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Long-term neuropsychological trajectories
in children with epilepsy: does surgery
halt decline?
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Neuropsychological impairments are common in children with drug-resistant epilepsy. It has been proposed that
epilepsy surgery might alleviate these impairments by providing seizure freedom; however, findings from prior
studies have been inconsistent. We mapped long-term neuropsychological trajectories in children before and after
undergoing epilepsy surgery, to measure the impact of disease course and surgery on functioning.

We performed a retrospective cohort study of 882 children who had undergone epilepsy surgery at Great Ormond
Street Hospital (1990-2018). We extracted patient information and neuropsychological functioning [obtained from
IQ tests (domains: full-scale IQ, verbal IQ, performance IQ, working memory and processing speed) and tests of
academic attainment (reading, spelling and numeracy)] and investigated changes in functioning using regression
analyses.

We identified 500 children (248 females) who had undergone epilepsy surgery [median age at surgery =11.9 years,
interquartile range = (7.8, 15.0)] and neuropsychological assessment. These children showed declines in all domains
of neuropsychological functioning in the time leading up to surgery (all P-values <0.001; e.g. Brsiq=—1.9, SEpsiq=0.3,
Prsiq < 0.001). Children lost on average one to four points per year, depending on the domain considered; 27%-43%
declined by >10 points from their first to their last preoperative assessment. At the time of presurgical evaluation,
most children (46%-60%) scored one or more standard deviations below the mean (<85) on the different neuropsycho-
logical domains; 37% of these met the threshold for intellectual disability (full-scale IQ < 70). On a group level, there
was no change in performance from pre- to postoperative assessment on any of the domains (all P-values >0.128).
However, children who became seizure free through surgery showed higher postoperative neuropsychological per-
formance (e.g. rp-rsiq = 0.37, P < 0.001). These children continued to demonstrate improvements in neuropsychologic-
al functioning over the course of their long-term follow-up (e.g. Brsiq = 0.9, SErsiq=0.3, Prsiq = 0.004). Children who
had discontinued antiseizure medication treatment at 1-year follow-up showed an 8- to 13-point advantage in post-
operative working memory, processing speed and numeracy, and greater improvements in verbal IQ, working mem-
ory, reading and spelling (all P-values <0.034) over the postoperative period compared with children who were seizure
free and still receiving antiseizure medication.

In conclusion, by providing seizure freedom and the opportunity for antiseizure medication cessation, epilepsy sur-
gery might not only halt but reverse the downward trajectory that children with drug-resistant epilepsy display in
neuropsychological functioning. To halt this decline as soon as possible or, potentially, to prevent it from occurring
in the first place, children with focal epilepsy should be considered for epilepsy surgery as early as possible after
diagnosis.
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Introduction

Children with epilepsy display high rates of neuropsychological
impairment,” which can significantly impact their academic attain-
ment, social relationships and eventual employment opportun-
ities.” They may present these difficulties prior to the onset of
their epilepsy or develop them over the course of their epilepsy.?
A range of factors have been attributed as causes of these impair-
ments, including underlying aetiology, ongoing seizures and use
of antiseizure medication (ASM).*

Epilepsy surgery is a low-risk and widely accepted form of treat-
ment for carefully selected children with drug-resistant epilepsy.”
Approximately 67% of children are seizure free 1 year after sur-
gery,® and 60% of children maintain their seizure freedom 5 years
after surgery.” Although the primary aim of epilepsy surgery is to
provide seizure freedom, there exists an underlying belief or hope
that it might also have a beneficial impact on cognition. Still, the
documented effects of surgery on cognition in children with
epilepsy remain inconsistent.> Some studies have reported im-
provements in performance from pre- to postoperative neuro-
psychology assessment,®?® whereas others have found no
Change8,9,11,12,14,19,20,22,23,25,27-44 or declines21,22,25,27,28,30,42 across
different domains of functioning.

In an effort to disentangle these inconsistent findings, research-
ers have sought to identify determinants of postoperative neuro-
psychological outcomes.*** Some of these determinants have
demonstrated largely consistent findings: older age of epilepsy
onset,'>!*2>26:48 fower ASMs trialled prior to surgery,* higher
preoperative neuropsychological scores,8?20:22:24-28,35,38,40,48,49
lobar surgery (as opposed to multilobar surgery*® or hemispherot-
omy*’), a diagnosis of tumour (as opposed to vascular aetiological
causes®® or focal cortical dysplasia®®) and postoperative reduction
or withdrawal of ASMs'”-?%0%% have been found to be predictive
of better postoperative neuropsychological functioning or an im-
provement from pre- to postoperative neuropsychological

uni-

assessment. Right-sided surgery has, furthermore, been found to
benefit verbal neuropsychological abilities, and left-sided surgery
has been found to benefit visuospatial abilities.>*”:*®° Other deter-
minants of neuropsychological outcomes have produced less con-
sistent findings. For example, some studies have shown that
younger age at surgery’>?* and shorter duration of epi-
lepsy 02262843 gre associated with better neuropsychological out-
comes. Other studies have, however, demonstrated the opposite
effect for age at surgery*®*®%° or failed to find any effect of duration
of epilepsy on neuropsychological outcomes.'**”*** Studies that
have investigated the impact of postoperative seizure outcome
have also had conflicting findings, with some studies demonstrat-
ing a beneficial impact of seizure freedom on neuropsychological
outcomeg’®20-22:37,39,40,50 but others finding no
effect,?10:14:17,24,26,33,35,48:49 Thege factors are, however, of particular
importance because they are potentially modifiable, informing not
only if but also when children should proceed to surgery.

