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INTRODUCTION

Epilepsy is a disorder that affects many people in the world. The exact number probably lies 
between 50 million (World Health Organization 2006) and 69 million people (Ngugi et al. 
2010). With many treatment options available today, a large proportion of people can control, 
and be free from, their seizures. The most common treatment is medication, antiepileptic 
drugs (AEDs), that prevent seizures but do not cure epilepsy. Using AEDs for seizure prevention 
often comes at the cost of sedative and cognitive side effects. Moreover, even if seizures 
have not been present in somebody’s life for years, the daily intake of the medication is a 
constant reminder of the presence of their disease. The person is free from seizures, but 
not from epilepsy. In contrast, if the medication can also be safely discontinued, and both 
seizure- and medication-freedom persist over ten years, they can be considered ‘cured’ (Fisher 
et al. 2014). When the medication has successfully prevented seizures for years, or when 
another treatment has taken away the assumed cause of epilepsy, the following questions 
arise: is it safe to stop treatment, and – if so – when should we start tapering? Stopping 
AED treatment might have many benefits, but it simultaneously increases the short-term 
risk of seizures. This dilemma is the background of all chapters following this introduction.  

To provide context for these chapters, some basic principles about epilepsy, its causes, 
treatment options, and current knowledge on AED withdrawal will be outlined below. 

 
Definition of epilepsy
Epilepsy can be defined as the experience of recurring seizures, or as a general predisposition 
of the brain toward generating seizures. In such a seizure, groups of neurons are temporarily 
and involuntarily firing simultaneously, resulting in transient loss of function related to the 
epileptic discharge in the brain. This pathological pattern of synchronous neuronal activity 
does not occur in a healthy brain. Clinically, seizures are divided into two types, based on the 
onset of the seizure being either focal or generalized (Fisher et al. 2017). In a focal seizure a 
local group of neurons are firing synchronously, and clinically the seizure can show symptoms 
related to that brain location. For example, a seizure in the left motor cortex may cause the 
right hand to twitch. When the whole brain is involved in a seizure -a generalized seizure- a 
person is not able to communicate, consciously act, and will not remember what happened 
during the seizure. 
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The formal definition for the diagnosis of epilepsy is established by the International League 
Against Epilepsy (ILAE). The diagnosis can be made when a patient falls into one of the 
following three categories (Fisher et al. 2014):

1. At least two unprovoked (or reflex1) seizures which occurred 24 hours apart from each 
other

2. One unprovoked (or reflex) seizure, and a chance of further seizures of at least 60%
3. The diagnosis of a specific epilepsy syndrome2

 
When seizures are caused by an acute physical or chemical stimulus, like a head trauma or 
intoxication, they are called provoked seizures, which are explicitly excluded in the above 
definition of epilepsy.
 
 
Etiology
There are many different causes of epilepsy. In 2017 the ILAE has made the following distinction 
of six major categories of etiology (Scheffer et al. 2017): structural, genetic, infectious, 
metabolic, immune, and unknown. The structural epilepsies are caused by a lesion that can be 
seen on imaging or histopathology, such as a malformation of cortical development, a tumor, 
or a scar related to an old ischemic stroke (Scheffer et al. 2017). Genetic epilepsies are primarily 
caused by a genetic defect. A distinction should be made here between the clearly causal, 
usually mono-genetic defects causing epilepsy, and the many different types of genes which 
increase the risk of epilepsy but do not cause epilepsy by a single mutation (Helbig, Heinzen, 
and Mefford 2016). However, when a genetic defect is causing structural abnormalities, such 
as tubers or other malformations of cortical development, this will rather be classified as a 
structural epilepsy (Scheffer et al. 2017). Worldwide, the most common preventable group of 
etiologies are infectious diseases (Vezzani et al. 2016). Examples of infectious causes for epilepsy 
are neurocysticercosis, tuberculosis, HIV, and cerebral malaria. The metabolic epilepsies usually 
also have a genetic base, and awareness of this genetic defect could have major therapeutic 
consequences. An example of a metabolic epilepsy is pyridoxine-dependent epilepsy, in which 
seizures are controlled by a life-long supplementation of high-dose vitamin B6 (Stockler et al. 
2011; Karnebeek et al. 2016). In immune related epilepsies the usual mechanism of disease 

1 Reflex seizures: “The condition of recurrent reflex seizures, for instance in response 
to photic stimuli, represents provoked seizures that are defined as epilepsy. Even though the 
seizures are provoked, the tendency to respond repeatedly to such stimuli with seizures meets 
the conceptual definition of epilepsy, in that reflex epilepsies are associated with an enduring 
abnormal predisposition to have such seizures.“ (Fisher et al. 2014)
2 Epilepsy syndrome: “An epilepsy syndrome refers to a cluster of features incorporating 
seizure types, electro-encephalography (EEG), and imaging features that tend to occur together.“ 
(Scheffer et al. 2017)
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is that of auto-antibodies against a neuronal target, such as the NMDA receptor or GABAB 
receptor (Lancaster and Dalmau 2012). Lastly, when the causal mechanism for the epilepsy 
remains unknown, it will be classified as such.
 
