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Abstract

Episodic memory impairments caused by temporal lobe epilepsy (TLE) are well
documented in the literature. Standard clinical episodic memory tests typically include a
30-minute delayed recall test. However, in the past decade, it has become apparent that
this standard test does not capture the full range of memory problems in TLE patients.
Some patients perform well on a standard 30-minute delayed recall test, but show
Accelerated Long-term Forgetting (ALF) after 24 hours. Although ALF has been
investigated in patients with different types of epilepsy, current research on resected
TLE patients is missing. In the present study, resected TLE patients were compared to a
control group matched on initial learning. They showed normal performance on verbal
recall after 30 minutes, but impairments became apparent after one week. Moreover, the
significant interaction between participant group and memory test delay demonstrated
that the patients indeed showed an acceleration in forgetting. Furthermore, ALF was
present in both left and right resected TLE patients, which contradicts the presence of
material-specific hemispheric differences in ALF. In addition, ALF was observed in
seizure-free resected TLE patients, thereby demonstrating that this factor is not crucial
for long-term memory deficits. The outcome shows that clinicians are likely to
underestimate memory deficits in resected TLE patients and, therefore, advocates for
the inclusion of ALF tests in standard clinical batteries for both pre- and post-surgery

testing sessions.



1. Introduction

Episodic memory refers to autobiographical events that can be explicitly stated (i.e.,
awareness of the time, place, and other contextual circumstances). For example, people
can remember when, where, and with whom they celebrated their 20™ birthday. A vast
amount of literature has identified the hippocampus as an essential structure for episodic
memory. Consequently, episodic memory problems are well documented in mesial TLE
patients with hippocampal sclerosis and temporal lobe resection (for reviews see: Bell,
Lin, Seidenberg, & Hermann, 2011; Moscovitch et al., 2016). Based on traditional
models, the fixation of information in the long-term memory is thought to take place
within 30 minutes (Hoefeijzers, Dewar, Della Sala, Butler, & Zeman, 2015; Jansari,
Davis, McGibbon, Firminger, & Kapur, 2010; Wilkinson et al., 2012). As a result,
clinicians and researcher have developed standard 30-minute delayed recall tests, which
have been successful in defining episodic memory impairments (Kilpatrick et al., 1997;
Lencz et al., 1992; Pauli, Hildebrandt, Romstock, Stefan, & Blumcke, 2006; Rausch &
Babb, 1993; Reminger et al., 2004). However, there is a common mismatch between
subjective complaints and objective memory performance: some TLE patients can
perform well on a standard episodic memory test, but still complain about memory
problems (Butler & Zeman, 2008; Piazzini, Canevini, Maggiori, & Canger, 2001),
which indicates that these standard tests might not always capture the full range of

memory problems in TLE patients (Butler & Zeman, 2008).

1.1. Accelerated long-term forgetting in TLE patients

In the past decade, a number of individual case and group studies have reported non-
resected TLE patients who pass the standard clinical memory tests, but complain about
long-term memory problems (Blake et al., 2000; Helmstaedter, Hauff, & Elger, 1998;
Jansari et al., 2010; Narinder Kapur et al., 1997; Kemp et al., 2012; Lucchelli &
Spinnler, 1998; Mameniskiene et al., 2006; Martin et al., 1991; Mayes et al., 2003;
McGibbon & Jansari, 2013; O’Connor et al., 1997; Ricci et al., 2015; Wilkinson et al.,
2012). These studies have typically included the standard 30-minute delay, with
additional testing at longer intervals ranging between one day and eight weeks.
Although the patients performed normally on the 30-minute interval, they showed

impaired performance on the longer intervals. This phenomenon is called “long-term



amnesia” (LTA; Kapur et al., 1997), or more recently, “accelerated long-term

forgetting” (ALF; Butler & Zeman, 2008; Blake et al. 2000).

To investigate ALF, patients are normally presented with the same material
repeated over various trials during the learning phase. After this, they are required to
recall as much as possible during the various recall phases. Whereas some studies have
used a verbal word list as material (e.g., Bell, Fine, Dow, Seidenberg, & Hermann,
2005; Martin et al., 1991), others have assessed the patients with a story (e.g., Bell,
2006; Blake, Wroe, Breen, & McCarthy, 2000; Wilkinson et al., 2012). In addition,
some researchers have tested for non-verbal episodic memory by letting patients copy
easy drawings (Giovagnoli, Casazza, & Avanzini, 1995) or by including the Rey-
Osterrieth Complex Figure Recall test (Mameniskiene et al., 2006; Wilkinson et al.,
2012).

Several studies found impaired performance after 30 minutes as well as after
longer delays, but without a group by delay interaction to indicate ALF (Bell, 2006;
Bell et al., 2005; Giovagnoli et al., 1995). Therefore, they concluded that ALF over 24
hours is uncommon in TLE patients. However, Wilkinson et al. (2012) pointed out that
the lack of interaction might be due to the fact that the patients and controls were not
matched on the short delays. In 1978, Huppert and Piercy suggested matching patients’
initial levels of learning with that of their control group to avoid scaling problems due to
their differences in performance (in Isaac & Mayes, 1999). Specifically, when groups
are mismatched on initial learning, forgetting rates can be underestimated in the lower-

performing group as they have less to forget.