Some of the variability in these findings might be explained by
limitations of the studies conducted to date. The majority of studies
that have investigated the effect of surgery on neuropsychological
outcomes in paediatric epilepsy surgery patients have lacked suffi-
ciently large cohorts, been composed solely of patients with tem-
poral lobe epilepsy, and focused on the effects of surgery on
language and/or memory.>! Perhaps more importantly, most stud-
ies have evaluated the effect of surgery on neuropsychological
functioning by measuring change from a single preoperative as-
sessment to that of a single postoperative assessment, typically
performed 1 year after surgery. This approach fails to take into ac-
count an individual’s preoperative neuropsychological trajectory
and changes that might occur later than 1 year after surgery.

There is an assumption that children with drug-resistant epi-
lepsy increasingly fall behind their typically developing peers, giv-
ing rise to a downward neuropsychological trajectory.*> This is
because neuropsychological impairments are common at the
time of presurgical evaluation.®” However, to the best of our
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knowledge, only one study to date has described longitudinal
changes in neuropsychological performance prior to surgical inter-
vention.*® Laguitton et al.*° found that, in 29 children who had
undergone two preoperative assessments (one completed 2-3 years
before surgery and another 1 year before surgery) approximately
half of the children (55%) declined between assessments.

There is also a lack of studies that have investigated long-term
longitudinal changes in neuropsychological functioning after epi-
lepsy surgery. The majority of studies that have included multiple
postoperative neuropsychological assessments have examined
relatively immediate changes in functioning, typically within 1
year,%?%3 2 years'®?72%33 or 3 years' of surgery. Studies?*°°
that have reported longitudinal changes >4 years after surgery
have had limited sample sizes (n<61) and demonstrated mixed
findings regarding the impact of postoperative seizure freedom
on the potential improvement in neuropsychological functioning.
Such long-term trajectories are, however, particularly relevant in
children undergoing epilepsy surgery, where the maturation and
greater plasticity of the developing brain might allow for the re-
organization, and thereby recovery, of brain functions.>® It is there-
fore still a challenge for clinicians to inform caregivers of what they
can expect in terms of their child’s cognitive development, not only
in the short term but, crucially, in the long term.

To gain a better understanding of the impact of disease course
and surgery on neuropsychological functioning in children with
drug-resistant focal epilepsy, and thereby improve both clinical
decision-making and patient counselling, we studied a large, het-
erogeneous cohort of children undergoing epilepsy surgery. We
aimed to investigate long-term neuropsychological trajectories,
both before and after epilepsy surgery, and to identify determi-
nants of these trajectories.

Materials and methods

We included children who had undergone surgical resection or dis-
connection for epilepsy at Great Ormond Street Hospital (GOSH,;
London, UK) between 1 January 1990 and 31 December 2018 and
who had either a pre- or postoperative neuropsychological assess-
ment available. We excluded children who had undergone surgical
neuromodulation (i.e. vagus nerve stimulation, deep brain stimula-
tion or responsive neurostimulation), thermocoagulation or laser
interstitial thermal therapy. We also excluded children who had
undergone multiple subpial transection because this procedure is
no longer routinely performed in children with epilepsy. If children
had undergone multiple surgeries over the course of the study per-
iod, we included outcomes after their first surgery only.

We extracted the following information from medical records: pa-
tient demographics, handedness, educational status, family his-
tory of epilepsy, epilepsy characteristics (including both historical
seizures and seizures at time of presurgical evaluation), preopera-
tive MRI findings, preoperative ASMs (both the total number of dif-
ferent ASMs that the patient had trialled from the time of their
epilepsy onset to the time of their preoperative evaluation and
the number of ASMs that the patient was receiving at the time of
their preoperative evaluation), details of their surgery, genetic re-
sults, histopathology diagnoses and postoperative outcomes.
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We considered patients to be either seizure free (including free-
dom from auras) or not seizure free 1 year after surgery and noted
whether patients were receiving, weaning or no longer receiving
ASMs at 1-year follow-up. In patients with additional, long-term
postoperative neuropsychological assessments, we also recorded
their seizure outcome and postoperative ASM status at final
assessment.

Neuropsychology assessments are regularly performed preopera-
tively and 1 year after surgery at GOSH, in line with International
League Against Epilepsy (ILAE) guidelines.>* Children may, how-
ever, undergo multiple pre- and/or postoperative neuropsycho-
logical assessments over the course of their epilepsy. The reasons
for this (other than epilepsy surgery evaluation) may be caregiver
concerns about cognitive development, applications for education-
al services to support children within mainstream school or to al-
low them to access special educational needs schools, and
follow-up as their epilepsy evolves.

We chose to include every neuropsychological assessment that
a child had undergone, to map their individual neuropsychological
trajectories both before and after surgical intervention. These as-
sessments had been performed using a variety of tests and test ver-
sions, owing to the long study time frame and the wide age range of
the children included. Patients might have been tested using differ-
ent tests over the course of their treatment, and the same patient
might have been assessed using two different test versions at dif-
ferent time points. The tests and test versions administered are,
however, highly correlated, as documented in their technical man-
uals. Furthermore, the tests have demonstrated robust test-retest
reliability. For example, the technical manual of the Wechsler
Intelligence Scale for Children—Fourth Edition (WISC-IV) includes
test-retest coefficients of 0.86-0.93, depending on the subdomain
considered.>® The WISC-1V has also demonstrated suitable test-re-
test reliability specifically in children with epilepsy.>®

We included cognitive assessments that had been performed using
the WISC (versions WISC-III to WISC-V and the WISC-Revised), the
Wechsler Preschool and Primary Scale of Intelligence (WPPSI; ver-
sions WPPSI-III, WPPSI-IV and WPPSI-Revised), the Wechsler
Adult Intelligence Scale (WAIS; versions WAIS-III, WAIS-IV and
WAIS-Revised) and the Wechsler Abbreviated Scale of Intelligence
(WASI).

