularly in comparison to scalp recordings.121 

Regrettably, resection is typically not an option for patients with poorly localized 

seizures, multifocal onset zones, or onset zones that would cause major impairment if 

resected. Therefore, these patients rely on alternatives to ASMs and surgery, mainly 

various forms of neurostimulation. 

However, in contrast to seizure control, direct therapy for memory deficits 

associated with epilepsy is rarely attempted.102 Given the prevalence and impact of 

memory impairment in epilepsy (both before and after seizure-freedom), comprehensive 

treatment that takes into account cognition has increasingly been implemented. One 

major consideration practitioners can take in determining the course of treatment is to 

avoid ASMs that commonly have cognitive side effects, unless necessary. Newer 

generation ASMs (i.e., oxcarbazepine, vigabatrin, lamotrigine, gabapentin, zonisamide, 

tiagabine, and levetiracetam) have been associated with lower rates of these side effects 

and lamotrigine has even been shown to improve cognition in some cases.102 

Additionally, therapies including memory training and self-management have been 

shown to have benefit in PWE.122,123 

Finally, there is ongoing controversy regarding whether clinicians should consider 

treatments that minimize IEA burden.124 Although IEA has been shown to impact short-
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term memory,75,86,106,107,109,112 reading and arithmetic skills in children,124 and driving 

ability,125 it is not yet commonplace to “treat the EEG”.  

1.3 ACCELERATED LONG-TERM FORGETTING 
IEA has recently been implicated as a potential contributor to a specific long-term 

memory deficit in PWE known as Accelerated Long-Term Forgetting (ALF).126 ALF is 

characterized by what appears to be normal initial retention of learned information, 

followed by an accelerated rate of memory decay,127 and it has increasingly gained 

attention for both its clinical and theoretical impacts.  

1.3.1 Time Course 

Standardized neuropsychological memory tests typically measure immediate 

memory and then retention of the information after a 20-minute to 30-minute delay128 and 

these measurements often do not correlate with subjective memory ratings from PWE.129–

131 This discrepancy may be explained by the inability of standard clinical 

neuropsychology assessments to detect ALF, despite this forgetting causing considerable 

impairment for those afflicted.132,133 Therefore, investigation of the underlying 

mechanisms of ALF is useful as it can provide insight into aberrant memory processes 

and could help in the development of novel diagnostic and therapeutic tools. However, a 

consistent time point would need to be determined to make more generalizable 

diagnoses/treatments. 

In studies investigating ALF, relatively normal rates of memory are detected at 30 

minutes126,134,135 and then consistent, significant impairment relative to controls at the 

one-week mark for episodic and autobiographical memory.136,137  However, ALF has also 

been detected at delays occurring anywhere from 12 hours138 to eight weeks.139 

Moreover, most studies only sample long-term delay once in comparison to learning and 

initial retention,135,138,140–142 and at most sample three long-term delay points.143,144 

Variability in estimating the onset of ALF almost certainly stems from the fact that 

studies thus far have used different stimuli, paradigms, and delays in addition to varying 

subject populations.108 Additionally, Cassel and Kopelman aptly identified the risk of 

circular reasoning in ALF studies, in which ALF becomes statistically significant only 

after a “long-term” delay, which happens to be the first “long-term” delay actually 

measured.145  
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1.3.2 Methods of Assessment 

 ALF studies not only contain time course variability, but variability in assessment 

methods. Firstly, most ALF assessments examine recall135–138,140,141,144,146,147 while much 

fewer examine recognition.135,136,142 Even fewer include both recall and recognition in 

their study of ALF,135,136 and ultimately only Cassel et al. were able to make direct 

comparisons between recall and recognition.136 This lack of comparison places a 

constraint on our ability to understand the differential impact of ALF on retrieval types. 

 Secondly, content tested in these studies has included word lists,127,144,148 

autobiographical assessments,144,149 stories ,139,150,151 and non-verbal memory in the form 

of figure recall89,139 or by recreating drawings.95 

 However, the range in paradigms used can at least draw comparisons to large 

categories of memory, such as verbal and visual memory. The major component of these 

assessment methods that should be considered is ensuring the task used does not produce 

ceiling and/or floor effects,145 as accurate baseline scores are paramount to truly testing 

forgetting over time. 

1.3.3 Cause 

ALF poses a unique perspective when examining memory, given the time course 

of forgetting strongly implicates consolidation dysfunction. Therefore, in addition to the 

clinical implications of exploring ALF for PWE, it also provides insight into the basis of 

consolidation and brain regions involved.44,46,48,152,153 

A purported role of the mesial temporal lobe (MTL) in consolidation is thought to 

be the formation of representations that allow us to discriminate between similar 

experiences and memories.154–158 If the hippocampus is impaired, then memories with 

overlapping components would theoretically have a higher likelihood to be mismatched. 

As such, a predominant explanation for ALF is hippocampal impairment that results in 

inadequate memory formation that is not severe enough to be detected at baseline, but 

could be more susceptible to interference in the long-term.126,137,138 Thus far, this is 

supported indirectly by findings that ALF occurs selectively for context-specific 

information140,159 and directly in the form of studies finding an association between ALF 

and hippocampal abnormality160 and medial temporal sclerosis.135 
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If it is indeed the case that ALF is caused by subtle encoding impairments that 

destabilize memory traces, then IEA has the potential to be the underlying cause of the 

encoding error. Given the previous findings of phase-specific effects of IEA on encoding 

efficacy,75,86,106,108,112,161,162 IEA rate during encoding should be examined as a prospective 

mechanism for ALF. 

Interestingly, IEA has been examined in ALF, but not during task administration. 

Lambert et al. investigated interictal spikes during NREM sleep.163,164 The investigators 

hypothesized that IEA during NREM would impair hippocampal-neocortical transfer and, 

thus, long-term memory consolidation. Indeed, they found that hippocampal spike 

frequency during sleep was negatively correlated with verbal memory over 1 week.163 

Though seizures were the first factor to impact memory retention, this finding 

nonetheless points toward IEA as a potential contributor to ALF impairment. 

Furthermore, it demonstrates the importance of normative hippocampal-neocortical 

transfer in consolidation. 

1.4 STIMULATION 
For the large portion of PWE that have refractory epilepsy, nonpharmacologic 

treatments are the most effective alternatives to ASMs. Though only resective surgery can 

be curative, neurostimulation has been a major palliative treatment for PWE. 

Neurostimulation is particularly useful for those refractory patients who cannot undergo 

resection due to their particular seizure onset or patients who do not achieve seizure 

freedom following surgery.  

1.4.1 Types of Therapeutic Stimulation 

Neurostimulation modalities for epilepsy include vagus nerve stimulation (VNS), 

responsive neurostimulation (RNS), and deep brain stimulation (DBS). 

VNS is a type of therapy that involves the implantation of a device that delivers 

electrical impulses to the vagus nerve, which is a nerve that runs from the brain to the 

chest and abdomen.165 During VNS, a small device called a VNS generator is implanted 

under the skin in the chest, and a wire is connected to the vagus nerve in the neck. The 

generator delivers electrical impulses to the vagus nerve at regular intervals, typically for 

30 seconds every 5 minutes. The electrical impulses are thought to affect the activity of 

various parts of the brain, including those involved in seizure activity. 
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With RNS, a small device called a neurostimulator is implanted under the scalp. 

The neurostimulator continuously monitors the brain's electrical activity, and when it 

detects abnormal activity that is consistent with a seizure, it delivers a brief electrical 

pulse to the affected area to disrupt the seizure before it can spread and cause symptoms. 

RNS is an FDA-approved therapy for the treatment of epilepsy in adults who have not 

responded well to other treatments, such as medication or surgery.166 Given that the RNS 

can store information about the brain's electrical activity, it provides a unique opportunity 

for healthcare providers to better understand the individual's seizure patterns and adjust 

their treatment plan accordingly. Researchers have even used these recordings to track 

multidien seizure activity cycles.167 

DBS is proven to be a safe and effective treatment option for patients with 

refractory epilepsy.168 DBS of the anterior nucleus of the thalamus has been approved for 

treatment following a large, double-blind, sham-controlled, and paralleled-group 

randomized controlled trial.169–171 DBS treatment commonly involves continuous (i.e., 

open-loop) high-frequency stimulation.172,173  

DBS is typically an open-loop system, while RNS and VNS models are closed-loop 

systems that respond to brain and heart activity, respectively.174 The 3 modalities are 

generally comparable in terms of efficacy, even over longer-term trials.168,175–177 

In general, neurostimulation efficacy does not decrease over time, and may even 

increase efficacy in some individuals. And while ASMs typically have systemic side 

effects, these are not generally experienced with VNS and RNS.175,177 In fact, these 

closed-loop neurostimulation modalities may even reduce the risk of sudden unexplained 

death in epilepsy (SUDEP).178,179 

1.4.2 To Improve Memory 

Beyond clinical treatment, stimulation has also been investigated for its potential 

to probe memory processes and improve memory.  

Stimulation has proven promising for memory improvement in both healthy 

subjects and those with impaired memory. Boggio et al had healthy subjects undergo 

transcranial direct current stimulation (tDCS) of their anterior temporal lobe during both 

the encoding and retrieval phases of a false memory task. Stimulation reduced false 

memories by 73% in these individuals.180 Leshikar et al also applied tDCS stimulation to 
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healthy subjects at encoding, but this time to the dorsolateral prefrontal cortex (dlPFC) 

during recall and recognition tests of associative memory.181 dlPFC stimulation improved 

recall, but not recognition in this circumstance. In PWE, stimulation of the temporal lobe 

has improved memory for both spatial and verbal memory memory.182–184 

In contrast, however, many studies also find a disruptive effect of stimulation on 

memory. Specifically, hippocampal and MTL stimulation seems to routinely disrupt 

memory formation and impair performance,185–189 regardless of the timing of stimulation. 

This is found across memory types on both spatial and verbal tasks.187,188 This 

impairment also occurs for both healthy subjects and PWE, which is somewhat surprising 

given the hypothesis that stimulation would rescue the aberrant MTL in PWE. However, 

there was no therapeutic effect of MTL stimulation achieved for those with epilepsy. 

Instead, it is believed that MTL stimulation may increase the rate of contextual change, 

thereby causing one to forget.189 

Thus far, stimulation’s impact on IEA during cognitive tasks has yet to be 

explored in practice. Previous animal studies have shown that stimulation can reduce 

spike frequency,190,191 though often there are heterogeneous responses in that they could 

show an increase or decrease in firing rate at various latencies, with an initial excitatory 

and subsequent inhibitory response. Arrias et al. (2021) developed a biologically-inspired 

proof-of-concept model to simulate stimulation in epileptogenic networks and found that 

stimulation suppressed interictal discharges by up to 30%. However, these stimulation 

studies in human subjects have not yet interrogated whether targeted stimulation could 

specifically ameliorate IEA and in turn improve memory performance. This would have 

profound impacts on the way we view neuromodulation therapy, particularly for those 

heavily burdened by cognitive deficits and IEA, and should be directly investigated. 

1.5 STUDIES IN THIS THESIS 
The chapters that follow are a compilation of manuscripts that were prepared for 

publication during my doctoral research.  

Chapter 2 is a behavioral characterization of ALF and its time-course for both 

recall and recognition memory in people with epilepsy. For this study, Sarah A. Steimel 

prepared the manuscript and designed and conducted the experiments described therein. 

R Thomas assisted in data collection. RJ Quon and S Meisenhelter provided advice on 
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statistical modeling. ME Testorf, KA Bujarski, Y Song, and EJ Camp provided technical 

and scientific advice. RM Roth edited the manuscript and provided scientific advice. BC 

Jobst edited the manuscript, provided scientific advice, and supervised the research. This 

study was published in the Journal of Epilepsy and Behavior in 2023 (Steimel et al. 

2023). I have retained author rights to republish this work in a dissertation.  

Chapter 3 builds upon the work in Chapter 2 by extending ALF time points and 

investigating the role of IEA in ALF using stereoelectroencephalography (SEEG). For 

this study, Sarah A. Steimel prepared the manuscript and designed and conducted the 

experiments described therein. RJ Quon and S Meisenhelter provided advice on statistical 

modeling and contributed code for automated IEA detection. EJ Camp assisted in the 

development of the task. ME Testorf, KA Bujarski, and Y Song provided technical and 

scientific advice. RM Roth provided scientific advice. BC Jobst edited the manuscript, 

provided scientific advice, and supervised the research. This study is currently being 

prepared for publication. 

Chapter 4 is an investigation into the potential of intracranial stimulation to 

ameliorate IEA burden. For this study, Sarah A. Steimel prepared the manuscript, assisted 

in data collection, and conducted the analyses. RJ Quon and S Meisenhelter provided 

advice on statistical modeling and contributed code for automated IEA detection. ME 

Testorf and Y Song provided technical and scientific advice. Collaborators coordinated 

data collection at their respective sites and MJ Kahana is PI for this RO1 grant. BC Jobst 

edited the manuscript, provided clinical and research advice, and supervised the research. 