Indeed, various studies that matched TLE patients and controls at early levels of
learning found evidence of ALF in TLE patients (Blake et al., 2000; Cassel et al., 2016;
Martin et al., 1991; Wilkinson et al., 2012). For example, Martin et al. (1991) and
Blake et al. (2000) found normal performance at the 30-minute delay, but impaired
performance after 24 hours and eight weeks, respectively. In addition, their results
demonstrated a group by delay interaction, suggesting ALF. By contrast, in the study of
Wilkinson et al. (2012), TLE patients showed impaired recognition after both 1 hour
and 6 weeks. However, unlike in the studies of Bell and Giovagnoli (Bell, 2006; Bell et
al., 2005; Giovagnoli et al., 1995; see previous paragraph), they did find a group by
delay interaction. Wilkinson et al. (2012) thereby opened up the debate about the

definition of ALF. The original description of ALF stresses the presence of intact



performance after delays of up to 1 hour, accompanied by impairments after longer
delays (Butler et al., 2008). However, Wilkinson et al. (2012) state that the relative rates
of forgetting are important, as measured by the interaction between the participant
group and the memory test delay. Accordingly, Wilkinson et al. (2012) concluded that
their TLE patients demonstrated ALF.

1.2. The neural substrates underlying ALF

The phenomenon ALF poses a challenge to standard clinical measures as well as to the
underlying theoretical assumptions (Butler & Zeman, 2008; Jansari, Davis, McGibbon,
Firminger, & Kapur, 2010). The influential model on memory consolidation by Alvarez
and Squire (1984) includes two stages: the information that binds together to form a
memory component is initially stored in the medial temporal lobe (MTL) and then shifts
laterally to the neocortex (in Squire & Alvarez, 1995). Although this process may
continue for longer periods, it is often assumed that the greater part of consolidation is
completed in a relatively short time frame and can be effectively tested within 30
minutes (Butler & Zeman, 2008; Jansari et al., 2010; Wilkinson et al., 2012). Based on
this model, Mayes et al. (2003) suggested that ALF is apparent in patients with
neocortical damage (e.g., anterior temporal lobe and orbitofrontal cortex), whereas
medial damage is rare. They speculated that the intact MTL in TLE patients with ALF
allows initial consolidation of binding information, whereas transfer of this information
to, or its maintenance within the long-term storage sites in the neocortex, may be
impaired. However, more recent studies have shown that structural brain damage in
medial temporal regions dominates the clinical profiles associated with ALF (Zeman,
Butler, Muhlert, & Milton, 2013). A number of studies have demonstrated that ALF can
be related to increased T2 relaxation times in the hippocampus (Wilkinson et al., 2012),
reduced hippocampal volume (Butler et al., 2009; Muhlert, Milton, Butler, Kapur, &
Zeman, 2010), and hypometabolism in the MTL (Tramoni et al., 2011).

Assuming that the involvement of the MTL is restricted to the first stage of
memory consolidation (as suggested by Alvarez and Squire in 1984), the continuing
consolidation process after 30 minutes would be more important than originally thought
and essential to ensuring proper preservation of information. Alternatively, it could

mean that episodic memories will always remain dependent on the MTL, through



ongoing rehearsal and reactivation during the stabilisation and retrieval processes, as

suggested by the Multiple Trace Theory of Nadel and Moscovitch (1997).

1.3. ALF caused by epileptiform activity

Structural damage to the hippocampus might not be the only factor that leads to ALF in
TLE patients (Wilkinson et al., 2012; Zeman et al., 2013). For example, TLE patients in
the study of Blake et al. (2000) demonstrated ALF despite an intact hippocampus, as
indicated by Magnetic Resonance Imaging (MRI). ALF has been related to overt
clinical seizures (Mameniskiene et al., 2006; O’Connor et al., 1997; Wilkinson et al.,
2012). However, another study found no association between seizures and ALF
(Muhlert et al., 2010). In these cases, subclinical epileptiform activity could be a cause.
In agreement, the study of Mameniskiene et al. (2006) indeed showed that interictal
discharges on the EEG correlate with ALF impairments. Furthermore, ALF has been
reported in other disorders involving seizure activity, such as transient epileptic amnesia
(TEA; Butler et al., 2009; 2008; 2007; 2008). These patients experience brief episodes
of isolated amnesia as a result of seizure activity in the medial temporal lobes (Butler et
al., 2007; Kapur, 1990; Zeman & Butler, 2010). ALF in these patients seems to be
unrelated to the frequency of overt seizures (Butler et al., 2009). Moreover, TEA
patients with ALF are typically seizure free with medication use (Butler et al., 2007;
Muhlert et al., 2010). It was recently proposed that subclinical epileptiform activity
during sleep might lead to ALF in these patients (Muhlert et al., 2010; Zeman et al.,
2013). Overall, Zeman et al. (2013) emphasize that the underlying origin of the disorder
can be attributed to structural anomalies or epileptiform activity, or a combination of the
two. For example, ALF can be observed in patients with epileptiform activity, but

without structural brain damage, and vice versa (Zeman et al. 2013).

1.4. ALF in left vs. right TLE patients

Many studies have suggested the presence of a material-specific difference in memory
functions of the left and right temporal lobes (e.g., Milner, 1971). An extensive review
of the neuroimaging data observed that verbal and non-verbal episodic memory rely
dominantly on the left and right temporal lobes, respectively (Cabeza & Nyberg, 2000).