We also included assessments of academic attainment that had
been performed using the Wechsler Individual Achievement Test
(WIAT; versions WIAT-II and WIAT-III), the Wechsler Objective
Reading Dimensions (WORD), the Wechsler Objective Numerical
Dimensions (WOND) and the Wide Range Achievement Test
(WRAT; version WRAT-III).

We did not include tests developed specifically to assess lan-
guage and/or memory [e.g. the Clinical Evaluation of Language
Fundamentals (CELF)] because in the past these were not consist-
ently administered to children undergoing epilepsy surgery, but ra-
ther exclusively to children with existing language and/or memory
problems or children who were being evaluated primarily for tem-
porallobe surgery or hemispherotomy. We did not include develop-
mental tests that can be used to generate developmental quotient
(DQ) scores [as opposed to intelligence quotient (IQ) scores]. Such
tests, including the Bayley Scales of Infant and Toddler
Development, the Mullen Scales of Early Learning and the
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Griffiths Scales of Child Development, are typically used when a
child cannot access an IQ test. This could be because of their
chronological age (i.e. infants who are too young to access an IQ
test) or developmental age (i.e. children who present with atypical
development or developmental delay). The reason we chose to not
include developmental tests is because these focus on skills and
functions (e.g. reaching and grasping), which arguably cannot be
equated with what IQ tests seek to conceptualize (i.e. general
cognitive functioning). The convergent validity of developmental
and IQ tests is therefore questionable. Indeed, it has been demon-
strated that developmental tests are poor predictors of later
1Q.>”*8 It has also been demonstrated that there are differential de-
terminants of IQ and DQ scores in children undergoing epilepsy
surgery.>®

We extracted standard scores for five domains of cognition: full-
scale IQ (FSIQ), verbal IQ, performance IQ, working memory and
processing speed. Supplementary Table 1 shows how the different
indices from the various cognitive tests loaded onto each of these
domains. We also extracted standard scores for three domains of
academic attainment: reading, spelling and numeracy.

We considered the assessments performed closest to surgery as the
‘preoperative’ and ‘postoperative’ neuropsychology assessments of
the patients.

We categorized the preoperative neuropsychological perform-
ance of the patients into one of four categories: ‘<70’ (two
standard deviations or more below the mean; clinical threshold
for intellectual disability®®); ‘70-85’ (within one standard deviation
below the mean); ‘85-115’ (within average range); and >115’ (above
average).

In accordance with past studies,*>*>>° we considered patients who

had an increase or decrease of >10 points between their pre- and
postoperative neuropsychological assessments to have experi-
enced an improvement or decline in functioning, respectively.
Any potential decline discussed hereinafter represents a decline
in standard (not raw) scores. A decline in standard scores could re-
flect a delayed development in comparison to typically developing
children, a plateau in development or a loss of skills.

We calculated the descriptive statistics for the cohort using mean
(M) with standard deviation (SD), median (Md) with interquartile
range (IQR) and count with proportion, as appropriate.

We visualized the effect of duration of epilepsy on preoperative
neuropsychological performance both cross-sectionally and
longitudinally. For the cross-sectional visualizations, only a single
assessment for each patient was included. For the longitudinal vi-
sualizations, only patients with two or more assessments were in-
cluded, and every assessment was included. We fitted linear and
generalized additive models to the visualized data-points.

We checked whether the continuous data were normally distrib-
uted using Shapiro-Wilk tests.®? If the data were normally distribu-
ted, we investigated changes in performance from pre- to
postoperative performance using dependent-samples t-tests. If the
data were not normally distributed, we used Wilcoxon signed-rank
tests. We further investigated associations between demographic,
clinical and surgical variables and neuropsychological functioning
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using Pearson’s correlation coefficient, Spearman’s rank correlation
coefficient and rank-biserial correlation coefficient, as appropriate.
We analysed age of epilepsy onset, age at surgery and duration of epi-
lepsy separately, using partial correlations, to take into account the
intercorrelated nature between these clinical characteristics.

We performed a series of mixed-effects linear regression ana-
lyses to investigate potential moderators of pre- and postoperative
neuropsychological trajectories. We chose a mixed-effects model
approach because it allows for the inclusion of multiple data-points
produced by the same individual, as in the case of patients who
have multiple pre- and/or postoperative assessments. To confirm
that a mixed-effects structure was justified, we first compared the
Akaike information criterion (AIC) of the baseline (fixed effects)
model with the AIC of the mixed-effects model (with random inter-
cepts). We then compared the AIC of the mixed-effects model with
random intercepts to the AIC of the mixed-effects model with both
random intercepts and random slopes, to determine which model
fitted the data better. To investigate whether patients showed a de-
cline in neuropsychological functioning prior to surgery, we first
tested whether there was a main effect of duration of epilepsy on
preoperative neuropsychological functioning. We then investi-
gated whether there was an interaction effect between duration
of epilepsy and aetiology on preoperative neuropsychological func-
tioning. We chose Rasmussen encephalitis as the reference cat-
egory, owing to its known progressive cognitive deterioration.®
We compared the AICs of the two mixed-effect models and ran a
chi-square test, to choose the model that fitted the data best (sig-
nificant P-value and lower AIC). We repeated this procedure on
the postoperative data, with a main effect of time since surgery
and with an interaction effect between time since surgery and seiz-
ure outcome, to investigate whether seizure freedom impacted
upon the potential of patients to improve in neuropsychological
functioning postoperatively.