This study is currently being prepared for publication. 
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2 CHARACTERIZING ACCELERATED LONG-TERM 

FORGETTING 
For those who suffer from epilepsy, memory deficits are a prevalent and well-

documented health issue72,83,85 given that up to 50% of PWE report memory concerns.192 

These concerns are reflected in the repeated findings that epilepsy negatively impacts 

both short- and long-term memory.87,106,108,110,160 This is especially concerning as self-

reported memory is a significant predictor of quality of life in these individuals.66,88 

Furthermore, memory impairments can persist even after individuals achieve seizure 

freedom.104 Recently, a specific long-term memory deficit known as Accelerated Long-

Term Forgetting (ALF) has been increasingly reported in patients with TLE.132,139 

ALF is characterized by generally normal initial retention of learned information, 

followed by an accelerated rate of memory decay.126 To investigate ALF, a series of 

stimuli is presented during a learning phase and then memory retrieval is tested across a 

range of delay periods. Content tested across these studies has included word 

lists,127,144,148 autobiographical assessments,144,160 stories,139,150,151 and non-verbal memory 

in the form of figure recall89,139 or drawings.95 Despite evidence showing long-term 

memory impairment in PWE, the precise patterns and characteristics of long-term 

forgetting remain unclear.193 Many studies find relatively normal rates of memory after a 

30 minute delay,134,135,194 but consistent, significant impairment relative to healthy 

comparison (HC) subjects after one-week for both episodic and autobiographical 

memory.136,137  However, delays have ranged from three hours195 to eight weeks,104 

making it difficult to pinpoint when impairment becomes an issue. Additionally, the 

impact of ALF on retrieval types has been inconsistent across studies, with varying 

findings of recall151,160 or recognition deficits when examining them both.108 For 

example, Narayanan et al. found that, in patients with TLE, recall was more sensitive 

than recognition to the impact of ALF as it decayed at a faster rate when tested after four 

weeks.160 

Furthermore, there can be limited concordance between subjective and objective 

memory in PWE, as some studies have found that PWE often have distorted perceptions 

of their memory performance.196,197 However, patient concerns may indeed reflect real 

deficits that are not being identified by current objective memory tests that typically 
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assess recall and recognition memory within 30 minutes or less of presentation of the 

stimuli to be encoded. Thus, there is an increasing call for more sensitive memory 

measures to capture this longer-term forgetting.198 Accordingly, we sought to determine 

whether PWE accurately report their memory abilities in our ALF paradigm. 

This study utilized a video task to pinpoint the time course of long-term episodic 

memory decay in epilepsy. PWE and HC subjects viewed a nature documentary and were 

tested on their recall and recognition memory for the content at baseline and after 24-

hours, 48-hours, and 72-hours. For all recall responses, intrusion rates were also 

calculated to determine their incidence and potential impact on performance. Self-

confidence in responses were examined in relation to test performance to explore the 

accuracy of self-assessment. We hypothesized that PWE will display normal initial 

memory retention, but impaired, long-term memory ability consistent with ALF. We also 

expected recall to decay at a faster rate than recognition memory, consistent with prior 

research on PWE.160 Furthermore, PWE will show good accuracy in their perception of 

long-term forgetting, as reflected by the association between memory confidence ratings 

and objective test scores in this ALF paradigm. 

2.1  MATERIAL AND METHODS 

2.1.1 Standard Protocol Approvals, Registrations, and Patient Consents 

The Dartmouth-Hitchcock Medical Center (DHMC) Institutional Review Board 

approved this research protocol, and written informed consent was obtained from each 

participant. Signatures from PWE were obtained in-person, while those in the HC group 

recruited online signed electronically. 

2.1.2 Participants 

Epilepsy Group: A sample of 30 (based on adequate power and availability of 

subjects) PWE were included in the current study (mean age= 43.21 years, SD = 15.82, 

range = 20-76; 16 females and 14 males). They were recruited through the Epilepsy 

Monitoring Unit at DHMC in Lebanon, NH. Patients were undergoing video-EEG 

monitoring to either diagnose their epilepsy and/or localize seizure onset. Inclusion 

criteria for PWE included 1) being over the age of 18, 2) proficient in English, 3) having 

no diagnosed learning disability or condition that would impact their ability to watch the 

film and answer questions, 4) having a confirmed diagnosis of epilepsy by the end of 
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their video-EEG monitoring stay, and 5) completing at least two out of the four retrieval 

trials. Additionally, none of the PWE had undergone a previous cortical resection. All 

testing sessions were conducted at least four hours after the most recent seizure activity 

was detected and there was a two-hour temporal window for the delay timepoints to 

account for variability due to clinical needs or other scheduling conflicts (i.e., the 24 hour 

time point could be tested anywhere from 22-26 hours post-encoding). Attrition occurred 

at various testing points due to early discharge from the hospital (n = 6), too frequent 

seizure activity (n = 3), or patient request (n = 1). However, as long as patients 

participated in at least two out of the four retrieval trials—as mentioned above—their 

results were used in our analyses, with statistical methods accounting for this variation. 

The average number of trials PWE contributed was 3.13, for a total of 94 trials altogether. 

Number of seizures that occurred during their inpatient stay, from the start of the 

experiment to their last recorded session, was documented. Only seizures that had an 

electrographic correlate confirmed by the clinical team were recorded. Epilepsy 

characteristics extracted from medical records included epilepsy type (i.e., generalized, 

focal, multifocal), seizure onset zone (SOZ) hemisphere, SOZ lobe, number of anti-

seizure medications (ASMs), seizure onset age, total number of seizures over stay, and 

number of seizures between recall periods. 

Comparison Group: 30 HC subjects (mean age = 43.80 years, SD = 11.28, range 

20-69; 17 females, 13 males) were recruited remotely through the Amazon Mechanical 

Turk (MTurk) online crowd-sourcing platform due to COVID recruitment restrictions and 

to draw from a large and diverse subject pool. The experiment was posted on MTurk and 

run using Dartmouth College’s Qualtrics survey software. All instructions, questions, and 

formatting were kept consistent for online distribution. Additionally, experimenters were 

able to monitor remote subjects through MTurk and Qualtrics via collected time stamps 

and our Instructional Manipulation Check (IMC)199 to ensure these participants were 

taking the appropriate time and attending to the task. If remote subjects failed the IMC or 

had a testing completion time substantially deviating from the mean in either direction, 

they were disqualified from our task. HC subjects that successfully completed their 

testing sessions were compensated for their participation. The inclusion criteria required 

that participants be 1) over the age of 18; 2) proficient in English; 3) have no existing 
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diagnosed neurological disorder, learning disability, or condition that would impact their 

ability to watch the film and answer questions; and 4) completed at least two out of the 

four retrieval trials. Some attrition also occurred for our HC group. The average number 

of trials HCs contributed was 3.96, for a total of 117 trials altogether. 

2.1.3 Memory Task 

Subjects watched two 15-minute clips of a single nature documentary (that were 

counterbalanced in their order of presentation) and were instructed to pay attention to the 

film as they would be tested on their memory for the content over a period of days. These 

instructions were standardized across subjects whether online or in-person. While some 

studies of ALF do not inform participants of later memory testing to minimize potential 

for rehearsal effects,132 we made sure to keep instructions consistent between HC and 

PWE subjects so that this was not a confounder between groups, and the disclosure of 

multiple days of testing was necessary for remote subjects in agreeing to the task to limit 

attrition. We also checked with subjects to ensure they had not previously seen the film 

prior to testing, as this documentary had been publicly aired in the past and was obtained 

via Dartmouth College’s media reserves (to avoid copyright infringement). Additionally, 

the audio volume of the film was adjustable to participants’ preference, but subtitles were 

not provided in the hope that visual attention was focused on the events on screen and not 

entirely on the text.  

As impairment seems to be reliably found in response to a week-long delay,136,137 

we selected delay time points within the first few days after encoding to pinpoint 

precisely when forgetting becomes impaired. Both recall and recognition memory were 

tested in this task. However, when referring to both these types of memory together, we 

will subsequently use the term retrieval as an enveloping term given that both forms of 

memory involve retrieval processes.200 Retrieval of the film’s content was tested 

immediately after viewing to assess baseline learning, then at delays of 24 hours, 48 

hours, and 72 hours to quantify long-term memory performance, as seen in Figure 2.1. 

The retrieval questions were presented along with a visual cue of the corresponding film 

scene.   

Each retrieval session consisted of a completely random assortment of 21 

questions, for a total of 84 possible questions across the four delay time points. The 
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testing session first began with a practice question of content unrelated to the film (e.g., 

“What is the capital of Missouri?”) to familiarize them with the question format. 

Questions were entirely new for each testing day in order to prevent a practice effect. To 

test both recall and recognition memory, subjects were first presented with a visually-

cued question and had the opportunity to freely type their response (i.e., memory recall). 

A picture from the scene in question was provided to orient them to the portion of the 

film. Subjects were encouraged to type in their response if they could remember the 

content, but if they were unable to freely recall the content asked in the question, they 

indicated their perceived inability to answer. In response, they were then presented with a 

forced-choice recognition version of the same question (i.e., recognition memory) in  

which subjects were given two options of content viewed to select between. The forced-

choice option was presented following the questions in which subjects could not recall 

that content. After the forced-choice recognition questions, participants answered a 7-

point Likert scale (1-7) about the confidence they had in those recognition responses. 

 
Figure 2.1. Memory Task Design.  
(A) Subjects watched two 15-minute clips of a nature documentary (counterbalanced order of 
presentation) and were instructed to pay attention to the film as they would be tested on the 
content across a period of days. Participants were tested on their retrieval at baseline and at delays 
of 24 hours, 48 hours, and 72 hours after watching the film. (B) At each testing time point, the 
subjects were first presented with a cued recall question. A picture of the scene in question was 
provided to orient subjects to the portion of the film. (C) If subjects were unable to recall the 
content in question, they had the option to press “I Don’t Know”, which would trigger a forced 
recognition question. They would then be given two answer options to choose from and 
subsequently were asked to rate their answer confidence on a Likert scale.  
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Finally, from the recall answers we calculated intrusion rates for each subject. An 

intrusion was considered an erroneous recall of information that was not pertinent to the 

question at hand. Due to the free response of participants when typing in their answer, 

there was a small allowance for answer deviation. Answers were considered correct if 

they were more specific than our provided answers or if they were direct synonyms that 

did not change the category of answer. Otherwise, answers were marked incorrect.  A 

single experimenter conducted all scoring to avoid inter-rater variability and they were 

blinded to the group and delay time points of the answers they were scoring. These 

intrusions were further categorized as either semantic,201 prototypic,202 or unrelated.203 

Semantic intrusions occur when the non-target answer being recalled is of the same 

general meaning as the target (e.g., fast vs. quick). Prototypic intrusions are memory 

errors that occur when the non-target answer being recalled is a well-known word of the 

same category (e.g., daisy vs. rose). Unrelated intrusion errors occur when the non-target 

answer being recalled is neither of the same meaning nor category of answers learned 

(e.g., when studying tools and the target word is screwdriver, they say blanket). 

2.1.4 Statistical Analysis 

Table 2.1 presents the participant groups’ clinical and demographic characteristics 

that were included in our models. Analyses revealed no significant difference between 

our groups on any demographic characteristics.  

To determine the effect of delay on memory accuracy (for both recall and forced-

choice recognition) and intrusion rates, we ran three separate linear mixed effects models 

with group (PWE, HC), age, sex, and delay as fixed effects with individual subjects as a 

random factor. Mixed effects models are an extension of regression models that take into 

account the impact group membership has on an outcome of interest, which is helpful 

given our attrition. Additionally, the models accounted for individual variability for each 

subject. In the event of significance from our mixed models, Mann-Whitney U test was 

used to assess pairwise relationships between the PWE and HC group for recall, 

recognition, and/or intrusion rates at each delay point. 

Kendall-tau correlations were used to examine the relationship between 

confidence ratings and objective recognition accuracy. Finally, logistic regression was 

used to analyze the relationship between demographic, clinical, and experimental 
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Table 2.1 Participant’s Demographic and Clinical Characteristics 

 
The final column indicates the p-values from comparing the PWE and HC groups, Fisher’s exact 
test. “Seizures between testing sessions” are the number of seizures that occurred in the 24 hours 
between each delay point when we tested subjects on their memory. **As some subjects had 
onset zones in multiple lobes and others had generalized onsets, the totals in these columns do not 
represent individual subjects. Rather, it represents the instances of seizures that arise from these 
lobes (e.g. one subject can contribute to multiple lobes or not contribute at all if their onset was 
generalized). 
  

 
Subject 

Characteristics 

Epilepsy Group 

(n=30) 

Comparison 

Group (n=30) 

 

p-value 

Gender (female) 16 (53.33%) 17 (56.66%) 0.89 

Age (years) 43.21 (SD 15.82) 43.80 (SD 11.28) 0.69 

Handedness (right) 27 (90%) 30 (100%) 0.71 

Education (years) 13.87 (SD 2.22) 14.94 (SD 2.16) 0.23 

Experiment Sessions 3.13 (SD 0.94) 3.96 (SD 0.18) 0.08 

ASMs 0.81 (SD 1.17) N/A  

Seizures Between Testing Sessions N/A N/A  

     Baseline-24Hr 0.69 -  

     24Hr-48Hr 3.46 -  

     48Hr-72Hr 2.75 -  

Total Seizures During Stay 2.34 (SD 4.02) N/A  

Epilepsy Type N/A N/A  

     Focal 16 (53.33%) -  

     Multifocal 4 (13.33%) -  

     Generalized 10 33.33%) -  

Seizure Onset Lobe** N/A N/A  

     Temporal 17 -  
     Frontal 4 -  

     Occipital 2 -  

     Parietal 1 -  

Seizure Onset Laterality N/A N/A  

     Left Hemisphere 6 (20% -  

     Right Hemisphere 6 (20%) -  

     Bilateral 18 (60 %) -  

Seizure Onset Age 25.37 (SD 15.51) N/A  
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variables on the probability of correct retrieval (i.e., both recognition and recall memory). 

Two logistic regressions were performed—one that included all participants, and one for 

PWE to analyze their demographic variables. The false discovery rate was controlled at 

0.05 with the Benjamini-Hochberg procedure for all models.204 Code for analyses in this 

study was written in Python version 3.6.7 and R Studio version 1.2.1335. 

2.1.5 Data Availability 

Data is available upon reasonable request. Interested parties can submit an email to 

the corresponding author. 