Congruently, the laterality of the seizure focus has consistently been found to influence



the type of material for which memory is most affected, with left TLE causing more
pronounced deficits in verbal memory (Baxendale et al., 1998; Delaney, Rosen,
Mattson, & Novelly, 1980; Hermann, Seidenberg, Schoenfeld, & Davies, 1997;
Mungas, Ehlers, Walton, & McCutchen, 1985). Furthermore, research has associated
right TLE with visuo-spatial memory impairments, although this relationship is less
consistent (Barr, Goldberg, Wasserstein, & Novelly, 1990; Baxendale et al., 1998;
Gleissner, Helmstaedter, & Elger, 1998; Lee, Yip, & Jones-Gotman, 2002).
Alternatively, it has been suggested that visuo-spatial memories may rely on a dynamic
bilateral interaction between MTL structures (Glikmann-Johnston et al., 2008).
However, with regard to ALF, laterality effects are inconclusive (for reviews see: Butler
& Zeman, 2008; Elliott, Isaac, & Mubhlert, 2014). Some studies on ALF do not include
laterality as a study factor (e.g., Mameniskiene et al., 2006; Martin et al., 1991). In
addition, studies that separate left and right TLE patients show inconsistent results.
Blake et al. (2000) found ALF for verbal story tests in left, but not right, TLE patients.
In contrast, Wilkinson et al. (2012) found ALF effects for verbal story information in
both left and right TLE patients. One potential explanation for the differences in verbal
recall is that left and right TLE patients were categorised differently. Whereas
Wilkinson et al. (2012) used hippocampal pathology to define lateralisation, Blake et al.
(2000) focused on seizure activity. Wilkinson et al. (2012) pointed out that, even though
hippocampal damage was lateralised in their patients, seizure activity might not be. In
other words, right TLE patients might still cope with left MTL seizures, causing verbal
memory problems. In addition, they pointed out that the hippocampal pathology of the
patients in the study of Blake et al. (2000) was of a lesser degree. Another potential
factor that can explain the differences between the study of Blake et al. (2000) and
Wilkinson et al. (2012) is their use of a different procedure. Whereas the material in the
former study was repeated until reaching a performance level of over 90% correct, the
latter study required only 75% accuracy. Bell (2006) argued that using high levels on
initial performance poses the risk of material being over-learnt, leading to the possibility
that early forgetting is masked by ceiling effects. For a more detailed discussion on this
issue, see the review of Elliot et al. (2014). Finally, Wilkinson et al. (2012) found that
right, but not left, TLE patients showed ALF on the Rey-Osterrieth Complex Figure
Recall test.

Overall, the pattern of material-specific laterality effects in ALF is unclear,

which is largely due to a lack of research on this issue. However, based on the



aforementioned literature, it is important to separately investigate the performance of

left and right TLE patients.

1.5. Investigating ALF in resected TLE patients

Overall, based on traditional models, the fixation of information in the long-term
memory is thought to largely take place within 30 minutes. However, in recent decades,
it has been suggested that subsequent consolidation processes are required to ensure
proper preservation of the information. These observations reveal the need for broader
episodic memory batteries to capture the full range of memory problems in TLE
patients.

The current study will investigate ALF in resected TLE patients. All patients
underwent standard en bloc resection. This means that hippocampal pathology was
homogeneous across the patient groups. Hippocampal volume in TLE patients has been
associated with memory performance, introducing possible confounding variations in
studies on non-resected patients (Wilkinson et al., 2012). As the patients in the current
study had standard hippocampal resection, the possible influencing factor of
hippocampal volume variations is removed. Furthermore, inconsistent results on
material specific laterality effects of ALF were attributed to differences in hippocampal
pathology (Wilkinson et al., 2012). Therefore, the current study can shed light on these
laterality effects. To our knowledge, the current study is the first to investigate ALF in
resected TLE patients (with the exception of two studies that included mixed groups of
resected and non-resected TLE patients; Martin et al., 1991; Ricci, Mohamed, Savage,
& Miller, 2015).

2. Methods
2.1. Participants

Sixty participants were included in the current study, 30 resected TLE patients and 30
control participants. All participants were tested by an experienced neuropsychologist,
and the study was approved by the ethical committees of Jaume I University, Castellon,

and la F¢é Hospital, Valencia, Spain.