We investigated whether there were differences in demo-
graphic and clinical characteristics between patients with a
single versus multiple pre- and/or postoperative neuropsycho-
logical assessments using chi-square tests for categorical vari-
ables and Spearman’s rank-order correlation for skewed
continuous variables. Likewise, we investigated whether there
were differences in demographic and clinical characteristics be-
tween patients who were seizure free after surgery and patients
who were not seizure free after surgery. We also checked for dif-
ferences in demographic and clinical characteristics between pa-
tients who had undergone neuropsychological assessment (and
were therefore included in the present study) and patients who
had had epilepsy surgery but had not undergone neuropsycho-
logical assessment (and were therefore excluded from the pre-
sent study). We performed a series of two-way repeated
ANOVA tests to investigate whether there was an interaction ef-
fect between time point of preoperative assessment (first versus
last preoperative assessment) and seizure outcome on preopera-
tive neuropsychological functioning. Finally, we investigated dif-
ferences in both postoperative performance and postoperative
trajectories in seizure-free patients who had been weaned off
ASMs versus those who were still receiving or weaning ASMs
using dependent-samples t-tests. If the data were not normally
distributed, we used Wilcoxon signed-rank tests.

We performed all statistical analyses and visualizations in R
v.3.6.3. All tests were two-tailed, and we set the threshold for sig-
nificance a priori at P < 0.05. We corrected for multiple comparisons
where appropriate using the Holm method® and reported both ori-
ginal and corrected P-values.
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Results

From a total of 882 children who had undergone an epilepsy
surgery within our inclusion criteria, we identified 500 children
who had at least one pre- or postoperative neuropsychological as-
sessment. An overview of available assessments is demonstrated
in Supplementary Table 2.

Demographic information and clinical characteristics for the in-
cluded patients are provided in Supplementary Table 3. Seizure infor-
mation, including historical seizures and seizures at the time of
presurgical evaluation, are reported in Supplementary Table 4. There
was an even distribution of male (n = 252) and female (n = 248) patients.
At the time of preoperative evaluation, 69% of children were attending
mainstream school, either with (31%) or without (38%) additional sup-
port, and 12% were attending a special educational needs school.

The median age of epilepsy onset was 3.2 years [I[QR = (1.2, 6.5)],
and the median age at surgery was 11.9 years [IQR = (7.8, 15.0)]. Most
children (65%) had a focal MRI abnormality on their preoperative
scan, and the remaining children had either a diffuse (23%) or
multifocal (8%) MRI abnormality or were diagnosed as MRI negative
(4%). Lesionectomy (42%) and lobectomy (35%) were the most com-
monly performed procedures, followed by hemispherotomy (16%).
Most surgeries were performed on the temporal (47%) and frontal
(18%) lobes. Low-grade epilepsy-associated tumour (25%), mesial
temporal sclerosis (15%) and focal cortical dysplasia type-II (14%)
were the most commonly occurring histopathology diagnoses.

At 1-year postoperative follow-up, 66% of patients were seizure free.
Of these, 51% were receiving ASMs, 31% were weaning ASMs and 16%
were no longer receiving ASMs (2% of the patients who were seizure
free were missing data regarding postoperative ASM status).

A comparison of patient characteristics between patients with one
versus multiple pre- and/or postoperative assessments, and of surgical
patients with and without neuropsychological assessment, is dis-
played in Supplementary Table 5. Patients with multiple preoperative
assessments underwent surgery at an older age [Mdgingle = 11.8 years,
IQRsingle = (7.9, 15.0) versus Mdmuyi = 13.4 years, IQRmug = (104, 15.6),
P=0.009], had a longer duration of epilepsy [Mdginge=6.0years,
IQRsingle = (3.9, 9.7) versus Mdmuy=82years, IQRnui= (5.3, 10.8),
P =0.002] and had been trialled on a larger number of ASMs preoper-
atively (Msingle =4.4, SDsingle =2.1 versus Mmui=5.5, SDmuii=2.6,
P <0.001). Those with multiple preoperative assessments were also
more likely to have a non-focal MRI abnormality or to be considered
MRI negative [}*(1, 452) = 10.6, P = 0.026]. There were no significant dif-
ferences between patients with a single versus multiple postoperative
assessments. There were, however, several noteworthy differences in
patient characteristics between the surgical cohorts with versus
without neuropsychology assessment.

Children showed declines across all eight domains of neuropsycho-
logical functioning in the time leading up to surgery (all P-values
<0.001; Brsiq=-1.9, SEpsiq=0.3, Ppsiq<0.001; Bverbal 19=-1.6,
SEverbal IQ=O~21 Pyerbal Q< 0.001; Bperformance Q= —1.1, SEperformance
10 = 0.2, Pperformance 1q < 0.001; see Supplementary Table 6 for work-
ing memory, processing speed, reading, spelling and numeracy).
These declines were observed both cross-sectionally and longitu-
dinally (Fig. 1 for FSIQ; Supplementary Fig. 1 for verbal 1Q, perform-
ance IQ, working memory, processing speed, reading, spelling and
numeracy). These declines were, furthermore, observed in both
children with Rasmussen encephalitis and children with non-
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progressive aetiologies (see Supplementary Fig. 2 for FSIQ, verbal
IQ and performance 1Q). However, the rates of decline in FSIQ and
processing speed were greater in children with Rasmussen enceph-
alitis in comparison to those with non-progressive aetiologies
(interaction effect between duration of epilepsy and Rasmussen en-
cephalitis versus non-progressive aetiology: Brsiq=—-2.7, SErsiq =
11, PFSIQ: 0.020; BProcessing Speed = 3.4, SEProcessing Speed = 1.4,
Pprocessing speed = 0.017; Supplementary Table 6).

In children with more than one preoperative neuropsychology as-
sessment, there was a significant decline in FSIQ, verbal IQ, processing
speed and numeracy from their first to their last neuropsychology as-
sessment prior to surgery (all P-values <0.039; Supplementary Table 7).
On average, children lost one to four points per year in the time leading
up to their surgery, depending on the domain considered. A significant
proportion of children (27%-43%) showed a decline of >10 points from
their first to last preoperative assessment.