2.2  RESULTS 

2.2.1 Accelerated Forgetting: Recall 

A main effect of delay was observed for both HC and PWE groups, with reduced 

successful recall at 24 (β = -5.238, SE = 2.291, z(226) = -2.286, p = 0.022), 48 (β = -

14.038, SE = 2.729, z(226) = -5.145, p < 0.001), and 72 hours (β = -26.740, SE = 2.982, 

z(226) = -8.967, p < 0.001). There was no main effect of age, sex, or group. A Group X 

Delay interaction was observed whereby performance was worse for the PWE than HC 

group at 72 hours (β = -19.840, SE = 3.743, z(226) = -5.301, p < 0.001), as shown in 

Figure 2.2.  

2.2.2 Intrusions 

Across groups, more intrusion errors were seen relative to baseline at 24 (β = 

6.666, SE = 1.709, z(226) = 3.900, p < 0.001), 48 (β = 6.682, SE = 2.034, z(226) = 3.285, 

p = 0.001), and 72 (β = 5.124, SE = 2.223, z(226)= 2.305, p = 0.021) hours. More 

intrusion errors were made overall by the PWE than HC group (β = 24.127, SE = 2.637, 

z(226) = 9.149, p < 0.001). Of all intrusion errors in the PWE group, 81% were semantic, 

9% were prototypic, and 11% were unrelated in nature. The HC group had a distribution 

of 80% semantic, 19% prototypic, and 1% unrelated intrusion types. Sex was unrelated to  

intrusion errors, but a trend was observed for older subjects to make more errors (β = 

0.102, SE = 0.056, z(226) = 1.845, p = 0.065). 

The Group X Delay interaction was significant at each time point, with more 

intrusions made by the PWE than HC group at 24 (β = 9.501, SE = 2.312, z(226) = 4.110, 

p < 0.001), 48 (β = 8.702, SE = 2.607, z(226) = 3.339, p = 0.002), and 72 hours (β = 

7.801, SE = 2.785, z(226)= 2.801, p = 0.005), as shown in Figure 2.3.  
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Figure 2.2. Successful Recall Over Time Between PWE and HC Subjects.  
Both PWE and HC had similar rates of successful recall at baseline, 24-hours, and 48-hours. 
However, pairwise comparisons reveal a significant deficit for the epilepsy group at the 72-hour 
delay, with a decrease in accurate recall in comparison to controls. *** p < 0.001  
PWE: Baseline n = 30, 24 Hour n = 30, 48-Hour n = 19, 72-Hour n = 15 
HC: Baseline n = 30, 24 Hour n = 30, 48-Hour n = 29, 72-Hour n = 28 
 

  

 
Figure 2.3. Rate of Intrusions Across Delay Time Points.  
PWE displayed significantly higher rates of intrusions at every time point as opposed to their 
control counterparts, as revealed by pairwise comparisons. *** p < 0.001 
PWE: Baseline n = 30, 24 Hour n = 30, 48-Hour n = 19, 72-Hour n = 15 
HC: Baseline n = 30, 24 Hour n = 30, 48-Hour n = 29, 72-Hour n = 28  
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2.2.3 Accelerated Forgetting: Recognition 

We found a main effect of delay, with a reduction in accurate recognition for both 

control and epilepsy subjects at 24 (β =- 5.238, SE = 2.291, z(224) = -2.286, p = 0.022), 

48 (β = -14.038, SE = 2.729, z(226)= -5.145, p < 0.000), and 72 hours (β = -26.740, SE = 

2.982, z(226) = -8.967, p < 0.000). Age, sex, and subject group did not have a main 

effect. Additionally, the interaction between delay and subject group was found to be 

significant at each delay time point when compared to baseline, PWE had a greater 

deficit than HC at the 24-hour (β = -10.165, SE = 4.174, z(224) = -3.166, p = 0.004), 48-

hour (β = -8.113, SE = 3.701, z(224) = -2.195, p = 0.044), and 72-hour (β = -10.794, SE 

= 3.017, z(224) = -3.295, p = 0.003) delays, as shown in Figure 2.4.  

 
Figure 2.4. Forced Recognition Accuracy Over Time.  
Pairwise comparisons showed that while baseline retrieval of film content was similar for both 
subject groups, there was a significant deficit in forced recognition accuracy for PWE at each of 
the following delay points in comparison to HC subjects. * p < 0.05, ** p < 0.01 
PWE: Baseline n = 30, 24 Hour n = 30, 48-Hour n = 19, 72-Hour n = 15 
HC: Baseline n = 30, 24 Hour n = 30, 48-Hour n = 29, 72-Hour n = 28 
 

2.2.4 Subjective Memory 

Figure 2.5 presents the confidence ratings across delay periods. Overall, with all 

answers across days taken into consideration, greater confidence in memory was 

associated with better performance in both the HC (tau = 0.121, p < 0.001) and PWE (tau 

= 0.165, p < 0.001) group, though this varied somewhat by delay period. At baseline, 
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confidence and performance was correlated in both HC (tau = 0.182, p < 0.001) and PWE 

(tau = 0.148, p = 0.013) groups. However, this association was only seen in the HC group 

at the 24-hour delay (tau = 0.176, p < 0.001), and in the PWE group at the 48-hour delay 

(tau = 0.199, p = 0.001). Finally, at 72-hour, the association was again seen in both HC 

(tau = 0.106, p = 0.012) and PWE (tau = 0.228, p < 0.001) groups.  

Additionally, we tested the association between memory confidence ratings and 

how many recognition items were administered—thereby controlling for the variability in 

how many instances subjects opted for a recognition item. Greater number of recognition 

items was correlated with greater answer confidence overall (tau = 0.378, p < 0.001) and 

for both PWE (tau = 0.293, p = 0.024) and HC (tau = 3.84, p = 0.003) groups, indicating 

  
Figure 2.5. Subjective Memory Ratings of Forced Recognition Responses.  
Subjects provided their confidence ratings on a Likert-scale following completion of the forced-
recognition questions. The proportion of their ratings on the scale at each day are displayed for 
both HC (A) and PWE (B) subjects.  
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that if subjects opted more often to complete recognition items, they were more confident 

in their recognition responses. 

2.2.5 Predictors of Memory Accuracy 

The first regression involving both PWE and HC groups (and recall and 

recognition responses) found that, holding all other predictor variables constant, the odds 

of answering a question correctly was lower in PWE by 57% (OR 0.43, 95% CI [0.38, 

0.50], p < 0.001). Additionally, the odds of correct retrieval decreased by 18% (OR 0.82, 

95% CI [0.70, 0.97], p = 0.019) at the 24-hour delay, 23% (OR 0.77, 95% CI [0.64, 0.92], 

p = 0.004) at the 48-hour delay, and 45% (OR 0.55, 95% CI [0.46, 0.66], p < 0.000) at the 

72-hour delay for both PWE and HC groups when compared to their respective baseline 

retrieval rates. Sex, age, and education were not significant predictors in either subject 

group. 

For the second regression, we focused our analysis on PWE. The relationship 

between our clinical, demographic, and experimental variables and their impact on 

successful recall and recognition responses is displayed in Figure 2.6.  

Figure 2.6. Odds Ratios of Successful Memory Retrieval for PWE’s Experimental, 
Demographic, and Clinical Variables 
Forest plot showing odds ratio (OR) and 95% confidence interval (CI) for each of the 20 variables 
included in the logistic regression analysis, with successful retrieval of film content as the 
dependent variable. 
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Holding all other predictor variables constant, the odds of answering a retrieval 

question correctly decreased by 49% (OR 0.51, 95% CI [0.35, 0.74], p < 0.001) at the 72-

hour delay when compared to baseline retrieval for PWE. Type of retrieval was also a 

significant predictor, as recognition testing increased odds of successful retrieval by 62% 

(OR 1.62, 95% CI [1.26, 2.09], p < 0.001) compared to recall. Finally, left hemisphere 

seizure onset (as opposed to right hemisphere or bilateral) decreased the odds of 

answering a question correctly by 88% (OR 0.12, 95% CI [0.01, 0.42], p = 0.019). Sex, 

age, education, epilepsy type, seizure onset lobe, ASMs, onset age, and number of 

seizures either between recall periods or overall during their stay, did not predict 

successful retrieval. 

2.3  DISCUSSION 
The current study showed ALF in PWE, with a differential impact on recall and 

recognition memory, using a video-based memory task. Notably, immediate memory did 

not differ between patients and HC subjects, consistent with prior work indicating spared 

baseline performance in ALF paradigms.104,126 A deficit in recall accuracy was seen for 

PWE relative to the HC sample, but only at 72-hour delay. This finding is noteworthy as 

it indicates that the recall deficit in PWE was not generalized, but rather required a longer 

delay to be observed. Similar findings were shown for recognition memory, as the 

interaction between epilepsy and delay revealed impairment that, importantly, could not 

be explained by a diagnosis of epilepsy alone. However, unlike with our recall findings, 

we observed significant decreases in recognition accuracy from baseline performance at 

each delay time point.  

2.3.1 Recall and Recognition Performance 

That the recall deficit in PWE was not seen until 72 hours after encoding, but 

recognition memory impairment was observed at 24 hours and persisted through the 

following delays, is inconsistent with our expectation of better preserved recognition 

memory and previous literature.160 We believe this pattern shows that PWE show more 

true forgetfulness compared to HC. Typically, retrieval failure paired with recognition 

failure implicates true forgetting, while recall failure with successful recognition 

implicates retrieval failure. Therefore, it seems as though our HC group demonstrates 

retrieval failure in response to delay, but PWE have more overall forgetfulness. In 
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addition, this discrepancy may be due at least partly to the current study’s question 

presentation method. An attempt to recall content was required for all test items, but 

completion of recognition items was contingent on failure to recall the content and the 

subject opting to then complete the recognition memory question. It is possible that, 

given this methodology, the test-taking strategy employed by PWE and HCs may have 

differed, affecting the likelihood of electing to complete the recognition item after failed 

recall. That is, PWE may have only chosen the recognition option when they were very 

uncertain of their answer. On the other hand, HCs may have chosen the recognition 

option under less uncertainty. This is supported by our finding that lower frequency of 

administered recognition questions was associated with lower answer confidence. While 

there was a difference in PWE and HC participants in terms of testing setting, we know 

from previous studies that MTurk recruitment has produced valid, quality data from a 

large, diverse participant pool that is otherwise difficult to access.205–207 Furthermore, 

through our monitoring of time stamps for the remote subjects we were able to confirm 

that HCs did not take significantly longer or shorter to answer questions when compared 

to PWE. On average, PWE took 26 minutes to complete retrieval sessions while HC had 

a 23-minute mean completion time. Moreover, we examined the mean baseline recall and 

recognition scores for the participants who dropped out before 72 hours compared to 

those who completed all trials to ensure there was no skew in these two subject groups. 

There was no significant different in mean baseline performance between those who 

completed all trials (recall =  37.77%, SD 17.02%; recognition = 72.07%, SD 20.36%) 

and those who did not (recall = 34.82%, SD 14.08%; recognition = 69.55%, SD 18.52%). 

2.3.2 Confidence Ratings and Objective Performance 

Regardless of the motivation behind answer choice, we found that overall both 

HC and PWE accurately assessed their confidence in response to the recognition 

questions. While PWE were less confident in their recognition answers across each delay 

point, their subjecting ratings accurately reflect their objective memory deficit. This 

contradicts previous reports that patients overestimate their memory failures.196,197 These 

results give credence to patients who report memory concerns, and falls in line with 

recent literature that calls for more sensitive measures of memory testing overall. As seen 

in previous studies, the delay periods typically employed in current memory assessments 
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do not always identify memory impairment. For example, a recent study reported that 

patients with TLE did not show memory impairment after a 20-minute delay, yet deficits 

emerged when the delay was extended.198 Thus, it is possible that the memory concerns 

PWE experience in their everyday lives are not always adequately captured by the more 

limited time intervals at which recall and recognition are assessed by most of the current 

standardized memory tests. Tests assessing long-term forgetting may be helpful in this 

regard, allowing for gauging the integrity of memory over a longer period. 

