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Introduction: Neuropsychological assessment forms an integral part of the
presurgical evaluation for patients with medically refractory focal epilepsy. Our
understanding of cognitive impairment in epilepsy is based on seminal lesional
studies that have demonstrated important structure-function relationships within
the brain. However, a growing body of literature demonstrating heterogeneity in
the cognitive profiles of patients with focal epilepsy (e.g., temporal lobe epilepsy;
TLE) has led researchers to speculate that cognition may be impacted by regions
outside the seizure onset zone, such as those involved in the interictal or
“irritative” network.

Methods: Neuropsychological data from 48 patients who underwent
stereoelectroencephalography (SEEG) monitoring between 2012 and
2023 were reviewed. Patients were categorized based on the site of seizure
onset, as well as their irritative network, to determine the impact of wider network
activity on cognition. Neuropsychological data were compared with normative
standards (i.e., z = 0), and between groups.

Results: There were very few distinguishing cognitive features between patients
when categorized based purely on the seizure onset zone (i.e., frontal lobe vs.
temporal lobe epilepsy). In contrast, patients with localized irritative networks
(i.e., frontal or temporal interictal epileptiform discharges [IEDs]) demonstrated
more circumscribed profiles of impairment compared with those demonstrating
wider irritative networks (i.e., frontotemporal IEDs). Furthermore, the
directionality of propagation within the irritative network was found to
influence the manifestations of cognitive impairment.

Discussion: The findings suggest that neuropsychological assessment is sensitive
to network activity beyond the site of seizure onset. As such, an overly focal
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interpretation may not accurately reflect the distribution of the underlying
pathology. This has important implications for presurgical work-up in epilepsy,
as well as subsequent surgical outcomes.
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1 Introduction

Neuropsychological assessment is an essential presurgical
investigation for patients undergoing the workup for medically-
refractory focal epilepsy. Advances in structural and functional
neuroimaging have reduced the reliance on cognitive testing to
localize seizure foci (Baxendale, 2018), however, neuropsychological
assessment remains a fundamental measure of seizure-related
cortical dysfunction. The accurate localization of cortical
dysfunction has significant implications for surgical candidacy
and is highly valuable when counselling patients as to the risks of
resective or ablative approaches.

Our foundational knowledge of cognitive impairment in
epilepsy is based on seminal lesional studies that have
demonstrated important structure-function relationships within
the brain (e.g., Penfield, 1939; Scoville and Milner, 1957; Penfield
and Milner, 1958). However, the understanding of cognition in
epilepsy has since evolved to acknowledge the important impact of
respective seizure networks (Rayner and Tailby, 2017). Cognitive
impairment has historically been interpreted as an epilepsy or
seizure-related indication of focal dysfunction—often limited to a
specific region or lobe within the brain. In the context of a patient’s
presurgical evaluation, the findings from neuropsychological
assessment may be labelled as either concordant or discordant
with the provisional hypothesis (e.g., see Figure 1). While this
would be appropriate if cognitive impairment was strictly
indicative of the epileptogenic zone (EZ), there is a growing body
of literature arguing against a dichotomous approach to
neuropsychology in epilepsy (Stretton and Thompson, 2012;
Rayner and Tailby, 2017). As such, while the findings may be
discordant with the site of seizure onset, they may still provide
important insight into regions beyond this area that are involved
within the patient’s seizure network, rather than being determined
by a single node within that network.

Speculation regarding the localizing value of neuropsychological
assessment has come from research demonstrating significant
heterogeneity in cognitive deficits within focal epilepsy
subtypes—namely with temporal lobe epilepsy (TLE) patients
displaying deficits in executive functioning (Agah et al., 2017;
Ren et al., 2020) and frontal lobe epilepsy (FLE) patients
exhibiting impaired memory and language (Centeno et al., 2010).
One explanation for these mixed findings is that seizure activity is
often present beyond the site of seizure onset, ultimately involving
distal structures, resulting in more widespread cognitive impairment
(Stretton and Thompson, 2012; Besson et al., 2014; Dinkelacker
et al., 2016).

Over the past several decades, our understanding of epilepsy has
evolved to consider various overlapping cortical zones that
ultimately define an individual’s seizures (see Figure 2). The EZ
is the area of cortex involved in seizure onset and initial propagation,
whose removal is necessary for seizure freedom (Lüders et al., 1993;
2006). The EZ can extend beyond the primary seizure onset zone
and can only be confirmed, by definition, after surgery has rendered
the patient seizure free (Jehi, 2018). The irritative zone (IZ; Bettus
et al., 2011) is a broader region beyond the EZ that generates
epileptic activity in the form of interictal epileptiform discharges
(IEDs; excluding focal slowing), which occur in the absence of any
observable behavioral change (Glennon et al., 2016). Importantly,
accurate identification of these zones often requires the added
spatiotemporal precision of intracranial depth electrodes
(i.e., stereoelectroencephalography [SEEG]; Henin et al., 2021), as
it is often undetectable via scalp-EEG (Spencer et al., 1998; Bettus
et al., 2011).