By the time children underwent presurgical evaluation, the major-
ity (50%-66%) scored one or more standard deviations below the
mean (<85) on the five IQ domains (Supplementary Table 8).
Median FSIQ was 75 [IQR= (61, 89); range =40-133]; one-third of
these children (37%) met the threshold for intellectual disability
(FSIQ <70). Conversely, one-third of the children (31%-43%) scored
within the average range (85-115) on the five IQ domains, and few
children (3%-6%) scored above average (>115). A similar pattern
was observed for preoperative measures of academic attainment,
with half of the children (46%-55%) scoring one or more standard
deviations below the mean (<85).

On a group level, there was no change in performance on any of the
measures obtained through neuropsychology assessment, from
the last preoperative assessment to the first postoperative assess-
ment (all P-values >0.128; Supplementary Table 9). On an individual
level, most children (54%-71%) showed stable performance across
neuropsychology domains from pre- to postoperative assessment.
A similar proportion of children showed an improvement
(=10 points; 8%-23%) and decline (<10 points; 14%-28%) in test
scores from pre- to postoperative assessment.

In children with multiple postoperative neuropsychology assess-
ments, there was no overall change in performance from the first to
last postoperative assessment of the patients (all P-values >0.246;
Supplementary Table 10). However, children who were rendered seiz-
ure free through surgery did improve over the course of the post-
operative period on measures of FSIQ, verbal 1Q, working memory
and reading, whereas children who continued to have seizures either
kept declining or plateaued (interaction effect between duration of
postoperative follow-up and seizure free versus not seizure free: frgiq
=0.9, SErsiq = 0.3, Prsiq = 0.004; Bverval 1q = 1.0, SEverbal 1q = 0.3, Pverbal 1q
= 00031 BWorking memory = 10, SEWorking memory = 0-4: PWorking memory =
0.010; Breading = 1.6, SEreading = 0.5, Preading = 0.002; see Supplementary
Table 11 for performance IQ, processing speed, spelling and numeracy;
see Fig. 2 for FSIQ; Supplementary Fig. 3 for verbal IQ, performance IQ,
working memory, processing speed, reading, spelling and numeracy).
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Figure 1 Preoperative changes in neuropsychological performance. (A) Cross-sectional trajectories in FSIQ across different aetiologies. A single pre-
operative assessment was included for each patient. If patients had more than one preoperative assessment, the assessment closest to surgery was
chosen. Linear modelling was fitted to all data-points (dashed line); shaded area represents the 95% confidence interval. (B) Longitudinal trajectories in
FSIQ across different aetiologies. Only patients with two or more preoperative assessments were included in the visualization. All preoperative assess-
ments were included for each patient. Linear modelling was fitted to all data-points (dotted line); shaded area represents the 95% confidence interval.
One patient, diagnosed with a tumour, had an FSIQ score available prior to epilepsy onset. (C) Individual change in preoperative FSIQ. The distribution
of change scores is represented using a density plot. The change score for each patient was computed by subtracting the first preoperative score for the
patient from their last preoperative score. The median change score is displayed with a dashed purple line. Only patients with two or more preoperative
assessments were included in the visualization (patients with unknown aetiology were also included). See Supplementary Fig. 1 for verbal IQ, perform-
ance IQ, working memory, processing speed, reading, spelling and numeracy. FCD = focal cortical dysplasia; FSIQ = full-scale IQ; MCD = malformation
of cortical development; MTS = mesial temporal sclerosis.

Pooling all pre- and postoperative neuropsychology data, includ-
ing multiple assessments from the same child, showed that children
who became seizure free declined in functioning preoperatively but
improved significantly postoperatively (Fig. 3A for FSIQ; see
Supplementary Fig. 4 for verbal IQ, performance IQ, working mem-
ory, processing speed, reading, spelling and numeracy). There also
seemed to be an added benefit of no longer receiving ASMs, as op-
posed to still receiving or weaning them (Fig. 3B for FSIQ).

Further analysis of the preoperative trajectory in those with mul-
tiple preoperative assessments showed that children who became
seizure free postoperatively performed significantly better at both
the first and last preoperative assessment in comparison to those
who did not become seizure free (Supplementary Fig. 5 for FSIQ).
There was, however, no interaction effect between time point of pre-
operative assessment and seizure outcome [all P-values >0.414;
Frsiq(1,158) =0.4, P =0.511; Supplementary Table 12], suggesting that
both groups declined preoperatively. Children who did not become
seizure free had a younger age of epilepsy onset, had been trialled
on a larger number of different ASMs from the time of epilepsy onset
to the time of surgery, were more likely to have a non-focal MRI abnor-
mality and were more likely to have a diagnosis of malformation of
cortical development-other, tuberous sclerosis, vascular aetiology or
non-specific epilepsy-associated changes (Supplementary Table 13).

Decline in neuropsychological functioning over the course of the
preoperative trajectory was related to a history of generalized to-
nic—clonic seizures, a diagnosis of Rasmussen encephalitis and a
higher score on initial neuropsychological assessment; however,
only a history of generalized tonic-clonic seizures survived correc-
tion for multiple comparison.

A lower score on preoperative neuropsychological assessment
(closest to surgery) was associated with a younger age of epilepsy
onset, a longer duration of epilepsy (even after controlling for age
of epilepsy onset), a greater ASM load (both having trialled a larger
number of ASMs from time of epilepsy onset to time of surgery and
receiving a larger number of ASMs at time of preoperative evalu-
ation), a diagnosis of non-focal MRI abnormality (diffuse or multi-
focal MRI abnormality or MRI negative) and a diagnosis of
Rasmussen encephalitis.