2.3.3 Intrusion Rates 

Interestingly, PWE had considerably higher rates of intrusion errors when 

compared to the HC group, even at baseline. Intrusions errors on memory tests in PWE 

are common. Patients with unilateral left TLE have been shown to exhibit increased 

intrusion errors on verbal working memory tasks151,208 and similar findings can be seen in 

children with frontal lobe epilepsy, as well.209 In our study, those with seizures arising 

from the left hemisphere were 88% less likely to successfully retrieve content compared 

to those with right or bilateral seizure foci. Perhaps this memory disruption in those with 

left hemisphere seizures may be tied to intrusions, though this cannot be directly 

observed in our study due to our relatively limited sample size. This also has implications 

for the potential mechanism by which ALF occurs. Delaney et al. noted that increased 

rates of intrusion errors in PWE suggests proactive interference effects.210 Thus, PWE, 

and particularly those with left TLE, may be vulnerable to memory interference during 

ALF tasks. Our results tentatively support this idea as we show highest intrusion rates at 

baseline with a decline over the delay time points, suggesting that it may be proactive 

(and not retroactive) interference occurring in these PWE. Additionally, as the content 

tested in our study is a nature documentary, the general knowledge of this type of content 

that participants may have prior to testing could be the source of what is interfering with 

accurate retrieval. If this is the case, it aligns well with prevalent theories that the 

hippocampus is heavily involved in mitigating proactive interference.211 Potentially, 

temporal lobe disruption—particularly disruption that impacts the hippocampus’s ability 

to mitigate proactive interference, possibly from interictal activity in the hippocampus—

may be driving ALF in PWE. 
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2.3.4 Clinical Variables 

It is important to note that ALF in our patient sample was unrelated to seizure 

onset lobe and epilepsy type (focal, multifocal, or generalized).  Furthermore, the 

occurrence of seizures, either between retrieval sessions or overall during patient stay, 

was not associated with retrieval success.  This is consistent with studies showing ALF in 

seizure-free and post-resection patients,104 suggesting that the impairment cannot be 

attributed to seizure activity alone. It should be noted, however, that subclinical 

epileptiform activity can contribute to ALF,108,148  and is a sensible target for further 

investigation. We also did not find any relationship between the number of ASMs and 

successful retrieval. Though there is evidence that ASMs can impact cognition,212 thus far 

the ALF literature has generally not found an association between medications and 

accelerated rates of forgetting.133,135,136,213 

The only clinical factor associated with ALF was seizure laterality. The PWE who 

had seizures arising from only the left hemisphere were far less likely to correctly retrieve 

content than those with right or bilateral seizures. Studies examining the impact of 

seizure focus laterality on memory types found that seizures arising from the left 

hemisphere are typically related to more pronounced deficits in verbal memory214–217  

while right hemisphere seizures are associated with greater visuospatial memory 

impairment (Kim et al. 2003; Delaney et al. 1980).93,217 Perhaps the nature of our task and 

retrieval testing can partially explain this increased deficit in left hemisphere subjects. As 

the questions were written and some of the content that was tested consisted of verbal 

elements from the film, those with left hemisphere seizures could potentially have been 

more heavily impacted by this verbal content in the testing and retrieval. However, the 

content tested was not purely or even mainly testing verbal content. The questions 

covered verbal, episodic, and visual details of the film and thus did not just test one type 

of memory. Additionally, the impact of laterality on ALF is unclear. Information on 

seizure laterality is not always provided in ALF studies.95,218 Among studies that have 

examined laterality and ALF, findings have been inconsistent. For example, verbal 

memory impairment was associated with left hemisphere seizure focus in Blake et al,139 

while Wilkinson et al found verbal impairment regardless of seizure laterality.89 However, 

operationalization of laterality has differed between studies, affecting the ability to draw 
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conclusions about its potential implication for ALF in PWE. In our study, we defined 

laterality as side seizure activity based on clinician analysis of EEG.  This is similar to 

Blake et al,139 who also found left hemisphere seizure focus associated with successful 

retrieval. In contrast, Wilkinson et al used hippocampal pathology to define laterality.89 It 

is important to note, however, that there was a small number of seizures over stay (on 

average) and these findings should be considered with that knowledge. 

2.3.5 Limitations 

The present findings should be considered in the context of the limitations of our 

study. First, we cannot make conclusions regarding the specific type of content that is 

most vulnerable to decay. Secondly, there was bias in the forced recognition memory 

findings due to the methodology, as discussed above. Participants were also able to 

indicate their inability to answer recall questions. While this may have influenced results, 

this also gave us the opportunity to examine sheer inability to recall information versus 

erroneous recall of content that was considered an intrusion. Finally, there was some 

attrition in our study, more so with our epilepsy group due to early hospital discharge and 

frequency of seizure activity. Although our statistical models accounted for many of these 

limitations, there remains a need for controlled experiments specifically designed to 

examine memory loss and its neurological correlates over a period of days in PWE. 

Further research is needed to identify the neural basis for the ALF deficit in PWE. 

Given that seizure activity in and of itself does not seem to directly cause this accelerated 

forgetting, an analysis of subclinical epileptiform activity may reveal a potential 

mechanism of this impairment to supplement our current cognitive findings. Additionally, 

obtaining confidence ratings separately for recall and recognition would help better 

understand the relationship between confidence and different aspects of memory. Finally, 

including more temporally distant timepoints would be an informative extension of the 

current findings. Though there are practical testing limitations in experimenters’ or 

clinicians’ abilities to test regularly over a long retrieval period, the lack of a precise 

timeline puts a significant constraint on our ability to comprehensively understand 

epilepsy-induced cognitive disruption. Gaining insight into this critical period of 

impairment would allow us to target potential treatments or interventions and ultimately 

inform care, especially as ALF is not typically or routinely measured in PWE. 
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2.4  CONCLUSION 
This study showed evidence of ALF in PWE, with a differential impact on recall and 

recognition through the use of a video-based memory task. A deficit in recall accuracy 

was seen for PWE only at 72-hour delay, indicating that the recall deficit in PWE is not 

generalized, but rather requires a longer delay to be observed. Recognition impairments, 

on the other hand, were observed at each delay time point compared to baseline. With 

these findings, we echo the call of other authors to include assessments of ALF in 

standard memory testing for PWE. We also demonstrated significant forgetting on a 

shorter time-scale than previous studies104,136,137,160,218 and are adding to the emerging 

literature of ALF exerting an impact at smaller delays.137 This emphasizes the need for 

more research into the memory types and delay points most susceptible to impairment. 

Additionally, identifying the neural correlates of this accelerated decay is of utmost 

importance in order to develop therapies (e.g. targeted stimulation, medication, or 

behavioral interventions219) to alleviate the burden of memory impairment for PWE. 

Previous research has shown that ALF occurs in seizure-free patients104 and many studies 

do not find a relationship between ASMs and ALF (Butler et al. 2009; Grewe et al. 

2016).194,220 Therefore, additional investigation into other sources of impairment, such as 

interictal activity, could provide valuable insight. 
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3 THE IMPACT OF INTERICTAL EPILEPTIFORM ACTIVITY IN 

ACCELERATED LONG-TERM FORGETTING 
PWE report memory deficits as one of the most distressing and disruptive aspects 

of their disorder—outranked only by seizures themselves.83 As epilepsy impacts both 

short- and long-term memory,86,87 this dysfunction is a tremendous burden that heavily 

impacts their quality of life.66 Interictal epileptiform activity (IEA), a hallmark biomarker 

of active epilepsy,105 is one factor among many that have been implicated in memory 

impairment.75,86,110,112,161 IEA is a sporadic, transient episode of synchronous activity with 

a duration of about 70ms.105 From studies of IEA and short-term memory,75,86,110,162 we 

know IEA has long been associated with transient cognitive impairment. While short-

term memory research has given us great insight into the transient effects of IEA on 

memory encoding, maintenance, and retrieval,75,86,110 there is a severe lack of insight into 

how this activity can impair long-term memory processes.  

A specific long-term memory deficit has increasingly been described in PWE, 

known as ALF.126 ALF is characterized by what appears to be normal initial retention of 

learned information, followed by an accelerated rate of memory decay (Kapur et al. 

1997).127 In studies investigating ALF, normative rates of memory are typically detected 

at baseline to 30 minutes 126,134,135,221 and then consistent, significant impairment relative 

to controls at the one-week mark for episodic and autobiographical memory.136,137 

However, ALF has also been detected at delays occurring anywhere from 12 hours138 to 

eight weeks.139 Given that ALF persists in seizure-free and post-resection patients,104 

impairment cannot be attributed to seizure activity alone. Therefore, IEA could be a 

contributor to ALF and should be examined in relation to this impairment. 

Given the unique time course of this forgetting, ALF has increasingly gained 

attention for both clinical and theoretical impacts. Standardized neuropsychological 

memory tests typically measure immediate memory and then retention of the information 

after a 20-minute to 30-minute delay128 and therefore are typically not adequate to 

capture ALF, despite this forgetting causing considerable impairment for those 

afflicted.132,133 Thus, investigation of the underlying mechanisms of ALF can prove useful 

to provide insight into aberrant memory processes and could help in the development of 

novel diagnostic and therapeutic tools. Furthermore, delay-induced memory loss strongly 
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implicates consolidation dysfunction. Therefore, in addition to the clinical implications of 

exploring ALF for PWE, it also provides insight into the basis of consolidation and brain 

regions involved.44,46,48,152,153 

Currently, studies investigating ALF predominantly examine recall memory,135–

138,140,141,146,147,218 while recognition memory has received much less attention.135,136,142 A 

direct comparison of these two memory types would be incredibly informative to further 

investigate the continued discourse over whether these processes are truly different or 

share similar properties.27 Many models propose that recognition reflects the products of 

two distinct memory processes: recollection and familiarity.20,222–224 Familiarity is 

thought to be a more automatic process that is associated with the fluency of its 

processing.26 In contrast, recollection is the more strategic, conscious process that 

involves reinstatement of the memory.29,225 Generally, familiarity is considered to be 

unique to recognition while recollection is viewed as a more intensive “recall-like’’ 

process that has overlap in both recognition and recall.30–34 By directly comparing 

recognition and recall in one task, we can potentially begin to parse apart these retrieval 

types, the regions involved, and how they are impaired in ALF.  

Furthermore, ALF can allow us to examine slow-wave sleep (SWS) in PWE and 

how it potentially contributes to normative or distributed consolidation. It is consistently 

demonstrated in healthy participants that the amount of SWS is positively correlated with 

sleep-related memory benefits.55,226–232 However, this relationship is not so clear in PWE. 

Sleep has clear impacts on the EEG characteristics of epilepsy, NREM sleep facilitates 

IEA, with increased and more widespread interictal spiking compared to REM sleep and 

waking.233–241 In terms of memory, SWS in PWE has a reduced benefit to memory 

compared to HCs242, and in a study investigating ALF by Lambert et al, the rate of 

hippocampal IEA during SWS was linked to decreased verbal memory performance.163 A 

disruption of sleep-dependent memory consolidation has been commonly posited as the 

underlying neural basis of ALF.135,159,194,243–247 Therefore, investigating IEA in SWS will 

contribute to our understanding of consolidation disruption in ALF.  

To these aims, this study utilized a video task to characterize the time course of 

long-term episodic memory decay in PWE. PWE and HC were tested at baseline, 24 

hours, 48 hours, 72 hours, and 96 hours on both recall and recognition of video content to 
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determine if ALF is specific to one of the retrieval types. We also examined IEA rates 

during encoding and the periods of SWS prior to each retrieval time point to investigate 

the potential of IEA as a biomarker of AFL. Furthermore, answer confidence was 

examined in relation to test performance to explore the accuracy of self-assessment. 

Overall, we tested the hypothesis that PWE will display ALF, with a faster rate of decay 

for recall memory compared to recognition. We also anticipated that hippocampal IEA 

during SWS would underlie impaired retrieval performance.  

3.1 MATERIAL AND METHODS 

3.1.1 Standard Protocol Approvals, Registrations, and Patient Consents 

The Dartmouth-Hitchcock Medical Center (DHMC) Institutional Review Board 

approved this research protocol, and written informed consent was obtained from each 

participant. Consent signatures from PWE were obtained in person, while those in the HC 

group recruited online signed electronically. 

3.1.2 Participants 

Epilepsy Group: 10 PWE were included in the current study (mean age= 36.70 

years, SD = 13.30, range = 21-64; 6 females and 4 males). They were recruited through 

the Epilepsy Monitoring Unit at DHMC in Lebanon, NH. Patients were undergoing 

intracranial stereoelectroencephalography (SEEG) monitoring to localize seizure onset 

for potential resection. Inclusion criteria for PWE included 1) being over the age of 18, 2) 

proficient in English, 3) having no diagnosed learning disability or condition that would 

impact their ability to watch the film and answer questions, and 5) successful completion 

of each of the 5 trials. Additionally, none of the PWE had undergone a previous cortical 

resection. Testing would only begin at least three days post-operation to allow for healing 

and ASM adjustment. All testing sessions were conducted at least four hours after the 

most recent seizure activity was detected and there was a two-hour temporal window for 

the delay time points to account for variability due to clinical needs or other scheduling 

conflicts (i.e., the 24-hour time point could be tested anywhere from 22-26 hours post-

encoding). The number of seizures that occurred during their inpatient stay, from the start 

of the experiment to their last recorded session, was documented. Additionally, the 

number of seizures between each retrieval period was tracked. Only seizures that had an 

electrographic correlate confirmed by the clinical team were recorded. Epilepsy 
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characteristics extracted from medical records included epilepsy type (i.e., generalized, 

focal, multifocal), SOZ hemisphere, SOZ lobe, number of ASMs, seizure onset age, total 

number of seizures over the testing period, and number of seizures between retrieval 

periods, seen in Table 3.1. 

Comparison Group: 10 HC subjects (mean age = 39.60 years, SD = 16.63, range 

23-64; 5 females, 5 males) were recruited through flyers distributed throughout the local 

community. Once subjects confirmed their interest, they were given a link to complete 

their trials through Dartmouth College’s Qualtrics survey software. Subjects were given 

their links on a day-to-day basis to ensure subjects completed trials according to our 

testing timeline. All instructions, questions, and formatting were kept consistent for 

online distribution. Additionally, experimenters were able to monitor remote subjects 

through Qualtrics via collected time stamps and our Instructional Manipulation Check 

(IMC) to ensure these participants were taking the appropriate time and attending to the 

task.199 If remote subjects failed the IMC or had a testing completion time substantially 

deviating from the mean in either direction, they were disqualified from our task. HC 

subjects that successfully completed their testing sessions were compensated for their 

participation. The inclusion criteria required that participants be 1) over the age of 18; 2) 

proficient in English; 3) have no existing diagnosed neurological disorder, learning 

disability, or condition that would impact their ability to watch the film and answer 

questions; and 4) completed all retrieval trials. 

3.1.3 Memory Task 

Subjects watched an hour-long nature documentary and were instructed to pay 

attention to the film as they would be tested on their memory for the content over five 

days. These instructions were standardized across subjects whether online or in-person. 