In a study investigating executive dysfunction in TLE patients,
Reyes et al. (2018) suggested that the propagation of IEDs to
ipsilateral frontal regions may underlie poor performance on
executive measures. Indeed, several studies have demonstrated
that widespread IEDs can impact the connectivity of

FIGURE 1
Example of a presurgical evaluation table used to chart consensus among non-invasive investigations.
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frontotemporal networks (Fahoum et al., 2012; Maccotta et al., 2013;
Shamshiri et al., 2016; Bou Assi et al., 2020). This has been proposed
as an explanation for the high incidence of widespread cognitive
impairment in TLE patients, including domains outside of those
typically attributed to temporal lobe function (Reyes et al., 2020).
Localization of activity beyond the suspected site of seizure onset has
important implications for presurgical planning and subsequent
surgical success, as recurrence of seizure after surgery is often
associated with residual epileptogenic tissue in ipsilateral
neighboring structures (Ryvlin and Kahane, 2005; Elwan
et al., 2013).

While the impact of more frequent and/or widespread IEDs has
been investigated in TLE, the specific pattern of interictal networks
has seldom been explored (e.g., IED networks involving frontal
regions vs. parietal regions). Often, patients with extratemporal
IEDs are categorized into one group based on the site of seizure
onset (e.g., TLE), regardless of the network involvement.
Furthermore, little consideration has been given to the interplay
between the site of onset and the subsequent propagation pattern
with cognition or the directionality of propagation within the
network (i.e., temporal lobe onset with frontal propagation vs.
frontal lobe onset with temporal propagation). To date, no study
has investigated the impact of network interictal activity on
cognitive impairment in an exclusively SEEG sample—an
important distinction given interictal activity can be difficult to
detect and localize via scalp-EEG.

The current study aimed to investigate the cognitive profiles of
patients when categorized based on the seizure onset zone (a single
node) or the irritative zone (broader epileptic network). It extends
on previous research by specifically investigating patients who had
progressed to SEEGmonitoring, and also analyzing cognitive data at
both the group mean and individual classification level. With regard
to the seizure onset groups, it was hypothesized that patients with
TLE would perform worse on intra-task measures of temporal

function (i.e., memory retention including recall and
recognition), as well as confrontation naming, while FLE patients
would perform worse on intra-task measures that rely more on
executive functioning (i.e., immediate attention and learning
capacity), as well as verbal fluency (see Supplementary Material).
When categorized based on their respective irritative networks, it
was anticipated that patients with localized interictal activity
(i.e., IEDs limited to the frontal or temporal lobe) would display
predominantly frontal or temporal profiles of impairment,
respectively, while patients with widespread irritative networks
(i.e., IEDs in frontal and temporal regions of interest; see
Supplementary Material) would demonstrate impairment in both
cognitive domains. To further investigate the impact of network
dynamics on cognition, patients with frontal and temporal IEDs
were subdivided into two groups (temporal seizure onset with
frontal propagation or frontal lobe onset with temporal
propagation), comparing their performance against normative
standards and patients with isolated frontal and temporal
interictal activity. It was hypothesized that these subdivided
groups would display different cognitive profiles of impairment
based on the influence of the ictal focus and wider irritative
network activity.

2 Methods

2.1 Participants

A total of 148 adult patients underwent SEEG monitoring at
either Westmead Comprehensive Epilepsy Centre in Sydney,
Australia, or the Mater Hospital in Brisbane, Australia, between
2012 and 2023. These patients were investigated for various focal
epilepsies, however, only patients with confirmed TLE or FLE (based
on the findings from their SEEG evaluations) were included in this

FIGURE 2
Representation of the overlapping cortical zones in epilepsy and their relation to the epileptogenic zone. Note. Adapted from Tamilia et al., 2017.
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study. Patients with SEEG evidence of multifocal seizure onset,
seizure onset localized outside the frontal or temporal lobe, or non-
localizable seizure onset following SEEG, were excluded.
Furthermore, patients were excluded if they had previously
undergone epilepsy surgery prior to neuropsychological
assessment, had a history of a major psychiatric disorder that
required hospitalization, previous severe traumatic brain injury, a

history of Psychogenic Non-Epileptic Seizures (PNES) or
neurodevelopmental disorder, or an estimated IQ below 70
(based on a measure of estimated premorbid intellect).

Of the 148 patients who underwent SEEG between 2012 and
2023, 51 (34%) met the inclusion criteria. Patients were typically
excluded because their seizures were localized to regions outside the
frontal or temporal lobes, or SEEG was unable to localize a definite

TABLE 1 Demographic and clinical characteristics of seizure onset groups.