2.1.1 Patient group

Thirty adult patients (N = 15 male; N = 28 right -handed) were recruited retrospectively
from the Multidisciplinary Epilepsy Unit at La Fe Hospital (Valencia, Spain). All
patients underwent standard antero-temporal lobectomy with amygdalo-
hippocampectomy (ATL+AH), 13 in the left hemisphere and 17 in the right one, after
being diagnosed with mesial TLE due to hippocampal sclerosis. All of them had been
considered good surgical candidates after a pre-surgical evaluation that included
prolonged video-EEG monitoring, a 3-Tesla brain MRI, a psychiatric evaluation, and
neuropsychological testing. None of the patients had a psychiatric disorder. The
standard resection included removal of the head and body of the hippocampus while
preserving the tail. The lateral extent of the temporal lobe resections was 4.5 cm from
the temporal tip in the dominant hemisphere and 5.5 cm in the non-dominant
hemisphere. Furthermore, the superior temporal gyrus was preserved. Mean age at
epilepsy onset was 8.9 years (range 1-40), and surgery had been performed 27.8 years
(range 1-59) after onset. At the time of our study, the mean age of the patients was 41.3
years (range 19-62). Twenty-six patients were in the late post-operative phase (after 12
months), and four patients were in the early post-operative phase (between 6 and 12
months) (months post-surgery M = 55.9 + 30.3). Seizure frequency decreased in all
patients after surgery. Sixteen patients were seizure-free (Engel class I), four had rare
disabling seizures (Engel class II), and ten had experienced worthwhile improvements
(Engel class III) since the surgery. Individual patient data regarding epilepsy features

are summarized in Tables 1 and 2.

2.1.2. Age, education, and 1Q matched control group

Patients were compared to an education- and age-matched control group of 30
participants (n = 14 male, n = 24 right-handed) without neurological or psychiatric
impairments. As described in Method section 2.3, the control group was matched with
the patient group on the fifth trial of immediate learning, which meant that we excluded
12 control participants from the analyses. For the remaining 18 control participants, we
ensured that they matched the left TLE and right TLE patients on age, handedness and
gender (age: F(2,46) = 2,15, p = 0.13; handedness X” (2) = 0.369, p = 0.83; gender X*
(2) = .49, p = .78). Furthermore, we checked the years of education for the three groups,



which differed significantly (F(2,46) = 4,02, p = 0.045) because the control group had
studied fewer years: left TLE: M = 11.38 + 3.0; right TLE: M = 11.23 + 3.3; controls:
M =9.22 + 2.9. However, this is not a confounding factor because impaired memory in
patients is unlikely to be related to more years of education. Furthermore, we included
the Matrix reasoning test of non-verbal intelligence (a subtest of the Wechsler adult
intelligence Scale III: WAIS III; Kaufman & Lichtenberger, 2006) to obtain the
intellectual quotient (IQ) value based on non-verbal items. An F-test of left TLE, right
TLE, and controls confirmed that their matrix reasoning did not differ (F(2,46) = 0.372,
p=0.70; left TLE: M = 99.00 + 17; right TLE: M = 101.77+ 15; controls: M = 102.22 +
8). In short, we carefully chose participants matched on education, age, and matrix
reasoning to avoid group differences to be caused by merely a difference in intelligence
(according to this scale) or education. We are thereby eliminating an important bias that
is commonly present in patient studies (Butler & Zeman, 2008; Elliott et al., 2014;
Miller, Flanagan, Mothakunnel, Mohamed, & Thayer, 2015).

Patient Gender  Age Age at Age at Surgery Treatment™*
onset surgery  outcome*

1 M 37 1 28 I OXC, CZp

2 M 59 14 58 I LTG, VPA, LCM

3 M 62 5 58 I LCM, CBZ

4 F 47 1 46 I CZP,CBZ

5 M 39 3 32 I CBZ

6 F 39 19 33 II LEV, OXC, VPA

7 F 29 1 26 I LEV, LCM, CBZ

8 M 44 4 36 I CBZ,LEV

9 M 54 14 49 II LTG

10 M 50 18 42 I CBZ,CLB

11 F 33 27 32 I CBZ

12 M 50 18 49 I LCM, VPA, LEV

13 F 47 2 38 II PB, LCM, LTG, CLB

14 F 43 29 35 I CBZ,LCM, BRV

15 M 47 12 46 I OXC,LCM

16 F 33 5 30 II ESL, LCM, PER

17 F 50 1 45 I TPM, CLB

Table 1. Demographics of the right TLE patients. M: male; F: female. Age in years. Engel
classification®: I: free of disabling seizures; II: rare disabling seizures; I1I: worthwhile
improvement in seizures; IV: no worthwhile improvement in seizures. Treatment**: OXC:




oxcarbazepine; CZP: clonazepam; LTG: lamotrigine; VPA: valproic acid; LCM: lacosamide;
CBZ: carbamazepine; LEV: levetiracetam; CLB: clobazam; PB: phenobarbital; BRV:
brivaracetam; PER: perampanel; PHT: phenytoin; TPM: topiramate.

Patient Gender  Age Age at Age at Surgery Treatment™*
onset surgery  outcome®

1 M 19 5 16 I LTG, LCM, PER

2 M 33 1 30 I LEV,LTG

3 F 22 15 16 I CBZ,CLB

4 M 34 1 27 I VPA, LTG

5 F 24 1 19 I LTG

6 M 57 14 51 I LCM, LTG, CLB

7 F 49 1 45 I CBZ,LEV,LCM

8 F 34 19 29 I CBZ,CLB

9 M 49 40 43 I VPA, LEV, PHT

10 F 48 10 40 I CBZzZ, CZp

11 F 29 11 29 I VPA, LCM

12 M 59 8 56 I LEV,LCM, CLB

13 F 30 9 25 I CBZ,LCM, LEV, CLB

Table 2. Demographics of the left TLE patients. M: male; F: female. Age in years. Engel
classification*®: I: free of disabling seizures; II: rare disabling seizures; I1I: worthwhile
improvement in seizures; IV: no worthwhile improvement in seizures. Treatment**: OXC:
oxcarbazepine; CZP: clonazepam; LTG: lamotrigine; VPA: valproic acid; LCM: lacosamide;
CBZ: carbamazepine; LEV: levetiracetam; CLB: clobazam; PB: phenobarbital; PER:
perampanel; PHT: phenytoin; TPM: topiramate.