While some studies of ALF do not inform participants of later memory testing to 

minimize the potential for rehearsal effects,132 we made sure to keep instructions 

consistent between HC and PWE subjects so that this was not a confounder between 

groups, and the disclosure of multiple days of testing was necessary for remote subjects 

in agreeing to the task and preventing attrition. We also checked with subjects to ensure 

they had not previously seen the film prior to testing, as this documentary had been 

publicly aired in the past and was obtained via Dartmouth College’s media reserves   



 40 

Table 3.1 Participants’ Demographic and Clinical Characteristics 
 

 
* Seizure Onset Lobe corresponds to areas that initiated clinical seizures during intracranial 
monitoring 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 Subject 
Characteristics 

PWE 
 (n=10) 

HC 
(n=10) 

Gender (female) 6 (60%) 5 (50%) 

Age (years) 36.70 (SD 13.30) 39.60 (SD 16.63) 

Education (years) 14.30 (SD 2.02) 15.50 (SD 1.80) 

ASMs per Testing Session 1.44 (SD 1.19) NA 

Seizures 24 Hrs Before Testing  NA 

     Baseline 0.30 (SD 0.95) - 

     24Hr 1.11 (SD 0.86) - 

     48Hr 1.50 (SD 2.32) - 

     72Hr 0.40 (SD 0.69) - 

     96Hr 0.70 (SD 1.57) - 

Total Seizures During Stay 3.90 (SD 5.40) NA 

Epilepsy Type  NA 

     Focal 3 (30%) - 

     Multifocal 7 (70%) - 

Seizure Onset Lobe*  NA 

     Temporal 8 - 

     Frontal 2 - 

     Occipital 0 - 

     Parietal 0 - 

Seizure Onset Laterality  NA 

     Left Hemisphere 2 (20%) - 

     Right Hemisphere 4 (40%) - 

     Bilateral 4 (40 %) - 

Seizure Onset Age 19.40 (SD 11.75) NA 
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(to avoid copyright infringement). Additionally, the brightness of the screen and audio 

volume of the film was adjustable to participants’ preference, but subtitles were not 

provided in the hope that visual attention was focused on the events on screen and not 

entirely on the text. 

As impairment seems to be reliably found in response to a week-long delay,136,137 

we selected delay time points within the first few days after encoding to pinpoint 

precisely when forgetting becomes impaired. Both recall and recognition memory were 

tested in this task. However, when referring to both these types of memory together, we 

will subsequently use the term retrieval as an enveloping term given that both forms of 

memory involve retrieval processes.200,248 Retrieval of the film’s content was tested 

immediately after viewing to assess baseline learning, then at delays of 24 hours, 48 

hours, 72 hours, and 96 hours to quantify long-term memory performance. The retrieval 

questions were presented along with a visual cue of the corresponding film scene, as 

displayed in Figure 3.1. 

 
Figure 3.1. Task Design 
(A) Subjects watched a nature documentary and SEEG during this encoding period was captured 
for later IEA analysis. During retrieval, questions were randomized between a (B) forced 
recognition or (C) cued recall presentation format. After each question, they were asked to rate 
their answer confidence on a Likert scale. (D) SWS was analyzed from the night prior to each 
recall period (excluding the baseline learning assessment). 
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Each retrieval session consisted of a completely random assortment of 20 

questions, for a total of 100 possible questions across the five retrieval time points. The 

testing session first began with a practice question of content unrelated to the film (e.g., 

“What is the capital of Missouri?”) to familiarize them with the question format. 

Questions were entirely new for each testing day to prevent a practice effect. Subjects 

were tested on both recall and recognition memory. The retrieval type was completely 

and equally randomized across questions for each participant to ensure there was no false 

association between retrieval type and question difficulty. The question presentation for 

both retrieval types provided a visual cue corresponding to the scene in question, but did 

not provide any information that would directly assist in answering the questions. Recall 

questions afforded subjects the opportunity to freely type their response or to select an “I 

Don’t Know” option. Forced recognition questions presented two options for answer 

choice. Following each question, participants answered a 7-point Likert scale (1-7) 

regarding their confidence in their response. 

Due to the free response of participants when typing in their answers, there was a 

small allowance for answer deviation. Answers were considered correct if they were 

more specific than our provided answers or if they were direct synonyms that did not 

change the category of the answer. Otherwise, answers were marked incorrect.  A single 

experimenter conducted all scoring to avoid inter-rater variability and they were blinded 

to the group and delay time points of the answers they were scoring. 

This memory task was modified from our previous ALF testing protocol221 to 

include a longer encoding period for an additional delay time point. Additionally, we 

included the randomization of recall and recognition questions.  

3.1.4 Sleep Analysis 

To detect SWS in our PWE group, we used the protocol previously described and 

validated by Reed et al.107 This method allowed for automated detection of specifically 

SWS over a period of sleep using SEEG recordings. A vigilance index (VI), defined as 

VI= [delta power + theta power + spindle power]/[alpha power + high-beta power] was 

calculated from 30-second sleep epochs. Each epoch was then associated with one VI 

value and after obtaining all VI values for all epochs of a night, they were re-scaled from 

100 to 1 to be comparable across patients. Then, we set a threshold equal to the mean plus 
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one standard deviation of VI across the entire night. When compared to manually labeled 

nights, this method had a mean average area under the curve of 0.91 across all nights.107 

In our study, SWS was examined for each night (after the initial encoding period) prior to 

the next day’s recall, for a total of four sleep periods per subject in the PWE group, as 

seen in Figure 3.1. 

3.1.5 Detecting IEA 

We utilized a previously validated, automated detector consisting of a template-

matching algorithm and deep learning architecture to detect IEA from intracranial SEEG 

recordings.249 These SEEG recordings give us a particular advantage, as they greatly 

increase temporal and spatial resolution of neural activity and thus are ideal for IED 

detection and analysis.121 An automated template-matching algorithm cross-correlated a 

60-millisecond triangular template with preprocessed SEEG, then normalized the cross-

correlation by the median standard deviation from one-second sliding windows. The 

absolute value of the normalized cross-correlation was then filtered with a specified 

detection threshold, marking local peaks above that threshold as IEA. Single channel 

windows were extracted based on these peaks, then were transformed into spectrograms 

with a short-time Fourier transform (STFT). Those spectrograms were augmented then 

fed into a residual neural network (ResNet-18) that was trained for the classification of 

IEDs. This detector was trained on a dataset obtained from over 300 human subjects with 

SEEG recordings. This detection pipeline, as shown in Figure 3.2, showed comparable 

performance to expert clinical neurophysiologists.249  

IEA was analyzed for the encoding portion of the task while subjects were 

watching the documentary and during the periods of SWS prior to each recall session. 

The exact time of encoding was logged with a Cedrus StimTracker on the test computer 

and on the DC channel of the Natus data monitoring for later analyses. SWS was detected 

as detailed above, then IEA was detected in those sleep segments. We specifically 

examined global IEA for encoding and hippocampal IEA for sleep based on previous 

work,163 consistency in electrode coverage, and the relevancy to consolidation processes. 
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3.1.6 Statistical Analysis 

Table 3.1 presents the participant groups’ clinical and demographic characteristics 

that were included in our models. Analyses revealed no significant difference between 

our groups on any demographic characteristics.  

To determine the effect of delay on memory accuracy for both cued recall and 

forced-choice recognition, we conducted Mann-Whitney U tests to assess pairwise 

relationships between the PWE and HC group for recall and recognition at each delay 

point. Kendall-tau correlations were used to examine the relationship between confidence 

ratings and objective recognition accuracy. To examine IEA rates (both global encoding 

IEA and hippocampal SWS EA) and memory performance, we utilized Pearson 

correlations. Finally, logistic regression was used to analyze the relationship between  

 
Figure 3.2. Automated IEA Detection Pipeline 
An automated template-matching algorithm cross-correlated a 60-millisecond triangular template 
with preprocessed intracranial stereoelectroencephalogram signals (SEEG), then normalized the 
cross-correlation by the median standard deviation from one-second sliding windows. A threshold 
was used to detect local peaks (IEDs) from the absolute value of the normalized cross-correlation. 
Single channel windows were extracted based on these identified peaks (-1000 milliseconds and 
+1000 milliseconds relative to the IED onset/offset), then transformed into spectrograms with a 
short-time Fourier transform (STFT). The spectrograms were augmented, then fed into a residual 
neural network (ResNet-18) architecture that was trained for the classification of IEDs. Adapted 
from Quon et al. (2021) with permission. 
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demographic, clinical, and experimental variables on the probability of correct retrieval 

(i.e., both recognition and recall memory). Two logistic regressions were performed—one 

that included all participants, and one for PWE to analyze their clinical variables. The 

false discovery rate was controlled at 0.05 with the Benjamini-Hochberg procedure for all 

models.204 Code for analyses in this study was written in Python version 3.6.7 and R 

Studio version 4.22. 

3.1.7 Data Availability 

Data is available upon reasonable request and feasibility. Interested parties can submit 

an email to the corresponding author. 

3.2  RESULTS 

3.2.1 Predictors of Overall Memory Accuracy 

The first regression involving both PWE and HC groups (and recall and 

recognition responses) found that, holding all other predictor variables constant, the odds 

of answering a question correctly were lower in PWE by 43% (OR 0.67, 95% CI [0.43, 

1.03]) but only neared significance (p = 0.066). Furthermore, the odds of correct retrieval 

decreased by 49% (OR 0.51, 95% CI [0.33, 0.78], p = 0.002) at the 96-hour delay. 

Finally, there was a significant interaction between subject type and delay time point at 

48 hours (OR 0.50, 95% CI [0.28, 0.92], p = 0.027), 72 hours (OR 0.50, 95% CI [0.28, 

0.92], p = 0.026), and approached significance at 96 hours (OR 0.58, 95% CI [0.32, 

1.05], p = 0.064). However, the odds of successful retrieval did increase with recognition 

as the retrieval type (OR 3.46, 95% CI [2.86, 4.20], p < 0.001). 

For the second regression, we focused our analysis on PWE. Of note, we did not 

analyze epilepsy type, seizure onset lobe, or seizure onset laterality given the 

homogeneity of our clinical characteristics and it served to increase our power given our 

small sample size. The relationship between the clinical, demographic, and experimental 

variables and their impact on successful recall and recognition responses is displayed in 

Figure 3.3. Holding all other predictor variables constant, the odds of answering a 

retrieval question correctly decreased by 60% at the 48-hour delay (OR 0.40, 95% CI 

[0.25, 0.65], p < 0.001), 60% at the 72-hour delay (OR 0.40, 95% CI [0.26, 0.61], p < 

0.001), and 73% at the 96-hour delay (OR 0.26, 95% CI [0.17, 0.41], p < 0.001) when 

compared to baseline retrieval for PWE. Type of retrieval was also a significant predictor, 
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as recognition testing increased the odds of successful retrieval over threefold (OR 3.68, 

95% CI [2.82, 4.82], p < 0.001) compared to recall. Finally, the rates of SWS IEA prior to 

each of the recall periods significantly decreased the odds of answering a question 

correctly (24 hours: OR 0.32, 95% CI [0.12, 0.86], p = 0.021; 48 hours: OR 0.20, 95% CI 

[0.06, 0.70], p = 0.025; 72 hours: OR 0.19, 95% CI [0.08, 0.43], p = 0.032; 96 hours: OR 

0.13, 95% CI [0.04, 0.53], p = 0.032). Sex, age, number of ASMs, total number of 

seizures over testing, and number of seizures between testing points did not predict 

successful retrieval. 

 

 
Figure 3.3. Odds Ratios of Successful Memory Retrieval for PWE’s Experimental, 
Demographic, and Clinical Variables 
Forest plot showing odds ratio (OR) and 95% confidence interval (CI) for each of the 16 variables 
included in the logistic regression analysis, with successful retrieval of film content as the 
dependent variable. 
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3.2.2 Accelerated Forgetting: Recall 

PWE and HC had comparable recall rates at baseline (Mann-Whitney, p = 0.105) 

and 24 hours (Mann-Whitney, p = 0.136). However, there was a significant departure in 

recall accuracy for PWE at 48 (Mann-Whitney, p = 0.003), 72 (Mann-Whitney, p = 

0.044), and 96 (Mann-Whitney, p = 0.038) hours, as seen in Figure 3.4. While recall 

accuracy at baseline was not associated with global IEA rate during encoding, there was a 

significant relationship between recall performance and sleep. Recall memory was 

negatively correlated with hippocampal IEA rate during SWS at the 72-hour delay 

(Pearson’s correlation: r = -0.57, p = 0.045), as a higher IEA burden during the sleep 

period prior to 72 hour testing was associated with worse performance. 

 
Figure 3.4. Successful Recall Over Time Between PWE and HC Subjects 
Both PWE and HC had similar rates of successful recall at baseline and 24 hours. However, 
pairwise comparisons reveal a significant deficit for PWE at 48 hours, 72 hours, and 96 hours.  
*p<0.05, ** p < 0.001 
 

3.2.3 Accelerated Forgetting: Recognition 

PWE and HC had comparable recognition rates at baseline (Mann-Whitney, p = 

0.080). However, PWE showed reduced recognition accuracy compared to HC starting at 

24 hours (Mann-Whitney, p = 0.013) which persisted for the rest of the delays (48 hours: 

Mann-Whitney, p = 0.008; 72 hours: Mann-Whitney, p = 0.007; 96 hours: Mann-

Whitney, p = 0.022), as shown in Figure 3.5. In contrast to the recall findings, global IEA 

rate during encoding was correlated with baseline recognition memory accuracy 
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(Pearson’s correlation: r = -0.69, p = 0.034). However, recognition performance across 

the delays was not correlated with hippocampal SWS IEA rates. 

 
Figure 3.5. Successful Recognition Over Time Between PWE and HC Subjects 
Both PWE and HC had similar rates of baseline learning. However, as soon as a delay was 
introduced, pairwise comparisons revealed a significant deficit for PWE at 24 hours, 48 hours, 72 
hours, and 96 hours.  
*p<0.05, ** p < 0.001 
 
3.2.4 Subjective Memory 

Figure 3.6 presents the confidence ratings across delay periods. Overall, confidence 

ratings and memory performance were significantly correlated for both recall and 

recognition across subject groups, with the exception of recognition ratings at 24 hours 

for HC. A table of the Kendall tau correlations can be found in Table 3.2. 