TLE (n = 33) FLE (n = 15) p-values

Sex
Males: n (%)
Females: n (%)

16 (48.5)
17 (51.5)

10 (66.7)
5 (33.3)

.351

Age at neuropsychological assessment: M (SD) 33.9 (13.2) 30.1 (9.5) .477

Years of education: M (SD) 12.6 (2.0) 11.5 (1.8) .090

Age of onset: M (SD) 20.7 (14.1) 11.7 (7.9) .038

Epilepsy duration (years): M (SD) 12.7 (9.0) 18.1 (9.1) .065

Febrile seizures in childhood: n (%) 4 (12.1) 0 (0.0) .294

Seizure frequency per year: M (SD) 156.9 (174.7) 379.7 (380.9) .093

Secondary generalised seizures: n (%) 13 (39.4) 10 (66.7) .120

Hippocampal/mesial temporal sclerosis: n (%) 6 (18.2) 0 (0.0) .090

Video-EEG Diagnosis: n (%)
Frontal lobe
Temporal lobe
Network (e.g., frontotemporal)
Other (e.g., parietal, occipital)
Non-localizable

0 (0.0)
10 (33.3)
16 (48.5)
3 (9.1)
4 (12.1)

6 (40.0)
1 (6.7)
4 (26.7)
1 (6.7)
3 (20.0)

N/A

SEEG EZ: n (%)
Mesial temporal (hipp/ent, amyg)
Temporal pole
Basal temporal
Anterior cingulate
Orbitofrontal
SMA
Lateral PFC

27 (81.8)
2 (6.1)
4 (12.1)

-
-
-
-

-
-
-

8 (53.3)
5 (33.3)
1 (6.7)
1 (6.7)

N/A

SEEG IZa: n (%)
Temporal only
Temporal-frontal (TL-F)
Frontal only
Frontal-temporal (FL-T)

13 (29.5)
17 (38.6)

-
-

-
-

5 (11.4)
9 (20.4)

N/A

Language representation: n (%)
Left
Right
Bilateral

32 (97.0)
0 (0.0)
1 (3.0)

15 (100.0)
0 (0.0)
0 (0.0)

1.000

EZ hemispheric lateralisation: n (%)
Left hemisphere
Right hemisphere
Bilateral onset

17 (51.5)
1 (45.5)
1 (3.0)

8 (53.3)
6 (40)
1 (6.7)

.759

Number of current ASMs: M (SD) 2.9 (0.9) 3.1 (1.0) .361

Number of Electrodes: M (SD) 13.3 (2.9) 14.8 (2.9) .094

Days of SEEG monitoring: M (SD) 7.2 (3.5) 8.1 (4.5) .542

Estimated premorbid IQ index (TOPF/NART-R/FSIQ/GAI): M (SD) 96.4 (10.1) 87.4 (7.0) .003

Note. TLE, temporal lobe epilepsy; FLE, frontal lobe epilepsy; EZ, epileptogenic zone; IZ, irritative zone; EEG, electroencephalography; SEEG, stereoelectroencephalography; hipp =

hippocampus; ent = entorhinal; amyg = amygdala; ASMs, anti-seizure medication; TOPF, test of premorbid functioning; NART-R, National Adult Reading Test-Revised; FSIQ, Full Scale IQ;

GAI, general ability index. Bold font = p < 0.05.
aFour patients excluded for not having electrodes present in both temporal and frontal regions of interest.
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EZ. Three patients were excluded from seizure onset analyses as they
were found to have multifocal seizure onset (i.e., separate seizure
onset zones in frontal and temporal structures), leaving a total of
48 patients. For the interictal analyses, an additional four patients
were excluded as they did not have an electrode implanted in both a
frontal and temporal region of interest (see Supplementary
Material), leaving a total of 44 patients. This additional exclusion
criterion was used to reduce potential sampling bias, as the absence
of interictal activity in frontal or temporal regions could not be
established if the regions were not implanted.

2.1.1 Seizure onset groups
Of the final seizure onset sample, 15 patients had a frontal lobe

seizure onset (FLE), while 33 had temporal lobe seizure onset (TLE).
The average number of seizures recorded during the monitoring
period for each patient was 17. There were no significant differences
in demographic characteristics between the FLE and TLE groups
(p-values>.170). However, the average age of onset was younger in
FLE patients, compared with TLE patients (Mann-Whitney U =
197.5, z = 2.07, p = .038), and estimated premorbid intelligence was
lower in FLE patients, compared with TLE patients (U = 81.5, z =
2.91, p = .003; see Table 1).

2.1.2 Irritative groups
For the interictal analyses, patients were categorized into groups

depending on whether intra-hemispheric irritative activity was
isolated to the frontal lobe (FL), the temporal lobe (TL) or
present in both the frontal and temporal lobes (FT). The FT
group was further subdivided depending on whether they had
seizure onset in the temporal lobe with interictal involvement of
frontal regions (TL-F), or frontal lobe seizure onset with interictal
activity in temporal regions (FL-T). Intra-hemispheric activity was
specifically used to categorize groups as studies have found higher
incidences of spike and wave complexes ipsilateral to the EZ
(Dinkelacker et al., 2016). Furthermore, studies utilizing depth
electrodes have found that the most common route of ictal
spread in TLE is to the ipsilateral frontal lobe (Lieb et al., 1991;
Mayanagi et al., 1996). This same approach to categorising patients
has been used in previous studies investigating network activity
beyond the temporal lobe (e.g., Barba et al., 2016).