Postoperative performance (closest to surgery) was highly corre-
lated with preoperative performance (closest to surgery) and there-
fore related in a similar manner to age of epilepsy onset, ASM load
Relationships between patient characteristics and neuropsycho- and type of MRI abnormality. Better postoperative performance
logical functioning are presented in Supplementary Table 14 (in- was additionally related to having undergone a focal resection (le-
cluding full statistical information). sionectomy or lobectomy procedure as opposed to disconnection,
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Figure 2 Postoperative changes in neuropsychological performance. (A) Longitudinal trajectories in FSIQ in seizure-free (green) versus not seizure-free
(orange) patients. Only patients with two or more postoperative assessments were included. All postoperative assessments were included for each
patient. Linear modelling was fitted to all data-points, according to seizure outcome (dashed green line for patients who were seizure free and dashed
orange line for patients who were not seizure free); shaded areas represent the 95% confidence intervals. (B) Individual change in postoperative FSIQ in
seizure-free (green) versus not seizure-free (orange) patients. The distribution of change scores is represented using a density plot. The change score for
each patient was computed by subtracting the first postoperative score for the patient from their last postoperative score. The median change scores
are displayed with a green dashed line (in seizure-free patients) and with an orange dashed line (in not seizure-free patients). Only patients with two or
more postoperative assessments were included in the visualization. See Supplementary Fig. 3 for verbal IQ, performance IQ, working memory, process-

ing speed, reading, spelling and numeracy. FSIQ = full-scale IQ.

hemispherotomy or corpus callosotomy), a diagnosis of low-grade
epilepsy-associated tumour and being seizure free postoperatively.
Children who were seizure free and no longer receiving ASMs at
1-year follow-up had higher working memory (Mdogr asm =91 ver-
sus Mdon asm/weaning =83, P =0.026), processing speed (Mdogt asm =
88 versus Mdon asm/weaning =80, P=0.012) and numeracy (Mdog
asm=94 versus Mdon asm/weaning=81, P=0.028) at first post-
operative assessment in comparison to seizure-free patients who
were still receiving or weaning ASMs (Supplementary Table 15).

Change from pre- to postoperative neuropsychological
assessment

An improvement in neuropsychological functioning from pre- to
postoperative assessment was related to lower preoperative neuro-
psychological performance, older age at surgery and longer dur-
ation of epilepsy at the time of surgery. Seizure freedom was also
related to an improvement in neuropsychological functioning
from pre- to postoperative assessment, but only at last post-
operative follow-up and not at first postoperative follow-up.

Postoperative neuropsychological trajectories

As observed in the abovementioned individual postoperative tra-
jectories, improvement in neuropsychological performance over
the postoperative period was associated with being seizure free
postoperatively. An improvement in performance IQ was also re-
lated to having undergone a focal resection (lesionectomy or lobec-
tomy procedure as opposed to disconnection, hemispherotomy or
corpus callosotomy).

Patients who were seizure free and no longer receiving ASMs at
final follow-up showed greater improvement in verbal IQ, working

memory, reading and spelling over the course of the postoperative
period compared with seizure-free patients who were still receiving
or weaning ASMs (all P-values <0.034; Supplementary Table 16).

Discussion

This is the first study to characterize long-term neuropsychological
trajectories in children with drug-resistant epilepsy, both before
and after surgical intervention. Past studies that have investigated
neuropsychological functioning in paediatric epilepsy surgery pa-
tients have typically included a single pre- and postoperative as-
sessment, obtained directly before and 1 year after surgery,
respectively. In this study, we included multiple assessments ob-
tained throughout the preoperative period, in addition to multiple
postoperative assessments. We found that children showed de-
clines across all domains of neuropsychological functioning in
the time leading up to surgery. However, we also observed that chil-
dren who became seizure free through surgery displayed signifi-
cant recoveries in neuropsychological functioning, both at the
time of initial follow-up and throughout the course of the post-
operative period.

Children with epilepsy undergoing surgery show
preoperative declines in neuropsychological
functioning

We found that children showed significant declines in functioning
across multiple domains of neuropsychological functioning in
the time leading up to surgery. This was true for children with
Rasmussen encephalitis and for children with non-progressive
aetiologies. However, children with Rasmussen encephalitis
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Figure 3 Pre- to postoperative changes in neuropsychological performance. (A) Pre- and postoperative trajectories in FSIQ in seizure-free (green) versus
not seizure-free (orange) patients. All patients were included in the visualization, irrespective of whether they had one or multiple pre- and/or post-
operative assessments. If patients had multiple pre- and/or postoperative assessments, all assessments were included for each patient. Generalized
additive modelling was fitted to all data-points, according to seizure outcome (solid green line for patients who were seizure free and solid orange line
for patients who were not seizure free); shaded areas represent the 95% confidence intervals. (B) Pre- and postoperative trajectories in FSIQ in seizure-
free patients who were still receiving or weaning ASMs (yellow) versus no longer receiving ASMs (light green). Grey points represent FSIQ in the pre-
operative period and FSIQ for patients who did not become seizure free postoperatively. All patients were included in the visualization, irrespective of
whether they had one or multiple pre- and/or postoperative assessments. If patients had multiple pre- and/or postoperative assessments, all assess-
ments were included for each patient. Generalized additive modelling was fitted to all data-points, according to postoperative ASM status (solid yellow
line for patients who were still receiving or weaning ASMs and solid light green line for patients who were no longer receiving ASMs); shaded areas
represent the 95% confidence intervals. See Supplementary Fig. 4 for verbal IQ, performance IQ, working memory, processing speed, reading, spelling
and numeracy. ASM = antiseizure medication; FSIQ = full-scale IQ.