3.3  Discussion 
We observed ALF in our PWE group, with a differential rate of forgetting for recall 

and recognition memory. While accuracy was significantly lower for recall questions 

compared to recognition, recognition memory displayed ALF at an earlier time point. 

Furthermore, hippocampal IEA rates during sleep significantly lowered the odds of 

successful retrieval (both recall and recognition). For recall memory, the hippocampal 

IEA rates for SWS prior to the 72-hour retrieval time point were negatively correlated 

with recall memory. In contrast, hippocampal SWS IEA rates had no association with 

recognition performance, but global IEA rate during encoding negatively impacted  



 49 

 

 
 
Figure 3.6. Subjective Memory Ratings of Forced Recognition Responses.  
Subjects provided their confidence ratings on a Likert scale following the completion of questions. 
The proportion of their ratings on the scale at each day for both recall and recognition memory are 
displayed for both (A) PWE and (B) HC subjects.  
 
 
 
 
 
 
 
Table 3.2. Correlation Values Between Likert Confidence Scores and Memory Performance

 
* p < 0.05, ***p < 0.001 

 
 
 
 

  

 

Delays 

Kendall tau values 
PWE HC 

Recall Recognition Recall Recognition 
Baseline 0.531*** 0.348*** 0.379*** 0.229** 
24 Hours 0.518*** 0.405*** 0.680*** 0.177*** 
48 Hours 0.346*** 0.191*** 0.633*** 0.287*** 
72 Hours 0.559*** 0.483*** 0.645*** 0.389*** 
96 Hours 0.464*** 0.509*** 0.542*** 0.297*** 
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baseline recognition accuracy. Finally, in examining the impact of clinical, demographic, 

and experimental variables on overall retrieval accuracy (both recall and recognition), a 

diagnosis of epilepsy combined with the 48-hour delay significantly reduced odds of 

successful retrieval along with the SWS hippocampal IEA rates for each time point.  

3.3.1 SWS and Hippocampal IEA Rate 

 We found that hippocampal IEA rates during sleep significantly decreased the 

odds of successful memory retrieval (both recall and recognition) at each delay point. It 

has long been suggested that a disruption of sleep-dependent memory consolidation is the 

neural basis of ALF.135,159,194,243–247 Our results suggest that the disruption to this slow-

consolidation, sleep-dependent process is indeed due to IEA. We specifically examined 

hippocampal IEA as the active system consolidation model suggests that information 

stored in the hippocampus during waking is progressively transferred to the neocortex, 

mainly during NREM sleep.50 Therefore, disruption to normative hippocampal 

functioning in the form of IEA would explain this consolidation deficit in ALF. Our 

findings support this theory and add further evidence that ALF seems to an impairment of 

successful consolidation of long-term memories. 

3.3.2 Recall and Recognition Performance 

Our previous study only examined forced recognition performance following recall 

failure.221 Although this was informative in gauging true forgetfulness versus retrieval 

failure, it did not allow us to objectively compare these memory types without bias. 

Therefore, we randomized recognition and recall questions to investigate this question 

directly. 

In contrast to our expectations, recognition memory began to show signs of 

accelerated forgetting sooner than recall forgetting. While recognition memory 

significantly departed from HC performance at 24 hours, recall showed a significant 

decay for PWE at 48 hours. This was inconsistent with our expectation of better-

preserved recognition memory and reports from previous literature.160 However, this may 

reflect two different forgetting processes, as described by Cassel and Kopelman.145 In 

their review, Cassel and Kopelman questioned whether many of the results reported in 

ALF studies displayed truly “normal” initial forgetting. Instead, they posited that 

forgetting rates in PWE might begin to diverge from that of controls soon after learning, 
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albeit only subtly, and become increasingly divergent from HC over time. This is in 

contrast to what we typically think of with ALF, where PWE have normative forgetting 

that only departs from HC rates after a notable delay. These two different theoretical 

forgetting patterns are illustrated in Figure 3.9. Our results lend strong evidence to these 

two theoretical forgetting patterns/processes.  

 

 
Figure 3.9. Late Divergent versus Progressive Forgetting Curves 
Hypothetical accelerated forgetting rates illustrating curves indicative of: (a) forgetting that 
diverges at a ‘late’ delay interval; (b) forgetting that progressively accelerates from learning 
onwards. Adapted from Cassel & Kopelman (2019), with permission. 
 

For recognition, the forgetting rates we observed are more consistent with a subtle 

acquisition disorder and/or disruption of early consolidation. The recognition forgetting 

curves we observed are in line with a progressive forgetting pattern (Figure 3.9 A) and 

this is further supported by our IEA findings. Because global IEA rates during encoding 

impacted baseline recognition performance and there was no correlation between 

hippocampal IEA rates during SWS and recognition memory, our results suggest that 

recognition was not as vulnerable to late encoding interference and instead exhibited a 

subtle acquisition deficit. 

In contrast, our recall findings support the late-divergent forgetting pattern (Figure 3.9 

B). The present recall forgetting rates exhibit a late departure from HC performance at the 

48 hour delay, indicating a deficit in late memory consolidation. This is further supported 

by the hippocampal SWS results, as sleep IEA and 72-hour performance were 

significantly correlated. It is important to note, however, that recognition memory was 

still much more accurate than recall memory, as is anticipated and widely documented.36  
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Still, to find an acquisition or early consolidation deficit for recognition and not recall 

is surprising. We believe that a potential explanation for this finding is a deficit in the 

discrimination process of familiarity in PWE. The dual-process model states that 

recognition memory is dependent on both recollection and familiarity.20,222–224 It also 

purports that recognition and recall share an overlap in the recollection process, and that 

familiarity is the process that is truly unique to recognition memory (Sadeh, Maril & 

Goshen-Gottstein, 2012).24 Therefore, if we observe an earlier deficit for recognition and 

not recall, it is reasonable to assume a deficit in familiarity. In fact, it has been shown by 

Rugg and Yonelinas that as a study-test retention interval increases, familiarity declines 

whereas recollection is relatively unaffected.27 Furthermore, familiarity is much more 

sensitive to how liberal or conservative subjects are in making recognition responses. 

Thus, PWE may not be as discriminating as HC for recognition questions, especially with 

the accompaniment of a delay. 

Another possible explanation for this recall/recognition finding could be the effect of 

intentionality on memory encoding.250,251 This concept was tested by Carey and Lockhart 

when probing the impact of organization on recall and recognition memory.252 They 

found that recognition performance was superior when items were encoded in 

anticipation of a recognition test. However, when subjects were anticipating a recall test, 

they displayed inferior recognition performance. Although we did not explicitly inform 

participants whether the video content would be tested via recognition or recall (we 

simply informed them they would be tested on their memory), perhaps subjects were 

attending to the task in anticipation of recall. Unfortunately, we cannot make concrete 

statements as to the intentionality of our subjects as it was not directly probed. 

3.3.3 Confidence Ratings and Objective Performance 

We found that both HC and PWE accurately assessed their confidence for both 

recall and recognition questions. While PWE were less confident in their recognition 

answers across each delay point, these subjective ratings accurately reflect their objective 

memory deficit. This is a stark contrast to previous reports that patients overestimate their 

memory concerns196,197 and that subjective ratings often do not correlate with 

standardized neuropsychological memory tests.130,131 As seen in previous studies, the 

delay periods typically employed in current memory assessments do not always identify 
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memory impairment. For example, a recent study reported that patients with TLE did not 

show memory impairment after a 20-minute delay, yet deficits emerged when the delay 

was extended.198 Thus, it is possible that the memory concerns of PWE are not always 

adequately captured by standardized tests that typically only measure immediate memory 

and very short-term retention.130,131 Tests assessing ALF may be helpful in this regard, 

allowing healthcare providers to gauge the integrity of memory over a longer period. The 

results in this report give credence to patients who report memory concerns, and support 

our previous findings221 and related literature that calls for more sensitive measures of 

memory testing overall.198  

3.3.4 Clinical Variables 

In our study, SWS IEA rates were the only clinical variable associated with 

retrieval performance, with higher spiking decreasing the odds of successful memory. 

The occurrence of seizures, either between retrieval sessions or overall during patient 

stay, was not associated with retrieval success. This contradicts the finding by Lambert et 

al that seizures were the first factor to impact memory retention.163 Our PWE group had a 

relatively low number of seizures compared to Lambert et al, which may have enabled us 

to more sensitively capture the impact of IEA on long-term retrieval. Nevertheless, these 

findings are consistent with studies showing ALF in seizure-free and post-resection 

patients,104 suggesting that the impairment cannot be attributed to seizure activity alone.  

We also did not find any relationship between the number of ASMs on each 

testing day and successful recognition or recall. Though there is evidence that ASMs can 

have an impact on cognition,212 thus far the ALF literature has generally not found a 

significant association between medications and accelerated memory decay.133,135,136,213 

3.3.5 Limitations 

The present findings should be considered in the context of the limitations of our 

study. First, the vast majority of our patient group had a seizure locus in the temporal lobe 

and as such, electrode coverage was mostly in temporal regions (with some frontal as 

well). This limited our ability to analyze other regions of the neocortex that could be an 

important piece of the consolidation memory transfer puzzle. Second, our HC group 

conducted their sessions online, and although we were able to remotely monitor their 

progress, we could not control the context and setting of their participation to the same 
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extent as our PWE group. However, we believe this was a necessary element of our task 

given scheduling difficulty of our multi-day testing paradigm. Finally, our sample size 

was limited given our access to SEEG patients, which may have limited our ability to 

detect other potential trends or more subtle findings. Despite these limitations, we 

provide preliminary evidence that supports the future exploration of IEA in SWS when 

investigating ALF. 

3.4  CONCLUSION 
In line with our previous study,221 we found evidence of ALF for both recall and 

recognition memory, with a differential impact of delay depending on retrieval type. ALF 

for cued recall started at 48 hours and continued for each delay point that followed. 

Recognition memory, on the other hand, began to significantly decay in comparison to 

controls at 24 hours. This impairment persisted through the remaining delays. These 

results lend evidence to the ALF patterns suggested by Cassel and Kopelman.145 Our 

recognition forgetting rate follows the “fast” ALF pattern in which an early impairment of 

memory consolidation shows a departure from HC shortly after baseline retention. In 

contrast, recall forgetting reflects a delayed impairment of memory consolidation after 

days and can be considered a “slow” pattern of ALF. We were also able to demonstrate 

the contribution of hippocampal IEA during SWS in this late divergent pattern of ALF in 

recall memory.  

With these findings, we echo the call of previous authors to include assessments of 

longer-term forgetting in standard memory testing for PWE. We also demonstrated 

significant forgetting on a shorter time-scale than previous studies104,136,137,160,218 and are 

adding to the growing literature of IEA in ALF163 and showed the deleterious impact of 

IEA during sleep for each retrieval delay. This emphasizes the need for more research 

into the memory types and delay points most susceptible to impairment. Future research 

should explore the impact of IEA in post-resection or seizure-free PWE to examine their 

impact without the potential contribution of seizure activity. Additionally, larger-scale 

studies with more comprehensive electrode coverage could yield additional information 

about the consolidation process. 
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4 INTRACRANIAL STIMULATION’S IMPACT ON INTERICTAL 

EPILEPTIFORM ACTIVITY IN PEOPLE WITH EPILEPSY 
Brain stimulation has become a common treatment modality for diseases such as 

refractory epilepsy169,172 and Parkinson’s,173,253 and has increasingly been explored for its 

therapeutic potential in psychiatric disorders like treatment-resistant OCD254 and chronic, 

unremitting depression.255 Particularly for epilepsy, stimulation has become a common 

treatment modality given the high proportion of PWE who do not respond to typical ASM 

treatment regimens.114 Neurostimulation modalities for epilepsy include VNS, RNS, and 

DBS. 

Beyond clinical treatment, stimulation has created unique opportunities to 

examine the neural pathways involved in memory processes and has gained attention for 

its potential to improve memory. In a study of healthy subjects undergoing tDCS of their 

anterior temporal lobe during both the encoding and retrieval phases of a false memory 

task, stimulation was able to reduce false memories by 73%.180 Stimulation has also been 

shown to rescue aberrant memory in populations with cognitive impairment. For 

example, a study of six Alzheimer’s disease (AD) patients found that pulsed 130-Hz 

stimulation of the hypothalamus/fornix was associated with improved Mini-Mental State 

Examination (MMSE) and Alzheimer’s Disease Assessment Scale Cognitive (ADAScog) 

memory scores over one year when compared to AD population expectations.256 In 

multiple studies of PWE, DBS of the MTL has resulted memory improvements.184,257,258  

If stimulation is capable of disrupting or correcting memory deficits, particularly 

in PWE, it could yield valuable information as to the underlying processes of this 

impairment. In particular, IEA has been consistently implicated in cognitive dysfunction 

for PWE.75,86,106,112,161,162 If the mechanism of action behind stimulation’s memory 

improvement lies in ameliorating these epileptiform spikes, it would provide incredible 

support for more direct management of IEA. Additionally, it would support DBS as a 

therapy for not only seizure control, but memory improvement in PWE.  

However, many studies also find a disruptive effect of stimulation on memory. 

Specifically, hippocampal and MTL stimulation seems to routinely disrupt memory 

formation and impair performance,185–189 even across memory types on both spatial and 

verbal tasks.187,188 This impairment also occurs for both healthy subjects and PWE, which 
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contrasts with the hypothesis that stimulation rescues aberrant MTL processes in PWE. 

Instead, it is believed that MTL stimulation may increase the rate of contextual change, 

thereby causing one to forget.189 Yet, these findings do not eliminate stimulation’s 

potential as a cognitive therapy tool. Instead, it may simply be a consequence of 

stimulation location. 