Of the final interictal sample, 5 patients (11%) had epileptogenic
activity isolated to the frontal lobe, 13 (30%) had activity isolated to
the temporal lobe and 26 (59%) had interictal activity in both the
frontal and temporal lobes (i.e., FT). Of the 26 patients in the FT
group, 17 (65%) were identified as having temporal lobe onset with
propagation to frontal structures (TL-F), while 9 (35%) had frontal
lobe onset with temporal propagation (FL-T).

2.2 Neuropsychological measures

Standardized neuropsychological testing was undertaken with each
patient as part of their presurgical evaluation. See Supplementary
Material for a description of each measure included in the current
study, as well the standard presurgical evaluation procedure. In
summary, all patients completed the Rey Auditory Verbal Learning
Test (RAVLT; Rey, 1964), letter fluency (FAS from the Controlled Oral
Word Association Test; COWAT; Benton et al., 1994), category fluency

(animals) and the Boston Naming Test (BNT; Kaplan et al., 1983). Of
note, certain intra-task scores were used from the RAVLT, these being:
Trial 1 (immediate attention), Trials 1–5 (sum of correctly recalled
words across 5 trials; learning capacity), immediate retention
(percentage of Trial 5 items recalled on Trial 6), delayed retention
(percentage of Trial 5 items recalled after 30 min on Trial 7) and
recognition (sum of true positives after 30 min).

Given the purpose of this study was to differentiate localized
dysfunction between groups, neuropsychological measures were
categorized based on whether they typically localize (dys) function
to the frontal or temporal lobe (McDonald et al., 2001; Saling, 2009;
Schraegle et al., 2016; Bremm et al., 2019; Hermann et al., 2020). In
summary, measures of frontal function included immediate attention
and learning capacity from the RAVLT, letter and category fluency,
while temporal measures were immediate retention, delayed retention
and recognition from the RAVLT, and naming.

2.3 Data analysis

Total test scores from each patient were converted to age-adjusted,
and sex-adjusted (where appropriate), z-scores using published
normative datasets (Schmidt, 1996; Tombaugh and Hubley, 1997;
Tombaugh et al., 1999). These normative datasets were used to
establish the population mean (z = 0) for later comparison, as
utilized in Knopman et al. (2014). All analyses utilized nonparametric
methods and exact tests, due to small samples and non-normally
distributed data (according to the Shapiro-Wilk test) and, unless
otherwise stated, were performed using STATA 17 (StataCorp, 2021).

Cognitive performances were analyzed relative to normative
standards (i.e., z = 0) and also between groups (i.e., statistical
comparisons between scores). The purpose of this was to
investigate both the cognitive profiles of the groups, as well as
distinguishing factors between groups based on cognitive deficits.
Both strategies have been used widely within the literature when
attempting to discern the localizing value of cognitive measures.

For continuous data, Wilcoxon signed-rank tests were used to
investigate the profiles of each group compared to the normative
sample mean (z = 0). Wilcoxon rank-sum tests (via the Mann-
Whitney U statistic) were used to compare the z-scores between two
groups (e.g., FLE vs. TLE) and Kruskal-Wallis tests were used when
comparing z-scores for more than two groups (e.g., FL vs. TL vs. FT).
The effect sizes were interpreted according to the benchmarks
outlined by Cohen (1988).

Cognitive variable z-scores were also categorized into level
of impairment: no cognitive impairment (z-score above −1), mild
impairment (z-score of −1 to −1.63), or moderate to severe
impairment (z-score of −1.64 or below). Each patient was
categorized based on their individual performance, rather than the
groupmean. This methodology was also used by Knopman et al. (2014)
and is common in clinical practice. Simultaneous 95% confidence
intervals for multinomial proportions were calculated for the
proportion of patients in each cognitive impairment group using the
Wilson score interval method (Wilson, 1927) via the R DescTools
package (R Core Team, 2021; Signorell et al., 2021). Thismethod has the
advantage of correcting for multiple tests while performing well with
small sample sizes (Dean and Pagano, 2015). These intervals were
compared with the expected proportion of mild and moderate/severe
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impairment in the normal population (i.e., 84% no impairment, 11%
mild impairment, 5%moderate/severe impairment). Intervals excluding
the population proportion were deemed significant.

When comparing cognitive performance to normative standards
(e.g., z = 0), cognitive deficits were only interpreted where significant
differences were observed on both continuous and categorical
analyses. This approach was employed to increase the robustness
of the findings, reduce the chance of overinterpreting impairment
relative to the normative sample (particularly considering the small
group sizes), and to control for the effects of multiple comparisons.

3 Results

3.1 Cognition based on seizure onset alone

Groups were first analyzed when categorized purely on the basis of
seizure onset (i.e., not taking into account the irritative network). The
findings from groupmean and categorical analyses within and between

FLE and TLE groups are presented in Figure 3 (and Supplementary
Tables S1–S3). FLE and TLE groups performed significantly worse than
the normative sample on several cognitive variables, across both
continuous and categorical analyses (Supplementary Table S1). On
continuous variable analyses, FLE patients performed significantly
worse than the normative sample on learning capacity (RAVLT
Trials 1–5; p = .002), delayed retention (p = .006), letter fluency
(p = .015), and naming (p < .001). TLE patients performed
significantly worse on all cognitive variables (p-values ≤ .035),
except for immediate recall (p = .073). On categorical analyses, the
FLE group demonstrated a significantly higher percentage of mild
impairment (than the expected 11%) on letter fluency (15%–58%), and
a higher percentage of moderate/severe impairment (expected 5%) on
learning capacity (20%–64%), recognition (7%–45%), letter fluency
(20%–64%), and naming (36%–80%). TLE patients demonstrated a
significantly higher percentage of mild impairment on letter fluency
(17%–47%) and category fluency (22%–53%), and a higher percentage
of moderate/severe impairment on recognition (9%–34%), letter
fluency (11%–38%), and naming (27%–59%).