 
Natural course of epilepsy
When discussing the efficacy of treatment, it is important to know the natural course of 
a disease in the absence of treatment. This information can usually be taken from placebo-
controlled trials where the placebo arm represents the untreated history of the disease. 
However, since AEDs have been available for over 100 years (phenobarbital was discovered in 
1911 (Yasiry and Shorvon 2012) and bromide in the 1850’s (Eadie 2012)) placebo-controlled 
mono-medication trials are not available nor deemed ethical. Therefore, knowledge on the 
natural history of epilepsy comes mainly from resource-poor settings where treatment is or was 
not available for many people (Beghi, Giussani, and Sander 2015). From these observational 
data it can be induced that 30% to 50% of people with epilepsy may eventually be free from 
seizures again, without any intervention (Beghi, Giussani, and Sander 2015). However, the 
fact that many people become seizure-free naturally is not enough to refrain from starting 
therapy, as each additional seizure can have detrimental effects. People in whom seizures 
are not successfully prevented by AEDs are namely more than twice as likely to die than the 
general population (Mohanraj et al. 2006; Trinka et al. 2013). Furthermore, refractory epilepsy 
is negatively associated with employment status (Marinas et al. 2011; Sillanpää, Haataja, and 
Shinnar 2004), quality of life (Baker et al. 1997; Sillanpää, Haataja, and Shinnar 2004), and social 
parameter such as being married, having children, or a driver’s license (Sillanpää, Haataja, 
and Shinnar 2004). Lastly, continuing seizures have a negative impact on cognition (Berg et 
al. 2012; Holmes 2016). For all these reasons, initiating treatment is preferred above ‘watchful 
waiting’ in many patients once the diagnosis is established.
 
 
Treatment options
Epilepsy comes with several adjustments and restrictions to normal life. Beside avoiding 
situations that pose hazards like swimming or driving a car, other situations should be avoided 
because they could trigger seizures, such as sleep deprivation, alcohol, or parties with flashing 
lights. The first-line treatment to prevent seizures are AEDs (Glauser et al. 2006, 2013). These 
drugs are administered to almost all people with epilepsy: an Italian population-based study 
of 747 people with epilepsy showed that 98% of them had started AEDs (Giussani et al. 2017). 
When therapy fails and seizures keep recurring, the epilepsy is said to be medically refractory 
or drug-resistant. Drug-resistant epilepsy is defined by the ILAE as “failure of adequate trials of 
two tolerated and appropriately chosen and used AED schedules (whether as monotherapies 
or in combination) to achieve sustained seizure freedom” (Kwan et al. 2010). In the case of 



17

Introduction, aim and outline

1
 

drug-resistant epilepsy, a small group of epilepsy patients in which the exact location of 
seizure-generating brain tissue can be identified can benefit from epilepsy surgery (Ryvlin, 
Cross, and Rheims 2014). For people with drug-resistant seizures who are not eligible for 
surgery, several other therapy strategies are available with the aim to reduce the seizure load 
and/or frequency, and sometimes to achieve seizure freedom. An example is the ketogenic 
diet, which reduces the availability of glucose to the brain and replaces it by ketones, an 
alternative source of energy for neurons and other body cells (D’Andrea Meira et al. 2019). 
Dietary therapy is promising, but the evidence for its efficacy is limited (Martin-McGill et al. 
2018). Electrical stimulation of the vagal nerve is another therapy that is applied in refractory 
epilepsy, which has been proven to effectively reduce the seizure frequency in many different 
forms of epilepsy (Panebianco et al. 2015). Other methods of nerve and brain stimulation are 
employed to treat epilepsy also, with the goal of disrupting epileptogenic networks and/or 
seizure propagation (Schulze-Bonhage 2017). Lastly, immune-suppressive therapies have been 
suggested and are currently investigated, since the immune system is involved in some forms 
of epilepsy. In West syndrome for example, immune suppressive treatment, in combination 
with vigabatrin, is currently the most effective treatment (O’Callaghan et al. 2017). Similarly, 
patients with electrical status epilepticus during slow-wave sleep (ESES) often benefit from 
steroid treatment (van den Munckhof et al. 2015). In other epilepsies the efficacy of immune 
suppression is unknown (Mehta et al. 2015). 

Despite all these available treatments, the question remains whether epilepsy can ever be 
considered ‘cured’. In some patients epilepsy will resolve over time, with or without treatment. 
There will, however, always remain a low risk of seizures in these people, which is assumed 
to be higher than in the general population (Fisher et al. 2014). An ILAE task force therefore 
decided to use the term ‘resolved’ rather than ‘cured’ (Fisher et al. 2014). Epilepsy may be called 
resolved when ten years have passed without seizures, of which at least the last five years 
were without medication. The focus of our studies, described in this thesis, will be on the two 
most effective treatments in epilepsy, which will be addressed in more detail below: AEDs and 
epilepsy surgery. 
 