Stimulation’s impact on IEA during cognitive tasks has yet to be thoroughly 

explored in practice. One study in 11 PWE who were undergoing intracranial monitoring 

found that low frequency (1 Hz) stimulation of the fornix one hour prior to testing 

improved performance in a delayed recall component of the MMSE and reduced IEA 

activity.259 However, this did not directly interrogate the acute impact of stimulation on 

IEA during the task. Arrais et al developed a biologically inspired proof-of-concept 

model to simulate stimulation in epileptogenic networks and found that stimulation 

suppressed interictal discharges by up to 30%.260 However, the stimulation studies thus 

far in human subjects have not explored whether targeted stimulation could specifically 

ameliorate IEA when testing memory and in turn improve memory performance. 

However, before stimulation can be reliably used to boost memory in the face of 

pathology, a better understanding of the precise effect of stimulation on memory is 

needed. This understanding would have profound impacts on the way we view 

neuromodulation therapy, particularly for those heavily burdened by cognitive deficits 

and IEA, and should be directly investigated.  

This study utilized SEEG recordings from a multicenter collaboration that 

investigated stimulation for memory enhancement during recall tasks. Using these 

recordings, we investigated stimulation’s modulation of IEA in PWE during tests of 

memory.  

4.1 MATERIAL AND METHODS 

4.1.1 Standard Protocol Approvals, Registrations, and Patient Consents 

The data presented here was collected as part of a research collaboration 

registered as “An Investigator-Initiated, Prospective, Multicenter, Controlled Feasibility 

Study of Direct Brain Recording and Stimulation for Memory Enhancement” 

(ClinicalTrials.gov identifier: NCT04286776). These participants were enrolled in the 

Defense Advanced Research Projects Agency (DARPA) Restoring Active Memory 
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(RAM) collaborative agreement at Columbia University Medical Center, Dartmouth-

Hitchcock Medical Center, Emory University Hospital, Hospital of the University of 

Pennsylvania, Mayo Clinic, National Institutes of Health (NIH), Thomas Jefferson 

University Hospital, the University of Texas Southwestern Medical Center, and the 

University of Washington Medical Center. The Institutional Review Board approved the 

research protocol at each participating hospital, and informed consent was obtained from 

each subject. Informed consent was obtained from each subject, and the institutional 

review board approved the research protocol at each of the eight testing centers (protocol 

#: MEMES-001). 

4.1.2 Participants 

This data was analyzed from 79 subjects with refractory epilepsy undergoing 

intracranial SEEG monitoring to localize seizure onset for potential resection. These 

participants each performed uniform free recall memory tasks over the course of their 

intracranial monitoring. Participants had to have at least one non-stimulation session and 

one stimulation session of these memory tasks in order to adequately compare IEA rates 

between stimulation conditions. This resulted in a total of 2.69 (SD = 1.79) unique 

experiment sessions with intracranial SEEG recordings. The average number of non-

stimulation sessions per subject was 3.68 (SD = 1.78) and stimulation sessions per 

subject was 1.71 (SD = 1.14). We confirmed that IEA rates were stable over time (i.e., in 

subsequent sessions for the same subject) by including session number as a predictor 

after controlling for our other variables (p = 0.71). Other participant demographic and 

clinical characteristics are reported in Table 4.1. 

For all participants, experiment sessions were conducted at least four hours after 

the most recent seizure activity, and sessions were excluded if a seizure occurred during 

the testing session. Data collection commenced at least 24 hours post-implantation once 

the subject was stable and transferred to the epilepsy monitoring unit. 

4.1.3 Free Recall Memory Task 

Participants performed a delayed free recall memory task with a bedside laptop. 

The task consisted of an encoding, distractor, and recall phase (Figure 4.1, A). For each 

trial, participants were asked to memorize 12 random nouns from a pool of English nouns 

(http://memory.psych.upenn.edu/WordPools) during the encoding phase. Words were 
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sampled without replacement from the word pool and were presented for 1600 ms (and 

blank interstimulus intervals of 800–1200 ms). We used data from tasks where the words 

were categorized (categorical free recall) and completely independent (free recall). The 

encoding phase was followed by a 20 second distractor phase, wherein subjects 

completed arithmetic problems. The participants were then given 30 seconds to recall as 

many words as possible from the preceding list. Each subject performed up to 25 recall 

 
Table 4.1. Subject’s Clinical, Demographic, and Experimental Characteristics 

 
* Seizure Onset Lobe corresponds to areas that initiated clinical seizures during intracranial 
monitoring  

 

Subject 
Characteristics 

PWE 
 (n=79) 

Gender (female) 37 (47%) 
Age (years) 38.00 (SD 11.55) 
Age of Onset 16.44 (SD 13.13) 
Non-Stimulation Sessions 3.68 (SD 1.78) 
Stimulation Sessions 1.71 (SD 1.14) 
Handedness  
     R 67 
     L 4 
     A 7 
Number of Electrodes 115.91 (SD 40.76) 
Seizure Onset Zone (SOZ)  
     Focal 38 (48%) 
     Multifocal 40 (52%) 
SOZ Lobe*  
     Temporal 64 
     Frontal 13 
     Occipital 3 
     Parietal 4 
Education (years) 13.41 (SD 2.94) 
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lists per session and completed multiple testing sessions over the course of several 

days.261 This task presentation was consistent for stimulation sessions, but with the 

addition of stimulation delivery during encoding (Figure 4.1, B). We matched the word 

lists in stimulation trials with the same number of non-stimulation word lists per 

participant for direct comparison across conditions. 

 

 
Figure 4.1. Task Design 
(A) In each trial of the recall task, subjects were asked to encode 12 words. They then performed 
an arithmetic distraction that was followed by the verbal recall phase. (B) The same recall task 
was performed during the stimulation sessions, but with the inclusion of stimulation delivery 
during encoding. Stimulation characteristics such as amplitude, frequency, pulse width, 
stimulation sites, and duration varied across open-loop closed-loop conditions. 
 
4.1.4 Stimulation Paradigm 

At the start of each session, a safe amplitude for stimulation was determined using 

a mapping procedure monitored by a neurologist.261 Each participant’s stimulation 

amplitude was below the afterdischarge threshold and below accepted safety limits for 

charge density.262 For each stimulation session, electrical current was passed through a 
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single pair of adjacent electrode contacts, with the selected region varying across 

participants. Stimulation was delivered using charge-balanced biphasic rectangular 

pulses.182,261 Pulse width, number of pulses, Hz frequency, mA amplitude, and stimulation 

duration were documented for each participant (Figure 4.1, B). All stimulation 

localizations in this manuscript refer to the bipolar midpoint of two recording contacts or 

the anode/cathode stimulation contacts. 

We also analyzed both open-loop and closed-loop stimulation sessions. Open-loop 

stimulation sessions applied stimulation at regular intervals during the encoding phase of 

the task in alternating two-word blocks, alternating within each list. Stimulation was 

triggered 200ms prior to onset of the first word in the block. The closed-loop stimulation 

sessions used a multivariate classifier, the details of which are detailed in the Ezzyat et al 

study.182 Non-stimulation data from at least three record-only sessions was used as the 

input to a logistic regression classifier trained to discriminate encoding-related activity 

aimed at predicting successful word recall (Figure 4.2). On stimulation lists, if the 

predicted probability of recall was below 0.5, the system triggered stimulation in an 

attempt to disrupt poor encoding states and improve memory performance. On non-

stimulation lists, the classifier still estimated recall probabilities, but did not trigger 

stimulation. 

4.1.5 Intracranial Stereoelectroencephalography (SEEG) Recordings 

For our study, we only included participants with depth electrodes (excluding 

surface grids or strips) recording intracranial SEEG data captured by each clinical site’s 

EEG system (i.e. Nihon Kohden EEG-1200, Natus XLTek EMU 128, or Grass Aura-

LTM64). Intracranial electrodes were localized using computed tomography (CT) and 

magnetic resonance imaging (MRI) coregistration provided with the RAM dataset. 

Hippocampal subfields and MTL cortices were automatically labeled using the automatic 

segmentation of hippocampal subfields multi-atlas segmentation method. (Yushkevich et 

al. 2015).263 Advanced Normalization tools were then used to coregister postimplant CT 

images with presurgical T1/T2 weighted scans.264 The Desikan–Killany–Tourville atlas 

was utilized to obtain parcellated cortical areas in different lobes.265 
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Figure 4.2. Closed-Loop Approach 
(A) For each list of the free recall task, subjects encoded 12 nouns presented sequentially, 
followed by an arithmetic distractor and the verbal recall phase. Subjects performed at least three 
sessions of record-only free recall. (B) After the record-only sessions, we use spectral 
decomposition to measure power at a set of frequencies ranging from 3 to 180 Hz for each 
encoded word. We used the patterns of spectral power across electrodes to train a penalized 
logistic regression classifier to discriminate encoding activity during subsequently recalled words 
from subsequently forgotten words. (C) In later closed-loop sessions, we applied spectral 
decomposition to each word encoding period while subjects performed the task. This produced a 
set of frequency × electrode features to which we applied the classifier trained on the record-only 
data. If the resulting estimated probability of recall was below 0.5, we triggered 500 ms of 
stimulation to either the lateral temporal cortex or a control target 
Adapted from Ezzyat et al. (2018), with permission 
 

  Two neuroradiologists then manually reviewed the final electrode position labels 

for all participants.266 All recordings were re-referenced to an averaged referential 

montage. SEEG recordings were linearly detrended and notch-filtered at 60 Hz, then low-

pass filtered with a Butterworth filter at 250 Hz and high-pass filtered with a Butterworth 

filter at 1 Hz. Recordings were downsampled to 500 Hz; then, recording channels were 

excluded if the signal was greater than three standard deviations from the mean value 

across other recording channels. 

4.1.6 Automated IEA Detection 

Given that stimulation saturates the recording and introduces artifact, we removed 

the stimulation intervals and an additional 50ms of the SEEG recordings for our analyses. 

Additionally, to ensure this removal did not confound our comparisons, we also removed 

these same epochs in the non-stimulation sessions. We utilized a previously validated, 
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automated detector consisting of a template-matching algorithm and deep learning 

architecture to detect IEA from the (SEEG) recordings,249 as previously detailed in 

Chapter 3 of this thesis (Figure 3.2). Each participant’s record-only, non-stimulation IEA 

rate served as a subject-specific baseline. This was compared to their IEA rate during 

stimulation sessions. Montreal Neurological Institute coordinates for each contact were 

used to obtain brain locations for all implanted electrodes in the RAM dataset. The RAM 

dataset also contained SOZ labels for each subject, as determined by the clinical team at 

each of the eight testing centers. For our study, contact locations were refactored as 

frontal, lateral temporal, mesial temporal, parietal, or occipital. 

4.1.7 Statistical Analysis 

We first calculated the percent change in global IEA rates per subject from non-

stimulation baseline rates to stimulation sessions rates. Next, we examined whether there 

was a difference in IEA rates by stimulation condition. We utilized linear mixed-effects 

models to determine statistical significance, as these models accounted for repeated 

subject observations and heterogeneity in the data between participants (i.e., number of 

sessions, unequal electrode sampling). The dependent variable for our model was IEA 

rates and the fixed effects were stimulation condition (i.e., non-stimulation, stimulation) 

and stimulation type (i.e., open-loop, closed-loop). Random slopes and intercepts were 

added for each subject. We next examined whether the location of the interictal spikes 

influenced whether there was a significant effect of stimulation. Similar linear mixed-

effects models were employed after including spike locations by lobe (i.e., frontal, mesial 

temporal, lateral temporal, occipital, and parietal) and laterality. We performed Tukey 

honestly significant difference (HSD) tests as a post-hoc, pairwise comparison of all 

possible spike location combinations. 

We then focused on how stimulation parameters impacted IEA rates in the 

stimulated trials. Again, we used a mixed-effects model with IEA rates as the dependent 

variable and the fixed effects were stimulation type, lobe of stimulation, pulse width, 

number of pulses, Hz frequency, mA amplitude, and stimulation duration. Random slopes 

and intercepts were added for each subject. 

Lastly, we used linear mixed-effects models to examine the relationship between 

IEA rates and task phases. The three task phases of encoding, distractor, and recall were 
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fixed effects, along with stimulation condition, stimulation type, and spike locations by 

lobe and laterality. Random effects were added for subjects. We again performed Tukey 

honestly significant difference (HSD) test as a post hoc, pairwise comparison of all 

possible spike location, task phase, and stimulation condition combinations.  

The false discovery rate was controlled at .05 with the Benjamini–Hochberg 

procedure for all models.204 Code for analyses in this study was written in R version 3.6.1 

and Python version 3.6.7. 

4.2  RESULTS 

4.2.1 Percent Change in IEA Rate 

 The average percent change for open-loop stimulation was 4% (n = 20) and 48% 

(n = 58) for closed-loop stimulation. There were also a sizeable number of closed-loop 

subjects with a significant increase of over 100% in IEA rate with stimulation. The 

distribution of this change in IEA rate is displayed in Figure 4.3. 

 
Figure 4.3. Distribution of Percent Change in IEA Rate By Stimulation Type 
Within-subject changes in IEA rates from non-stimulation to stimulation trials by stimulation type 
(open-loop versus closed-loop). The number of subjects per bin is overlaid. 
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4.2.2 Regional IEA Rates by Stimulation Condition and Type 

Our mixed model examining IEA rates by stimulation did not reveal any 

significance between condition (β = 0.047, 95% CI [-0.125, 0.220], p = 0.590) or 

stimulation type (β = -0.130, 95% CI [-0.442, 0.181], p = 0.414) on IEA rates. We then 

explored how location of the interictal spikes may influence IEA rates and stimulation. 