FIGURE 3
Comparative Continuous (Group z-score Means; (A) and Categorical (Proportions; (B)) Cognitive Outcomes in Temporal Lobe Epilepsy (TLE; n= 33)
and Frontal Lobe Epilepsy (FLE; n= 15) Patients.Note. Bars in (A) represent z-scoremeanswith error bars showing one standard error. ImmAtt, immediate
attention (Trial 1); Learn Cap, learning capacity (Trials 1–5); ImmRet, immediate retention; Del Ret, delayed retention; Recog, recognition; L Fluency, letter
fluency; C Fluency, category fluency. *p < .05 relative to population (z = 0). Brackets with p-values represent statistically significant differences
between groups (p < .05).
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When combining the findings of both continuous and
categorical analyses, the FLE group performed statistically
significantly worse on measures of learning capacity, letter
fluency, and naming, while the TLE group performed statistically
significantly worse on measures of recognition, letter fluency,
category fluency, and naming.

When comparing the mean z-scores between FLE and TLE
patients (Supplementary Table S2), only learning capacity was
significantly different between groups, with the FLE group
performing worse than the TLE group (p = .044). This finding
was also observed on categorical analyses (Supplementary Table S3),
with Fisher’s exact test indicating a higher proportion of patients
with more severe impairment on learning capacity in the FLE group
compared with the TLE group (p = .016).

3.2 Cognition based on irritative network

Analysis was then performed when the patients were separated
into groups based on the wider epileptic network/irritative network.

Different profiles of cognitive impairment were found for each of the
initial irritative groups (i.e., FL, TL, and FT) compared with
normative standards (z = 0; see Supplementary Table S4). While
the proportion of cases with moderate/severe impairment on letter
fluency (ranging from 12% to 77%) and naming (12%–77%) was
significantly higher in the FL group compared with normative
expectations, there was no evidence that the mean z-score
differed from the population on continuous analyses
(p-values>.062). TL patients performed significantly worse than
the population on naming across both sets of analyses, while the
FT group performed significantly worse on recognition, letter,
category fluency and naming. The FT group also performed
significantly worse on immediate attention, learning capacity, and
immediate and delayed recall, on group mean analyses (p-values ≤
.003), however the proportion of impaired performance was not
statistically significant on categorical analyses. The findings indicate
that the TL group was specifically impaired on naming, while the FT
group was impaired on both temporal and frontal measures across
continuous and categorical analyses. When these groups were
compared to one another (Supplementary Tables S5, S6), the FT

FIGURE 4
Comparative Continuous (Group z-score Means; (A)) and Categorical (Proportions; (B)) Cognitive Outcomes in Patients with Isolated Temporal
Irritative Networks (TL; n = 26) and Temporal to Frontal Irritative Networks (TL-F; n = 17). Note. Bars in (A) represent z-score means with error bars
showing one standard error. Imm Att, immediate attention (Trial 1); Learn Cap, learning capacity (Trials 1–5); Imm Ret, immediate retention; Del Ret,
delayed retention; Recog, recognition; L Fluency, letter fluency; C Fluency, category fluency. *p<.05 relative to population (z=0).
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group performed worse on immediate retention (p = .048) and
recognition (p = .038), compared with both FL and TL groups.

The next phase of analyses was undertaken with the FT group
subdivided based on the propagation pattern (i.e., TL-F & FL-T).
Figure 4 depicts the mean z-scores for TL and TL-F groups. The TL-
F group performed significantly worse on recognition, letter fluency,
category fluency and naming across both continuous and categorical
analyses (p-values ≤.017; Supplementary Table S7). There were no
statistically significant differences when comparing TL and TL-F
groups directly (p-values>.110; Supplementary Tables S8 & S9).

Figure 5 depicts the performance between the FL and FL-T
groups. Patients in the FL-T group performed significantly worse on
immediate attention, learning capacity, immediate retention,
recognition and naming across both continuous and categorical
analyses (p-values ≤.039; Supplementary Table S7).When compared
directly, the FL-T group performed significantly worse on
immediate retention and recognition on group mean analyses
(p-values = .027), with delayed retention and naming

approaching significance (p-values = .059; Supplementary
Tables S10, S11).

Figure 6 depicts the cognitive performance between the TL-F
and FL-T groups. There was a significant difference between these
groups on immediate attention (p = .023) and learning capacity (p =
.019), whereby the FL-T group performed worse across both on
group mean analyses (Supplementary Table S12). On categorical
analyses, the proportion of impairment on naming was significantly
higher in the FL-T group compared to the TL-F group (p = .018).
Learning capacity also trended in the same direction, however failed
to reach statistical significance (p = .056; Supplementary Table S13).