2.2. Neuropsychological testing

All participants were tested by an experienced neuropsychologist. After a preliminary
interview, participants performed the Rey Auditory Verbal Learning Test (RAVLT;
Rey, 1958), which is an established neuropsychological test to measure the ability to
encode, store, and recover verbal information. During this test, they are presented with a
list of 15 unrelated words repeated over five different trials, and each time they are
asked to repeat as many as they can remember. In addition, two follow-up sessions are
held a 30 minutes and after seven days. In these sessions, they are asked to recall the
items without reading them again. After this, they are presented with a recognition list
that includes the original 15 learned items and 15 foils. Rehearsal effects are prevented

by performing the Matrix Reasoning Subtest of the Wechsler Adult Intelligence Scale

10



(WALIS III; see section 2.1.1 of this manuscript) in the 30 minute delay of the RAVLT.
In addition, participants were not informed about the second testing session, which was
conducted over the phone. This ensures that participants were not aware of the future

session and would not be motivated to rehearse (Elliott et al., 2014).

2.3. Equating groups on immediate recall

Several scientific articles on ALF have concluded that it is important to match groups
on initial learning to avoid scaling problems due to differences in performance,
including ceiling and floor level effects (Butler & Zeman, 2008; Elliott et al., 2014;
Isaac & Mayes, 1999a; Wilkinson et al., 2012). Several methods have been suggested to
equate initial learning, such as case-to-case matching, extended exposure times, and
learning to criterion (for reviews see; Butler & Zeman, 2008; Elliott et al., 2014). The
majority of these methods require creating new tests or adapting standard episodic tests.
However, in collaboration with the neurologists, we decided to use the original RAVLT
set-up, thereby allowing its usage for further clinical and research purposes beyond the
current study. We subsequently excluded control participants who recalled over 90% on
the last learning trial. A Kruskal-Wallis test showed that the remaining control group
was matched on initial learning (i.e., on the fifth learning trial) with the TLE patient
groups (H(2) = 3.01, p = 0.22). This additionally ensures that the control data is not
confounded by ceiling effects. The disadvantage of this method is that these ‘lower
range’ control participants might not properly represent the population (Butler et al.,
2008). More specifically, the exclusion of cognitively normal controls from the
comparison decreases the representativeness of this population and may lead to
systematic “unmatching” (Meehl, 1970). However, the advantage is that we were able
to use the standardized RAVLT without any adaptations (except the addition of a 7-day
recall phase). Using this format will make it easier for clinicians to implement ALF

testing in their standard memory batteries without increasing the examination time.

2.4. Statistical analyses

We will first analyse all the patients as one combined group, followed by analyses of
the left and right TLE subgroups separately, keeping to the template provided by Blake
et al. (2000) and Wilkinson et al. (2012). In addition, we will present the results for

11



patients with and without seizures separately, allowing the comparison of the two

patient profiles.

The encoding phase of the RAVLT included five repetitions of the word list,
followed by 30-minute and one-week delayed recall phases. We will look for impaired
episodic memory after 30 minutes and after one week, as well as a group by delay

interaction to investigate ALF.

Furthermore, Kolmogorov-Smirnov tests revealed that several of our analyses
coped with a non-normal distribution. The control group showed a non-normal
distribution on the fifth learning trial (D(18)= 0.22, p = 0.025) and on the 30-minute and
one-week delay recognition task (D(18)=0.25, p = 0.004 and D(18)=0.27, p = 0.001,
respectively). The left TLE group showed a non-normal distribution on the one-week
delayed recall test (D(13)=0.27, p = 0.01). The right TLE group showed a non-normal
distribution on the 30-minute delayed recognition task (D(16)= 0.22, p = 0.04). This, in
addition to a relatively small sample size, led us to decide to use non-parametric tests.

We used the Mann-Whitney test to investigate group differences. Interaction analyses

were conducted using a non-parametric ranking method described by Leys and

Schumann (2010).

3. Results

Left TLE Right TLE Matched All Controls
Controls

Learning trial 1 5.08 (1.38) 5.44 (1.55) 5.22 (1.48) 6.27 (1.95)
Learning trial 2 7.38 (1.45) 7.75 (1.91) 8.11 (1.75) 9.33 (2.14)
Learning trial 3 8.31(1.84) 9.19 (1.87) 9.28 (1.90) 10.63 (2.41)
Learning trial 4 9.38(1.85) 9.94 (2.26) 10.67 (1.94) 11.7 (2.09)
Learning trial 5 10.08 (2.10) 10.38 (2.31) 11.28 (1.81) 12.57 (2.14)
30 min recall 7.15 (2.94) 8.12 (2.23) 8.06 (2.41)
Week recall 3.23(1.74) 3.94 (2.16) 5.39(2.12)
30 min recogn 13.23 (1.74) 12.81 (2.43) 13.28 (3.29)
Week recognition  10.08 (3.45) 11.13 (3.14) 11.01 (3.88)

Table 3. Means and standard deviations of the patient and control groups on the various
sections of the RAVLT.