showed greater declines in FSIQ and processing speed in compari- that a longer duration of epilepsy further impacted negatively
son to those with non-progressive aetiologies. Nevertheless, we upon neuropsychological abilities, calling for early intervention.
found it surprising that the decline observed in children with non-

progressive aetiologies was largely comparable to that of children

with Rasmussen encephalitis, where the cognitive decline in the

disease has been associated with a decline in grey matter volume.®*

This might suggest that the mechanism(s) of cognitive decline is Across all patients, there was no significant change in neuro-
shared across epilepsy aetiologies and could involve ongoing sei- psychological performance from pre- to postoperative assessment,
zures, interictal discharges and the use of ASMs.? which mirrors findings from past studies.®*121419,20.22,23,25,27-43
We found that a number of additional clinical characteristics Higher postoperative neuropsychological performance was
were related to a greater preoperative decline, including a history strongly correlated with higher preoperative performance and
of generalized tonic-clonic seizures and a higher score on initial therefore also older age of epilepsy onset. This might suggest
neuropsychological assessment. However, only a history of gener- that the establishment of a form of normal baseline cognition
alized tonic-clonic seizures survived correction for multiple com- prior to surgery could act as a foundation for postoperative
parison. Frequency of generalized tonic-clonic seizures has skills.>® Patients with lower neuropsychological functioning at
previously been found to be the strongest predictor of cognitive de- the time of preoperative assessment (most probably attributable
cline in adults with epilepsy.® to earlier age of epilepsy onset and longer duration of epilepsy)
By the time children underwent preoperative evaluation, the were more likely to improve from pre- to postoperative neuro-
majority (46%-66%) showed impairments across neuropsychologic- psychological assessment. This ‘catch-up’ effect in functioning
al domains. A significant proportion of children (43%) were attend- could be driven by postoperative structural'’?® and functional®
ing a special education needs school or receiving educational brain plasticity. At the same time, one might argue that patients
support in mainstream school. This is fully in line with past studies with the highest neuropsychological functioning at the time of
that have demonstrated that neuropsychological impairments are preoperative assessment have ‘the most to lose’, as previously
common in children undergoing presurgical evaluation for epilepsy proposed.*”:*’
surgery.>? Importantly, we found that postoperative seizure freedom was
Lower neuropsychological performance at the time of presurgi- associated with better postoperative neuropsychological function-
cal evaluation was associated with a range of clinical characteris- ing. Observing the postoperative trajectories, seizure freedom also
tics, including younger age of epilepsy onset. This could indicate seemed to provide the opportunity for neuropsychological abilities
that, if the epilepsy emerges early in the still-maturing brain, it to recover further over time (Fig. 4). Although a significant number
could impact on cognitive development disproportionally.®® of past studies have also found that seizure freedom is associated

Independently of this effect of age of epilepsy onset, we found with better postoperative neuropsychological performance or an
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Figure 4 Overview of study findings. Based on our findings, we propose
the following schematic model to capture the impact of epilepsy surgery
on neuropsychological trajectories in children with drug-resistant focal
epilepsy. Prior to epilepsy surgery, children with epilepsy fall increasing-
ly behind their typically developing peers, resulting in them displaying a
decline in IQ (standard) scores. Children who are rendered seizure free
after surgery display a ‘catching-up’ effect, which allows them to attain
a cognitive level that is comparable to that of their typically developing
peers without epilepsy. Children who are not seizure free after surgery
do not display this same ‘catching-up’ effect and have lower IQ scores
already prior to surgery. The blue line (of typically developing children)
shows the mean of a normative sample and corresponds to an IQ score
of 100 at each data-point.

improvement in performance from pre- to postoperative
assessment,'820-2237,3940.50 5 gimjlar number of studies have failed
to find an association between seizure outcome and postoperative
neuropsychological ~ performance.®'0*17:24:2633,354849  Thege
contradictory findings might be explained, in part, by the varying
length of follow-up adopted by the individual studies. Most studies
conducted to date have reported neuropsychological outcomes in
the first few years after surgery. It has, however, also been sug-
gested®>?® that this form of short-term follow-up is not sufficient
to allow for the manifestation of cognitive recovery. Indeed, we
found that seizure freedom was significantly associated with an
improvement in neuropsychological functioning from pre- to
postoperative assessment only at final follow-up, and not at first
follow-up. Furthermore, visual inspection of the postsurgical
trajectories in the present study revealed that further improvement
in neuropsychological functioning in seizure-free patients did not
appear to emerge until >5 years after surgery and became more
pronounced with time. This is in keeping with the notion of a pro-
tracted normalization of brain networks postoperatively.®®

Finally, we found that no longer receiving ASMs (as opposed to
still receiving or being in the process of being weaned off ASMs)
seemed to provide an additional benefit to neuropsychological
functioning above simply being seizure free, both at the time of
1-year postoperative follow-up and over the course of the post-
operative period. This mirrors the findings of single-centre
studies®™*? and of a European multicentre study.*®

Taken together, this suggests that, by providing seizure freedom
and the opportunity to discontinue ASM treatment, epilepsy sur-
gery has the potential not only to halt but to reverse the downward
trajectory in neuropsychological functioning that children with
drug-resistant epilepsy experience. Therefore, to prevent as much
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of this decline as possible, children should be referred and evalu-
ated for epilepsy surgery as early as possible.

The difference in neuropsychological performance between pa-
tients who became seizure free through surgery and those who
did not was already apparent at the time of preoperative assess-
ment. Specifically, patients who did not become seizure free
showed lower neuropsychological functioning on their first and
last preoperative assessment in comparison to patients who be-
came seizure free (although both groups declined in functioning
preoperatively). This might suggest that there is an underlying fac-
tor driving both cognitive development and the likelihood of pa-
tients becoming seizure free through surgery. The exact nature of
this underlying factor remains uncertain; however, it might involve
disruptions to regional and remote brain networks.®®”’* It might
therefore be advantageous to incorporate specific preoperative
neuropsychological scores, or trajectories, in the prediction of post-
operative seizure freedom. The presence of cognitive impairment
has been found to be an important predictor of seizure out-
come.”?”® We have also previously used educational status, which
isin itself reflective of neuropsychological functioning, as a feature
in a predictive model of seizure outcome’*; however, there might be
added value in including more fine-grained neuropsychological in-
formation in the form of test scores to a predictive model of seizure
outcome.