4 Discussion

The present study aimed to investigate cognitive impairment in
SEEG patients when categorized based on the seizure onset zone or
the irritative network. Speaking to the former, while subtle

FIGURE 5
Comparative Continuous (Group z-score Means; (A)) and Categorical (Proportions; (B)) Cognitive Outcomes in Patients with Isolated Frontal
Irritative Networks (FL; n = 5) and Frontal to Temporal Irritative Networks (FL-T; n = 9). Note. Bars in (A) represent z-score means with error bars showing
one standard error. Imm Att, immediate attention (Trial 1); Learn Cap, learning capacity (Trials 1-5); Imm Ret, immediate retention; Del Ret, delayed
retention; Recog, recognition; L Fluency, letter fluency; C Fluency, category fluency. *p < .05 relative to population (z=0). Brackets with p-values
represent statistically significant differences between groups (p < .05).
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differences were observed in the cognitive profiles of FLE and TLE
patients, the only significant difference between the groups was that
patients with FLE had reduced learning capacity (i.e., there was no
significant difference across all other domains). When patients were
categorized based on the distribution of their epileptic network
(i.e., irritative network), more circumscribed profiles of impairment
were observed in patients with networks limited to either frontal or
temporal structures, while those with broad involvement of the
frontotemporal network (i.e., FT) performed significantly worse
across a number of cognitive domains, including measures of
executive functioning, memory, and language. Further
subdivision of the FT group revealed the impact of activity
beyond the site of seizure onset, as patients with frontal seizure
onset were more likely to display memory impairment where the
irritative network involved temporal structures (i.e., FL-T vs FL),
and patients with temporal seizure onset were more likely to
demonstrate executive dysfunction where there was irritative
extension to the frontal lobe (i.e., TL-F vs TL).

The following study extended on previous research by
investigating cognitive impairment relative to normative

expectations at both the group mean (continuous) and individual
classification level (categorical). Table 2 summarizes the cognitive
measures that were impaired across both continuous and categorical
analyses for each group. Comparing the findings between groups,
several putative measures of temporal and frontal function revealed
wider network activity (i.e., irritative activity), as opposed to localized
dysfunction (i.e., seizure onset). In terms of temporal measures,
recognition memory for a word list was initially found to be
significantly impaired in the TLE group, however, impairment on
this measure was only observed in the TL-F and FL-T groups
(i.e., those with frontotemporal network involvement). Similarly,
while naming was impaired in both TLE and FLE groups, it was
subsequently only observed in the TL, TL-F and FL-T groups. These
findings support recent phenotype studies that have demonstrated
naming impairment in FLE patients (Arrotta et al., 2022), and
further suggest that this may be due to the involvement of temporal
structures within the wider seizure network (i.e., the FL-T group).

Several frontal measures also provided insights into network
dysfunction. For example, while letter fluency was impaired in TLE
patients, subsequent analyses revealed it was only impaired in the

FIGURE 6
Comparative Continuous (Group z-score Means; (A)) and Categorical (Proportions; (B)) Cognitive Outcomes in subdivided frontotemporal groups.
Note. Bars in (A) represent z-score means with error bars showing one standard error. Imm Att, immediate attention (Trial 1); Learn Cap, learning capacity
(Trials 1–5); Imm Ret, immediate retention; Del Ret, delayed retention; Recog, recognition; L Fluency, letter fluency; C Fluency, category fluency. *p <
.05 relative to population (z = 0). Brackets with p-values represent statistically significant differences between groups (p < .05).
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TL-F group (i.e., where there was network propagation to frontal
regions). This same pattern was observed in patients with impaired
category fluency, providing support for the growing body of
literature demonstrating frontotemporal network involvement
during verbal fluency tasks (Wang et al., 2010; Whiteside et al.,
2015). Finally, while learning capacity was specifically impaired in
FLE patients, the findings from the irritative analyses suggest that
this was only evident in the FL-T group. Taken together, these
findings suggest that both the regional involvement and
directionality of the irritative network influence the profile of
cognitive impairment, and potentially shed light on recent studies
that have found similar profiles of cognitive impairment in patients
with focal and generalized epilepsies (Gauffin et al., 2022).