12



3.1. Verbal learning curve

The first part of the RAVLT includes five learning trials (see Method section 2.2). The
black line in Figure 4 represents the learning curve of the control group, including the
original 30 controls. Kruskal-Wallis tests showed that this group performed better than
the left and right TLE patients on levels 2 to 5 (p < 0.005). However, as explained in
the Method Section, we matched controls and patients on immediate learning. To do
this, we excluded control participants who scored over 90% correct on the fifth learning
trial. The remaining control group included 18 participants, and their learning curve is
represented by the dark-grey line in Figure 1. When comparing the patient groups and
matched controls, the significant effects disappeared on all five levels (p > 0.2). This
means that the performance on immediate learning was matched for the three groups

and, therefore, would not influence the ALF analyses.

Immediate Recall

15

10

Mean recall score

1 2 3 4 5

left TLE right TLE ~ ewmmm=g3l| controls e======matched controls

Figure 1 shows the learning curve of the left and right TLE patient groups (blue and
red, respectively). In addition, the yellow line indicates the control group, including
all 30 original controls. However, as explained in the method section, 12 controls
were excluded from the analyses in order to match the groups on immediate recall.
The learning curve of the remaining 18 controls is represented by the grey line. Error
bars represent SEM.
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3.2. ALF in TLE patients

First, we tested performance decline on the 30-minute delayed recall. The Mann-
Whitney test showed that verbal recall was not affected in TLE patients after 30 minutes
(U=193.00, p=0.10, r =-0.04). In addition, we examined the loss between immediate
recall on the fifth trial and the delayed recall after 30 minutes. The group(2) * delay(2)
interaction was not significant (F(1,46)= 1,38, p = 0.25, r = 0.17), indicating that

patients were not impaired at the 30-minute delayed recall.

Second, we tested performance on the one-week delayed recall test. In this case,
significant group differences were found when testing recall after a week (U = 147, p
=0.008, r = 0.39). More importantly, we found a significant group(2) *delay(2)
interaction (F(2,46)= 3.835, p = 0.029, r = 0.28). Results are presented in Figure 2. In
the following paragraphs, we will describe the pattern of impairment for the left and

right TLE patients separately.

We also tested performance accuracy on the recognition test (see Figure 2).
Group differences were not found on the 30-minute delayed recognition task (U = 202,
p =0.18, r =-0.19) nor on the one-week delayed recognition task (U = 178.00, p =0.067,
r=-0.27). However, there was a significant interaction: (F(2,46)=4.788, p=0.013,r=
0.31).
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Figure 2. Verbal recall and recognition performance for patients with MTL resection and

controls after 30 minutes and one week. Error bars represent SEM

3.3. ALF in left TLE patients

First, we tested performance decline on the 30-minute delayed recall. The Mann-
Whitney test showed that verbal recall was not affected in left TLE patients, compared
to controls, after 30 minutes (U = 99.50, p =0.48, r = -0.13). In addition, the group(2) *
delay(2) interaction between immediate and 30-minute recall was not significant
(F(1,29)=1.06, p=0.31, r = 0.19), indicating that patients were not impaired on the 30-
minute delayed recall. However, significant group differences were found when testing
recall after a week (U = 51.00, p =0.008, r = -0.48). Furthermore, we found a significant
group(2) *delay(2) interaction (F(1,29) =4.33, p = 0.047, r = 0,36), indicating ALF.

Results are presented in Figure 3.

In addition, we tested the percentage of correct responses on the verbal
recognition tasks. It was not affected in left TLE patients after 30 minutes (U = 92.20, p
=0.30, r =-0.19) and reached significance when tested after a one-week delay (U =
70.00, p =0.057, r = -0.34). In addition, there was a significant delay (2)*group(2)
interaction when comparing the left TLE and control groups (F(1,29) =9.220, p =
0.005, r=0.49).
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3.4. ALF in right TLE patients

Verbal recall was not affected in right TLE patients, compared to controls, after 30
minutes (U = 148.5 p =0.79, r = -0.04). In addition, the group(2) * delay(2) interaction
between immediate and 30-minute recall was not significant (F(1,32)=1.01,p=0.32, r

= 0.17), indicating that patients were not impaired on the 30-minute delayed recall.

However, verbal recall reached significance after a week (U = 96.00, p =0.057, r
= -0.46). In addition, there was a significant group(2) *delay(2) interaction (F(1,32) =
6.59, p = 0.015, r = 0.41), suggesting that these patients have an accelerated rate of
forgetting.

Furthermore, we tested the percentage of correct responses on the verbal
recognition task. It was not affected in right TLE patients after 30 minutes (U = 148.50,
p =0.88, r =-0.03) nor after a one-week delay (U = 108,00, p =0.21, r =-0.21). In
addition, the group(2) *delay(2) interaction was not significant (F(1,32) =0.987,p =
0.328,r=10.17).
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Figure 3. Verbal recall and recognition performance of patients with left and right MTL
resection after 30 minutes and one week. Error bars represent SEM

3.5. Comparing patients with and without overt seizures

Patients with Patients without Matched Controls
seizures seizures

Learning trial 5 9.86 (2.38) 10.63 (1.93) 11.28 (1.81)

30 min recall 6.71 (2.13) 8.56 (2.66) 8.06 (2.41)

Week recall 2.86 (2.44) 4.5 (1.75) 5.39 (2.12)

Table 4. Means and standard deviations of patients with (N = 14) and without (N
= 16) seizures, as well as the matched control group, on immediate, 30-minute,
and one-week delayed recall.