Once again, stimulation condition (p = 0.433) and type (p = 0.410) did not significantly 

affect IEA rates. However, IEA rates were significantly lower in the mesial temporal (β = 

-0.290, 95% CI [-0.551, -0.028], p = 0. 031), occipital (β = -0.737, 95% CI [-0.998, -

0.475], p = 0. 047), and parietal (β = -0.370, 95% CI [-0.631, -0.110], p < 0.001) lobes 

(Figure 4.4). In post-hoc pairwise comparisons, occipital IEA rates were lower than all 

other lobes (p < 0.001), parietal IEA was lower than the frontal (p = 0. 047) and lateral 

temporal (p < 0.001) lobes, and lateral temporal IEA was higher than mesial temporal (p 

= 0.002).  

 

 
Figure 4.4. IEA Rate by Lobe and Laterality Across Stimulation Condition and Type 
IEA rates across non-stimulation, open-loop and closed-loop stimulation conditions for each lobe 
and laterality. No effect of stimulation condition, stimulation type, or laterality was observed. 
 

4.2.3 IEA Rates by Task Phase, Region, and Stimulation 

 In our model investigating the effect of task phase, region, stimulation condition, 

and stimulation type on IEA rates, we found significantly increased IEA rates during 

encoding (β = 0.033, 95% CI [0.025, 0.08], p < 0.001) and in the lateral temporal lobe (β 
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= 0.046, 95% CI [0.01, 0.08], p = 0.016), but significantly lower IEA rates in the occipital 

lobe (β = -0.894, 95% CI [-0.15, -0.07], p < 0.001). Open-loop stimulation did not quite 

reach significance, but was associated with lower IEA rates (β = -0.018 , 95% CI [-0.15, 

0.01], p < 0.077). Stimulation condition in and of itself did not exert a significant effect 

(Figure 4.5).  

 

 
Figure 4.5. IEA Rate by Task Phase and Lobe Across Stimulation Condition 
Stimulation does not influence interictal epileptiform activity (IEA) rates by task phase. Our 
linear-mixed effects model demonstrated that there were IEA rate differences by region and task 
phase, but not stimulation condition.  
 
 Post-hoc pairwise comparisons revealed that IEA rates during the encoding phase 

were significantly greater than those in the distractor (p < 0.001) or recall (p = 0.032) 

phases (Figure 4.5, A). Additionally, further analyses of regional IEA differences showed 

much lower IEA rates in the occipital lobe compared to each of the other lobes (p < 

0.001). The lateral temporal lobe, on the other hand, displayed significantly higher 

spiking compared to the occipital (p < 0.001) and parietal lobes (p < 0.001) (Figure 4.5, 

B). A more detailed illustration of individual subjects’ IEA rates across these domains is 

displayed in Figure 4.6. 

4.2.4 Impact of Stimulation Variables on IEA Rates 

 Finally, we focused our analysis on just stimulation trials to determine how 

stimulation variables impact IEA rates. We examined the effects of stimulation type, lobe 
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of stimulation, number of pulses, pulse frequency, pulse width, and duration of 

stimulation. None of the stimulation parameters had a significant effect on IEA rates. 

 

 

 
Figure 4.6. Individual IEA Rates by Task Phase, Lobe, and Stimulation Condition 
Each point represents an individual IEA rate for each subject by (A) encoding, (B), recall, and (C) 
distractor task phases. Bars represent 95% confidence intervals. 
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4.3  DISCUSSION 
The present findings suggest that stimulation does not appear to have an effect on IEA 

rate. Though open-loop stimulation had a larger proportion of subjects with a reduction in 

percent change of IEA rate following stimulation, this stimulation type did not reach 

significance in the linear mixed effects model. Drawing a conclusion between these 

stimulation types is also further obstructed by the unequal sample sizes between these 

groups. Furthermore, the stimulation parameters in this study (stimulation type, lobe of 

stimulation, number of pulses, pulse frequency, pulse width, and duration of stimulation) 

did not impact IEA. We did find significantly lower IEA rates in the parietal and occipital 

lobes throughout the task. Nonetheless, we believe this supports our previous finding of 

higher IEA rates in seizure onset zones (SOZs),162 as the majority of subjects had 

temporal SOZs and relatively few in the occipital and parietal lobes (Table 4.1). 

However, we are not the only study to not find an effect of stimulation on interictal 

activity. Ginatempo et al examined the effect of transcutaneous trigeminal nerve 

stimulation on IEA in people with refractory epilepsy.267 The investigators monitored IEA 

for a total of 40 minutes in order to examine 10 minutes of pre- and post- stimulation IEA 

rates in additional to the 20 minutes of stimulation. While alpha power was increased, 

there was no impact of stimulation on IEA in any of their epochs.  

It is important to note that this study only analyzed the acute effect of stimulation and 

therefore cannot make any major conclusions as to the potential utility of stimulation 

beyond the confines of our task. 

4.3.1 Heterogenous Responses to Stimulation 

 When determining percent change of IEA within-subjects, we observed a wide 

spread of responses to stimulation. This can also be seen in Figure 4.6, with a broad range 

of IEA rates across the different brain regions when stratified by task phase. This is 

supported by a large body of literature showing heterogenous responses to 

stimulation.190,268–270 In tottering mice, cerebellar nuclei stimulation evoked reliable but 

heterogeneous responses in thalamic cells. These cells 1) showed an increase or decrease 

in firing rate at various latencies, 2) bi-phasic responses with an initial excitatory and 

subsequent inhibitory response, 3) or no response at all.190 The same can be seen in 

human studies. A pilot study of six patients with refractory epilepsy investigated short-
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term effects of high-frequency insular DBS on IEA rate in patients with refractory 

epilepsy.269 IEA was analyzed for a total of 80 min, starting 20 min prior to their 

stimulation sets and ending 20 min after. They found that total IEA rate significantly 

decreased in two patients during the stimulation period, significantly increased in one 

patient, and was not changed in their three other participants.  

4.3.2 Stimulation Paradigms 

 One major factor that could have influenced the present results is the stimulation 

paradigms employed for these tasks. The open-loop stimulation occurred routinely during 

the encoding phase of the task, and the closed-loop stimulation used a multivariate 

classifier trained to discriminate encoding-related activity aimed at predicting successful 

word recall during encoding.182 This classifier used spectral power, and not IEA, to 

determine poor encoding states.  

 Thus far, no studies have used a closed-loop intracranial stimulation paradigm 

that responds to IEA. Interestingly, a recent study by Klinzing et al did employ a closed-

loop system that was activated by IEA.271 The stimulation, however, was acoustic in 

nature. The investigators ‘stimulated’ during NREM sleep and found that acoustic tones 

decreased spike rates, with the most robust reductions occurring when tones were 

presented 1.5 to 3.5 s after spikes. If a similar paradigm was conducted in PWE with 

intracranial stimulation, perhaps we could more directly investigate stimulation’s 

potential as a treatment for IEA reduction. 

4.3.3 Chronic versus Acute Stimulation 

These diverse responses of IEA in response to stimulation could perhaps be due to 

our examination of acute stimulation on a short temporal scale. Unlike acute stimulation, 

chronic stimulation over longer time periods seems to have a much more consistent 

impact on IEA rates. Studies exploring the impact of long-term VNS on interictal activity 

found progressive decreases in the number of interictal discharges after 6 months,272 at 9 

months,273 and even after 5 years of treatment.274 This is particularly pertinent to consider 

given the recent studies examining long-term cycles of IEA from RNS data.167,275 These 

multidien periodicities of IEA, 20–30 days in duration, are robust and relatively stable for 

up to 10 years in men and women. Perhaps the strongest impact of stimulation on 

memory could be the long-term reduction in IEA. However, this association is much 
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more difficult and costly to examine compared to stimulation during short-term memory 

tasks. 

4.3.4 Variability in Methodology 

We know that the therapeutic outcome of DBS mainly depends on its target and 

stimulation parameters,269 so therefore it is not unreasonable to conclude that this same 

dependency may exist for memory-related stimulation. However, it is difficult to make 

encompassing statements to this point given the wide variability in methodology across 

the different studies investigating memory-enhance through stimulation. Differing patient 

populations,180,184,253,255,256 stimulation targets,182,190,261 frequency of stimulation (Ren et 

al. 2020),268 stimulation durations,270,272–274 stimulation type,182,261 and memory 

tasks180,182,256,266 make it difficult to draw large conclusions from very specific 

circumstances and may account for many conflicting data across different studies. 

4.3.5 Limitations 

 One limitation of our study is the imbalance in sample sizes between open-loop 

and closed-loop tasks. However, this is a retrospective analysis of data that was not 

originally designed specifically for the examination of stimulation types on IEA. We also 

do not have SEEG recordings from any time periods before or after the stimulation 

sessions. This information could be incredibly informative as to the potential for longer-

term, chronic impacts of stimulation on IEA. Additionally, a future study aimed at 

connecting IEA rates, stimulation, and the cognitive outcomes from these tasks could be 

helpful in further analysis. Though the current findings are largely negative, perhaps after 

the recruitment of additional subjects and the added insight of corresponding memory 

performance, a clearer picture can be construed. 
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5 CONCLUSIONS 
The studies in this thesis characterized a pathologic form of memory loss in PWE 

known as ALF, identified a potential neural correlate of this memory impairment, and 

investigated the potential of neurostimulation as a tool to reduce IEA.   

Chapter 2 was a behavioral characterization of ALF and its time-course for both recall 

and recognition memory in PWE. This study showed evidence of ALF in PWE, with a 

differential impact on recall and recognition through the use of our novel and naturalistic 

memory task. A deficit in recall accuracy was seen for PWE only at 72-hour delay, 

indicating that the recall deficit in PWE is not generalized, but rather requires a longer 

delay to be observed. Recognition impairments, on the other hand, were observed at each 

delay time point compared to baseline. Our results demonstrated significant forgetting on 

a shorter time-scale than previous studies104,136,137,160,218 and added to the emerging 

literature of ALF exerting an impact at shorter delays.137 Furthermore, Chapter 2 

emphasizes the need for more research into the memory types and delay points most 

susceptible to impairment that may not be captured by standard neuropsychological 

testing.  

Chapter 3 built upon the work in Chapter 2 by extending ALF time points and 

investigating the role of IEA in ALF using SEEG. Identifying the neural correlates of this 

accelerated decay is of the utmost importance to develop therapies and interventions to 

alleviate the burden of memory impairment for PWE. In line with our previous study 

(Steimel et al. 2023),221 we found evidence of ALF for both recall and recognition 

memory, with a differential impact of delay depending on retrieval type. ALF for cued 

recall started at 48 hours and continued for each delay point that followed. Recognition 

memory, on the other hand, began to significantly decay in comparison to controls at 24 

hours and persisted through the remaining delays. These results described a “progressive 

forgetting” ALF pattern for recognition memory, in which an early impairment of 

memory consolidation caused a departure from HC shortly after baseline retention. In 

contrast, the recall forgetting took on a “late divergent forgetting” pattern of ALF and 

reflected a delayed impairment of memory consolidation after 48 hours. We were also 

able to demonstrate the contribution of hippocampal IEA during SWS in this late 

divergent pattern of ALF in recall memory.  By testing delays at four time points after 
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baseline, we have been able to gain a much more precise understanding of how memory 

decays over a period of days. 

Chapter 4 investigated the potential of intracranial stimulation to ameliorate IEA 

burden. Our findings suggest that stimulation does not appear to have a direct effect on 

IEA rate. However, it contributes to a large body of work that shows the heterogenous 

response of interictal activity to stimulation. It is important to note that this study only 

analyzed the acute effect of stimulation and therefore cannot make any major conclusions 

as to the potential utility of stimulation beyond the confines of our task. 
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6 FUTURE DIRECTIONS 

6.1 EXPLORING COGNITIVE OUTCOMES OF CHAPTER 4 
Our ECoG Lab is currently beginning a study aimed at connecting IEA rates, 

stimulation, and the cognitive outcomes from the tasks in Chapter 4. Though the current 

findings are largely negative, perhaps after the recruitment of additional subjects and the 

added insight of corresponding memory performance, a clearer picture can be construed. 

Additionally, the recall tasks that were analyzed have both free and cued recall paradigms 

that could be differentially impact by stimulation. However, gathering more subjects 

would be crucial to conducting analyses of that granularity. 

6.2 CLOSED-LOOP STIMULATION BASED ON IEA DURING 

SLEEP 
A recent study by Klinzing et al designed a closed-loop system that responded to 

IEA in children with BECTS.271 The investigators delivered stimulation in the form of 

acoustic tones during NREM sleep and these tones led decreased spike rates, with the 

most robust reductions occurring when tones were presented 1.5 to 3.5 s after spikes. If a 

similar system could be designed for intracranial stimulation based on a multivariate 

classifier trained to detect interictal discharges, we would be able to directly investigate 

stimulation’s potential to ameliorate IEAs and rescue memory deficits. This would be 

particularly pertinent given our findings in Chapter 3 that showed a deleterious effect of 

hippocampal IEA during SWS. With a closed-loop paradigm that specifically responds to 

IEA in SWS, we could test its potential in reducing ALF and use these findings to 

develop a therapeutic tool/protocol.  

 

Overall, it is clear that long-term memory impairment is widespread in PWE and 

creates a negative impact in their lives. A large, multicenter study on ALF with 

standardized testing of multiple delay points over a period of days would be instrumental 

in making more concrete conclusions about the rate of ALF for retrieval types and types 

of content studied. Furthermore, stimulation seems to exert a heterogenous effect on 

individuals, but it is difficult to determine the cause of these inconsistencies given the 



 73 

variability in testing methodology. Large-scale investigations into stimulation and IEA 

would be vital in the development of novel diagnostic and therapeutic tools. 
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