The use of an exclusive SEEG sample was central to the current
study. While previous studies have investigated the impact of
interictal activity on cognition, most of these studies have
identified IEDs using scalp-EEG, which has been found to
underestimate their presence, particularly when emanating from
mesial structures, such as those commonly involved in TLE and FLE
(Merlet et al., 1998; Spencer et al., 1998; Pyrzowski et al., 2021). The
breakdown of the irritative groups within the following study is
worthy of brief discussion. The proportions of patients with isolated
frontal, temporal or frontotemporal interictal activity within the
current sample were 11%, 30%, and 59%, respectively. These
proportions are considerably different from previous research
exploring the influence of interictal activity on cognition using
scalp-EEG. For example, in a recent study investigating the
impact of IEDs on cognition in children, only 12% of the sample
were identified as having frontotemporal interictal activity (Glennon
et al., 2016). In adults, a study by Vlooswijk et al. (2011) found a
more balanced representation of temporal (28%), frontal (36%) and
frontotemporal groups (36%), when examining working memory
performance in patients with focal epilepsy. The current sample
included a much larger proportion of patients with frontotemporal
IEDs, which may be due to the added localizing value of SEEG, as
depth electrodes are able to sample anatomically deep structures that
are otherwise undetectable on scalp-EEG (e.g., orbitofrontal cortex,
anterior cingulate; Suresh et al., 2015). This supports the notion that
previous research which has identified IEDs using scalp-EEG may

have underestimated the true involvement of frontal and temporal
structures, and subsequently the potential contribution to cognitive
impairment where patients have been categorized according to
seizure onset alone.

While the manifestation of cognitive impairment in epilepsy is
largely associated with the location of seizure activity, certain factors,
such as age of onset, duration of epilepsy, and frequency of seizures,
have been found to impact the severity of cognitive deficits (Holmes,
2015; DeGeorge et al., 2021; Novak et al., 2022). Patients in the FLE
group did have an earlier age of onset and lower estimated
premorbid intelligence compared with the TLE group. While not
statistically significant, there was also a trend for patients in the FLE
group to have a higher seizure frequency. Previous research has
found poorer performance on measures of general intellect in
patients with FLE (Braakman et al., 2012), with some studies
attributing this to a typically younger age of seizure onset
(Campiglia et al., 2014). Indeed, previous studies have indicated
that earlier onset of seizures is associated with a greater impact on
cognition (particularly working memory and executive function;
Black et al., 2010). As such, the difference in age of onset between the
TLE and FLE groups may have provided some contribution to the
overall findings. Alternatively, the association between age of seizure
onset and estimated premorbid intellect may be due to the impact of
early seizure onset (≈11 years the FLE group) on vocabulary
acquisition—potentially resulting in an underestimation of
premorbid IQ in the current sample, as intellect was primarily
estimated using measures of vocabulary (i.e., the TOPF and
NART-R). Unfortunately, given the size of the overall sample,
investigation of potentially moderating clinical factors between
epilepsy types was limited.

4.1 Clinical implications

The findings from the current study highlight the importance of
the epileptic network/irritative zone in the determination of
cognitive impairment for patients with medically-refractory
epilepsy. This concept is an evolution of the structure-function
interpretation that has been traditionally used to localize seizures

TABLE 2 Table of statistically significant cognitive impairment on both continuous and categorical analyses when compared to the normative sample.

Seizure onset groups Irritative groups Subdivided FT groups

Cognitive Domain FLE TLE FL TL FT TL-F FL-T

Immediate Attention X

Learning Capacity X X

Immediate Recall X

Delayed Recall

Recognition X X X X

Letter Fluency X X X X

Category Fluency X X X

Naming X X X X X X

Note. X = statistically significant across both continuous and categorical analyses. FLE, frontal lobe epilepsy; TLE, temporal lobe epilepsy; FL, isolated frontal lobe irritative network; TL, isolated

temporal irritative network; FT, frontotemporal irritative network; TL-F, temporal to frontal irritative network; FL-T, frontal to temporal irritative network.
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in clinical settings. Spencer (2002) postulated that seizures can occur
from different nodes within the same epileptic network, including
regions beyond the focal site of onset, and remain clinically
indistinguishable from one another as the whole network is
responsible for the manifestation of the seizure. As such,
accurately identifying the areas involved in the wider network
has significant implications for surgical outcomes.

Temporal plus epilepsy (TPE) represents an excellent clinical
example for the importance of establishing the wider boundaries of
an individual’s seizure network prior to epilepsy surgery. TPE refers
to a focal epilepsy where the primary EZ extends beyond the
temporal lobe to other neighboring extratemporal regions
(including perisylvian and orbitofrontal cortices; Barba et al.,
2007; Ryvlin and Kahane, 2005). The concept of TPE was
established in response to recurrent failed temporal lobectomies
in patients with wider seizure networks (Barba et al., 2016). Failure
to identify TPE carries significant consequences for surgical success,
with some studies observing only 9% of TPE patients achieving an
Engel Class Ia outcome (completely seizure free; no auras) following
standard anterior lobectomy, compared with 74% of patients whose
surgery was tailored to the wider seizure network (Ryvlin et al.,
2001). The diagnosis of TPE is further complicated by the fact that
patients are commonly MRI-negative and have scalp-EEG features
almost indistinguishable from classic TLE (Barba et al., 2007). As
such, TPE can only be confirmed through SEEG, as invasive
recording allows for simultaneous sampling of the temporal lobe
and neighboring areas of cortex (e.g., frontal, parietal, and occipital
cortices; Andrade-Machado and Benjumea-Cuartas, 2016).