We examined ALF in patients with (N = 14) and without seizures (N = 16). Of the
patients with seizures, 6 were left TLE, and 8 were right TLE patients. Of the patients
without seizures, 7 were left TLE, and 9 were right TLE patients. First, we tested for
group differences on the last immediate recall trial, which approached significance for
patients with seizures (N=14) and was not significant for patients without seizures (N =
16; U=80.5,p=0.08,r=-0.31and U =112.5,p=0.28, r = -.19, respectively).
Furthermore, verbal recall was not affected after 30 minutes in patients with and without
seizures (U =89, p =0.16, r=0.25 and U = 120, p = 0.40, r = 0.14, respectively). In
addition, the group(2) * delay(2) interaction between immediate and 30-minute recall
reached significance for patients with seizures and was non-significant for patients

without seizures (F(1,33)=3.27, p=0.08, r = 0.30 and F(1,29)=1.08, p=0.31, r = 0.18,
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respectively). This result indicates that patients were not impaired at immediate and 30-
minute delayed recall, although patients with seizures showed a tendency toward

episodic memory impairments in these early stages.

After one week, recall was affected in patients with seizures (U = 40.50, p =
0.001, r =-0.58), but not in patients without seizures (U = 106.50, p = 0.19, r = -0.22).
However, the group*delay interaction was significant for the seizure-free group
(F(1,34)=4.33, p = 0.05, r = 0.34), but not for the patients with seizures (F(1,32)=2,36, p
=0.135, r = 0.26). This finding indicates that it is actually the seizure-free group that

shows an acceleration in forgetting.

Finally, we compared the performance of the two patient groups directly, finding
no significant differences on the fifth learning trial (U = 92.5, p = 0.41, r =-0.15).
However, performance differed on the 30-minute and one-week delayed recall sessions
(U=63.00,p=0.04,r=-0.37 and U = 56.5, p=0.018, r = -0.43, respectively). The
group * delay interaction was not significantly different between the two patient groups

(F(1,28)=0.073, p = 0.79, r = 0.05).

4. Discussion
4.1. ALF in resected TLE patients

The current study investigated ALF in resected TLE patients. Patients with ALF
typically perform normally on a 30-minute delayed recall test, but they show impaired
performance after longer intervals (Butler & Zeman, 2008). Furthermore, to
demonstrate an actual acceleration in the rate of forgetting, it is important to find a
delay*group interaction (Wilkinson et al., 2012). The pattern of impairment in the
resected TLE patients in the current study aligned with ALF. That is, after matching the
groups on learning, they showed a normal rate of forgetting on the 30-minute delayed

recall test, but impaired performance after a week.

Although previous research has concentrated on TEA and non-resected TLE
patients, the current study shows that ALF is also present in resected TLE patients. It is
important to investigate ALF in patients with different clinical profiles because both
hippocampal pathology and epileptiform activity influence memory performance (see

Introduction). For example, in the study by Wilkinson et al. (2012), the volume of the

18



remaining hippocampus correlated with performance, introducing possible confounding
variations. As the patients in the current study had hippocampal resection, this

influencing factor is removed.

The current results advocate for the extension of standard memory batteries for
resected TLE patients. Furthermore, it urges clinicians to test ALF before and after

surgery to investigate the extent to which surgery causes increases in ALF.

4.2 Learning effects

Both left and right TLE patients showed a deficit in the acquisition of new memories for
verbal information. This might be partly due to the selection of our patients. Surgery
was restricted to pre-operative patients with hippocampal sclerosis, as they are more
resistant to post-surgery memory decline. However, these patients are also more likely
to cope with memory problems before (and, therefore, also after) surgery. In agreement
with this, Wilkinson et al. (2012) also found impairments during the learning phase in
TLE patients with hippocampal pathology. Moreover, in their study, left hippocampal

volume was associated with these memory deficits.

Furthermore, patient and control groups should be matched on initial learning to
avoid scaling problems that can minimise the effects of ALF (Butler & Zeman, 2008;
Elliott et al., 2014; Isaac & Mayes, 1999b; Wilkinson et al., 2012). In the current study,
we decided to match the groups by excluding control participants who performed near
ceiling level on immediate recall. An additional advantage was that we were able to use
the standardized RAVLT without any adaptations (except the addition of a 7-day recall
phase). Using this format will make it easier for clinicians to implement ALF testing in

their standard memory batteries without increasing the examination time.

4.3. Material-specific lateralisation of ALF

The current study used a verbal word list as material. Previous studies have indicated a
material-specific deficit in episodic memory for verbal material in left, but not right,
TLE patients (Baxendale et al., 1998; Delaney et al., 1980; Hermann et al., 1997,
Mungas et al., 1985). However, in the current literature, it is unclear whether ALF also

shows this lateralisation effect. Whereas Blake et al. (2000) found ALF for verbal tests
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in left, but not right, non-resected TLE patients, Wilkinson et al. (2012) found that both
left and right TLE patients had ALF for verbal material. The results of the current study
align with the results of Wilkinson et al. (2012): both left and right TLE patients

showed ALF, demonstrated by a delay*group interaction.