It is worth highlighting that the spread in preoperative IQ scores
observed amongst patients who were rendered seizure free
through surgery was wide. In other words, a low preoperative 1Q
did not preclude the patient from achieving seizure freedom
through surgery. Low preoperative IQ should therefore not be taken
as a contraindication to evaluation for epilepsy surgery.”>

The primary limitations of this study are the retrospective study
design and the patient inclusion criteria.

The epilepsy characteristics that we included in the present study
were extracted from medical records and used to describe either
historical information (e.g. whether the patient had a history of in-
fantile spasms) or information obtained at the time of presurgical
evaluation (e.g. the number of ASMs prescribed at the time of pre-
surgical evaluation). Only duration of epilepsy was additionally ob-
tained during the time of neuropsychological assessment. Ideally,
these epilepsy characteristics, in particular those relating to seizure
types and frequency and ASM load, should be collected prospect-
ively and concurrently in relationship to the neuropsychology as-
sessment(s) of the patients. The lack of temporal relationship
between these epilepsy characteristics and preoperative decline
in neuropsychological functioning might explain why many of
the associations that we identified did not survive correction for
multiple comparisons.

Furthermore, the data included in this study were originally
collected for clinical purposes and not in accordance with a stan-
dardized research protocol. Although neuropsychological assess-
ments are standardized in their structure and administration,
some degree of tailoring might be needed to take into account the
needs and priorities of individual patients and potential



2800 | BRAIN 2024: 147; 2791-2802

comorbidities. As a result, not every cognitive subtest and/or aca-
demic measure was administrated to each patient. We therefore
had a varying number of data-points available across the different
neuropsychological domains.

There are currently efforts to collect neuropsychological data
prospectively for epilepsy surgery patients across multiple sites in
the USA.”® These will represent an invaluable resource for clinical
decision-makingin the future. It might also be important to include
measures of preoperative functional brain mapping, because pa-
tients in whom eloquent brain areas were resected have been found
to have worse neuropsychological outcomes compared with those
in whom eloquent areas were preserved.”®

Another limitation of the present study is the way that the cohort
was selected. We aimed to collate a surgical cohort that was diverse
in terms of the types of surgery that patients had undergone, in
addition to the wunderlying aetiologies of their epilepsies.
Nonetheless, we included only patients who had undergone neuro-
psychological assessment using age-appropriate IQ tests. We thus
excluded surgical patients who were unable to access these tests
or who lacked these data for other reasons, which might, in turn,
have given rise to selection bias. Indeed, when we compared the
clinical characteristics of the patients included in this study with
the overall cohort of patients who had undergone epilepsy surgery
during the study time period, we found several significant differ-
ences in the clinical characteristics between the two cohorts.
These differences suggested that the surgical patients who had
not undergone neuropsychological assessment were younger, suf-
fered from a greater degree of epilepsy severity and were less able
developmentally. As a result, we are only able to comment on the
developmental trajectories of older, more able children undergoing
epilepsy surgery. For this reason, it is also likely that the study un-
derestimated the frequency and severity of cognitive impairment
in paediatric epilepsy surgery patients. Past studies®*° have inves-
tigated the impact of epilepsy surgery on developmental outcomes
in younger and/or less able patients using DQ scores; however,
there are considerable methodological difficulties associated with
equating or combining DQ and IQ scores.”*® It has also been shown
that there are different determinants of both pre- and post-
operative IQ and DQ in patients undergoing epilepsy surgery.>®
For example, Cloppenborg et al.>® found that older age at surgery
was associated with better postoperative IQ, whereas the opposite
effect was found for postoperative DQ in the same study. It is there-
fore arguably better to treat these two cohorts as separate groups.

In discussing selection bias, it is also important to remember
that the study cohort was derived from a tertiary epilepsy surgery
centre. These children are more likely to have a higher degree of
epilepsy severity (and drug resistance) in comparison to children
with ‘uncomplicated’ epilepsy. The findings of the study relating
to the neuropsychological trajectories of children with epilepsy,
in particular the decline in functioning over the course of disease
duration, might therefore not be generalizable to other epilepsy pa-
tient populations. Indeed, a large-scale community-based study
showed that children with drug-resistant epilepsy have significant-
ly lower IQ scores in comparison to those who are not drug
resistant.”’

Finally, one might assume that children who have undergone
neuropsychological assessment on more than one occasion, either
before or after surgery, are experiencing a more severe form of epi-
lepsy and/or degree of cognitive impairment. However, when we
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compared the clinical characteristics of those who underwent test-
ing once versus multiple times preoperatively, we did not find note-
worthy differences in clinical characteristics between the two
groups of patients, with the exception that those who had under-
gone multiple assessments had a longer duration of epilepsy and,
perhaps in extension, had been trialled on a larger number of
ASMs since their epilepsy onset. Reassuringly, there were no sig-
nificant differences in clinical characteristics between patients
who had undergone a single versus multiple neuropsychological
assessments postoperatively, including no differences in seizure
outcome or neuropsychological functioning at initial postoperative
follow-up. It is therefore reasonable to assume that the findings re-
lating to patients with multiple assessments might generalize well
to those who had undergone a single assessment.

Conclusions

Children with drug-resistant epilepsy show significant declines in
neuropsychological functioning in the time leading up to surgery.
Epilepsy surgery has the potential to provide these children with
seizure freedom and, in extension, reverse their downward neuro-
psychological trajectory. However, to minimize these declines, or
potentially prevent them from occurring in the first place, children
with focal epilepsy should be referred and evaluated for epilepsy
surgery as early as possible.

Data availability

The study’s data dictionary and analytic code will be made
publicly available on GitHub (https:/github.com/MariaEriksson/
Neuropsychological-trajectories-paper). The full data are not pub-
licly available owing to their sensitive nature. Deidentified data
will be made available from the corresponding author upon reason-
able request.
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