Advances in structural and functional neuroimaging have reduced
the reliance on neuropsychological assessment to localize the EZ
(Baxendale, 2018). Indeed, surgical outcomes are superior where a
causative lesion has been established on neuroimaging (McIntosh
et al., 2001; Téllez-Zenteno et al., 2010; Oldan et al., 2018). While
some patients may progress directly to surgery following an initial
presurgical evaluation (i.e., where there is concordance among
presurgical non-invasive investigations), others will require additional
invasive investigations. In this scenario, successful surgical outcomes
hinge on the accuracy of the electrode implantation, which aims to
capture an individual’s entire seizure network, to accurately discern the
boundaries of their EZ (Bonini et al., 2014; Gonzalez-Martinez, 2016;
Chauvel, 2020). Where an epileptogenic lesion has not been established,
the onus is placed on the remaining non-invasive investigations
(i.e., neuropsychological assessment, clinical semiology) to develop
the implantation plan. The findings from the current study suggest
that neuropsychological assessment provides insight into regions
involved in an individual’s wider seizure network. As such, an
individual’s pre-implantation cognitive profile may assist with
identification of regional involvement beyond the site of suspected
seizure onset (e.g., TPE). For example, a more broad implantation may
be required where a patient with suspected TLE displays executive
dysfunction and frontal seizure semiology.

4.2 The use of continuous and categorical
data

The use of continuous and categorical data was an important
feature of the current study and novel in the context of previous

cognitive research—which typically uses one approach to interpret
impairment. Our findings demonstrate how the interpretation of
continuous and categorical data can produce different profiles of
impairment compared with normative standards (z = 0). The
decision to analyze both sets of data was based on their various
advantages and disadvantages. Continuous analyses, which are
commonly used within cognitive research, allow for the
consideration of potentially important variability within the data.
However, this use of group mean data has been criticized for
hampering diagnostic precision, as it dilutes the contribution of each
individual’s data (Reyes et al., 2020; Caciagli and Bassett, 2022; Lee et al.,
2022). In contrast, consideration of categorical data is more akin to
clinical interpretation of cognitive impairment, as the individual’s
categorisation is compared to normative expectations. Criticisms of
this approach include a lack of flexibility, due to the categorization of
function as either impaired or intact. There is also ongoing debate
regarding the ideal cut-off score for impairment, with the majority of
studies utilizing 1 or 1.5 SDs below the mean (e.g., Suresh et al., 2015;
Bremm et al., 2019; Reyes et al., 2020). Unfortunately, very little has been
published on the differences between these approaches in the context of
interpreting cognitive impairment.

Given the small sample size of the current study, corrections for
multiple comparisons were not made, as they would have likely
minimized any chance of observing trends within the data. To
mitigate against this omission, cognitive impairment relative to
normative expectations was only inferred where deficits were
observed on both continuous and categorical analyses, as a
means to increase the robustness of the findings. The utility of
this approach should be investigated in future research.

4.3 Limitations

There are some limitations to the following study that should be
addressed. First, the sample size was small given SEEG is an emerging
procedure in Australia. As such, the numbers in each group were not
balanced. This was particularly evident in the frontal groups (i.e., FLE,
FL, and FL-T) and probably impacted our ability to observe differences
between groups due to reduced statistical power. The small sample
sizes also impacted our ability to explore further categorization of
groups based on seizure laterality (e.g., right FLE, left FLE, etc.),
handedness/dominance, involvement of unilateral or bilateral
structures, and sub-lobar involvement (e.g., orbitofrontal vs.
dorsolateral PFC in frontal lobe groups). While the current study
focused on the involvement of frontal and temporal regions, future
studies may want to investigate the network involvement beyond these
areas (i.e., extending posteriorly to parietal and occipital regions).
More distal network involvement may result in different profiles and/
or more severe cognitive deficits. Despite these limitations, the study
remains the first of its kind to explore neuropsychological assessment
exclusively in SEEG patients, to the authors’ knowledge.

The multi-center nature of this study was a strength but
introduced both neuropsychological and SEEG variability. The
preference of executive measures differed between sites, limiting
our ability to utilize a large battery of executive tasks. The
standardized inclusion of additional measures of executive
functioning may have resulted in the emergence of more defined
profiles of impairment. Similarly, the SEEG implantation strategies
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were patient specific and not standardized between centers.
Sampling was more than sufficient to determine if a lobe was a
part of the irritative network, however more detailed determination
of the volume of involvement, which specific structures within that
lobe were involved, and/or quantifying the degree of involvement
were not possible. If this study were repeated, utilizing a large dataset
with a standardized approach to neuropsychological assessment and
SEEG implantation would be highly beneficial.

5 Conclusion

Patients with SEEG evidence of a widespread epileptic network
had more widespread and severe cognitive impairment than those
with seizures limited to either frontal or temporal regions.
Furthermore, our findings suggest that the directionality of
propagating network activity appears to influence the profile of
cognitive impairment, even where the same regions are involved
(i.e., frontotemporal network activity). While cognitive impairment
has traditionally been used to establish the node of seizure onset, our
findings suggest that it may provide more useful insight into the
wider boundaries and features of the seizure network.
Understanding this pattern of cognitive deficits may assist with
identifying patients with a more diffuse epilepsy network where
greater SEEG sampling may assist with improving outcomes.
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