The differences in verbal lateralisation effects between the Blake et al.(2000)
study, the Wilkinson et al. (2012) study, and the current study might be caused by their
focus on different patient profiles. Blake et al. (2000) categorised TLE patients based on
left or right seizure activity, with or without hippocampal damage. In contrast,
Wilkinson et al. (2012) only included patients with demonstrable hippocampal damage.
As the current study was restricted to resected TLE patients, considerable hippocampal
damage was guaranteed. This seems to indicate that the presence or absence of
hippocampal damage in the right MTL is a defining factor in verbal ALF effects in right
TLE patients.

However, we need to take into account that the type of verbal material (word list
vs. story) might influence the results. Elliot et al. (2014) pointed out that the lack of
standardized methods to investigate ALF is likely to explain the mixed findings on ALF
in TLE patients. In the absence of standardized tests, researchers either create their own
material or adapt existing standard tests. Therefore, more studies using different types

of material are required to speculate any further on this issue.

Overall, the current results suggest that lateralisation effects on ALF in the
episodic system are minimal in resected TLE patients. It seems that both left and right
MTL damage causes ALF for verbal information, agreeing with Glikmann-Johnston et
al. (2008) that there is a bilateral dynamic interaction between the MTL structures
during episodic memory events. In other words, the episodic memory system in the
MTL is bilateral, although it might be skewed to the left on verbal tasks. A similar
system has been proposed for semantic memory in the lateral temporal regions (Lambon
Ralph, Ehsan, Baker, & Rogers, 2012; Rice, Hoffman, & Lambon Ralph, 2015). This
skewedness allows an intact left MTL to function relatively well with a mildly damaged
right MTL, but the reverse pattern causes clear verbal episodic memory problems. This
means that left MTL damage is more frequently associated with verbal memory
problems and ALF. However, severe right MTL damage (such as en bloc resection) will

also cause ALF of verbal information.
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4.4. ALF for recognition memory

In the current study, neither left nor right TLE patients had impaired delayed
recognition after 30 minutes nor after a week. However, for the left TLE patients, there
was a delay*group interaction, indicating an acceleration in forgetting compared to
controls. This result agrees with a previous study that showed ALF on recognition
memory in TEA patients (although they did show a significant group difference after a
week; Hoefeijzers, Dewar, Della Sala, Zeman, & Butler, 2013).

Both recall and recognition depend on recollective (episodic) memory, which
supports the ability to remember the exact event in which it occurred. However,
recognition memory can also depend on familiarity memory, which refers to the ability
to know that the item was presented without remembering the episode itself (Isaac &
Mayes, 1999a; Manns, Hopkins, & Squire, 2003). Recollective (episodic) memory has
been shown to depend mainly on the hippocampus, whereas familiarity additionally
depends on surrounding lateral temporal regions (Wolk & Dickerson, 2011). Studies on

ALF have suggested including both measures (Elliott et al., 2014).

4.5. Comparing patients with and without seizures

Overt seizures have been associated with ALF (Mameniskiene et al., 2006; O’Connor et
al., 1997; Wilkinson et al., 2012). Therefore, we investigated the memory decline
pattern separately in patients with and without overt seizures. The results indicated that
the patient group without seizures shows an acceleration in forgetting, which
demonstrates that the presence of ALF in the current patient sample cannot be attributed
to overt seizures. Consequently, MTL damage is the most obvious reason for ALF in
the current patient group. However, we cannot discard the presence of subclinical
epileptiform activity that can mediate the ALF effect. Future research should test this
possibility. The results of the present study seem to indicate that the memory problems
in the seizure group might arise at an earlier stage and are not specific to long-term
memory impairments after 24 h. Patients with seizures performed worse than patients

without seizures on the 30-minute delayed recall. In addition, performance differences
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on immediate and 30-minute recall reached significance when compared to the control
group (p = 0.08), supporting the possibility of an earlier memory problem. Likewise,
seizure frequency has been associated with episodic memory impairments in the
immediate and 30-minute recall stages (Voltzenlogel, Vignal, Hirsch, & Manning,

2014). However, future research with more patients is required to study this further.

4.6. Limitations

The current study clearly demonstrates ALF in resected TLE patients. This shows that
standard memory batteries do not capture the full range of memory problems in TLE
patients and advocates for the inclusion of ALF tests. However, it is important to find
the origin of ALF. Resected TLE patients have suffered from long-standing pre-
operative neural changes caused by the epileptic seizures themselves. In our study,
surgery was restricted to pre-operative patients with hippocampal sclerosis, as they are
more resistant to post-surgery memory decline. However, these patients are also more
likely to struggle with memory problems before (and, therefore, also after) surgery,
making this a confounding factor. Important insight can be gained by comparing pre-
and post-operative results. This type of longitudinal study can reveal the extent of the
damage to the episodic memory system caused by the operation that cannot be
attributed to pre-operative neural changes. Finally, standard en bloc resection includes
hippocampal removal, but it also affects surrounding lateral regions, which might have

contributed to the memory decline in the resected TLE patients.
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