 
Antiepileptic drugs 
AEDs prevent seizures, but do not treat the underlying cause or disease responsible for the 
seizures. This was already noted by the English neurologist William Gowers in 1881. 

“The treatment of epilepsy by bromide or other drugs is for the most part, as already 
stated, a question of arresting the fits, or, failing this, of producing the greatest 
possible diminution in their frequency and severity. The arrest of fits is of course 
not equivalent to the cure of the disease. In only too many cases, when the attacks 
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have been arrested for a long time by treatment, they recur when that treatment is 
discontinued.” (Gowers 1881)

Unfortunately, the name ‘antiepileptic drugs’ suggests that these drugs actually treat epilepsy. 
Because this does not accurately describe their function, a better name for this class of drugs 
would be anticonvulsants or antiseizure drugs. For practical reasons the term ‘antiepileptic’ will 
still be used in this thesis, because this is the term commonly employed in the current literature. 

AEDs act on various key elements in neurotransmission, preventing generation and 
spread of seizures (Rogawski and Löscher 2004). The most important drug targets are the 
neurotransmitter systems of gamma-aminobutyric acid (GABA) and glutamate, and the 
voltage-gated ion channels for sodium, potassium and calcium (Rogawski and Löscher 2004; 
Das, Dhanawat, and Shrivastava 2012). For many types of epilepsies, genetic defects in one 
of these molecular targets have been found, such as the SCN1A gene for a sodium channel 
subunit (Escayg and Goldin 2010; Helbig, Heinzen, and Mefford 2016). Recently, novel genetic 
correlates of epilepsy have been found, some of which are not yet targeted by any of the 
existing AEDs (The International League Against Epilepsy Consortium on Complex Epilepsies 
2018). This new knowledge has created opportunities for the development of novel AEDs.
 
 
Efficacy and side effects of AEDs
Of all people newly diagnosed with epilepsy, approximately two out of three will become 
seizure free after starting AED treatment. The efficacy of treatment in new patients is known 
from a large observational study in Scotland where 1795 people newly diagnosed with 
epilepsy were followed up after initiation of AED therapy (Z. Chen et al. 2018). At the end of the 
study 1144 people (64%) were free from seizures for at least 12 months after trying between 
one and eleven AEDs, of which most (1028/1795, 57%) became seizure free with the first or 
second drug. Because many people did not try a second or third AED, the probability of seizure 
freedom after three or more drugs is probably higher than reported. 

Because AEDs either promote inhibitory systems or downregulate excitatory systems, 
therapy may also have significant consequences for normal functioning of a patient. AEDs 
have multiple side effects, many of which are the result of a direct effect on the modulation 
of neuronal excitability. The most commonly reported side effects are those that involve the 
central nervous system (Perucca and Gilliam 2012). Most AEDs share a sedative and cognitive 
adverse effect, which increases with higher doses, and therefore the most common complaints 
are drowsiness, imbalance, fatigue, concentration and memory problems (Perucca and Gilliam 
2012; Mula and Trimble 2009). In children specifically, the drugs that are predominantly related 
to these side effects are phenobarbital, phenytoin, topiramate and zonisamide (Aldenkamp 
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et al. 2016). Behavioral side effects such as aggression, mood or anxiety issues were noted 
for the following AEDs: phenobarbital, valproic acid, gabapentin, topiramate, levetiracetam, 
and zonisamide (Aldenkamp et al. 2016). Beside these direct and dose-dependent effects, 
AEDs may have multiple other adverse effects. There are rare but serious effects such as severe 
mucocutaneous reactions or acute hepatotoxic effects, which subside with prompt cessation of 
the AED but have high morbidity and mortality; problems with decreased bone mineral density 
or weight gain or loss; teratogenic effects of AEDs during pregnancy; and interactions between 
drugs that may interfere with efficacy (Perucca and Gilliam 2012). Regarding the effects during 
pregnancy, the risk for the child is quite high for specific drugs, with 10% risk of birth defects 
for valproic acid use, and between 4% and 7% for topiramate, carbamazepine, phenytoin and 
phenobarbital (Tomson et al. 2018). For valproic acid the European Medicines Agency has now 
obliged a pregnancy prevention program for women who are prescribed the drug (European 
Medicines Agency 2018). Although teratogenicity is the most obvious and detrimental effect 
of AEDs during pregnancy, more subtle effects have been identified including a relation with 
lower IQ with valproate (Bromley and Baker 2017) and primidone (Koch et al. 1999) and an 
increased risk of autistic spectrum disorder with valproic acid (Christensen et al. 2013).

In two studies from 1997 and 2001, 88% of people using AEDs experienced at least one side 
effect (Perucca et al. 2009)including the Adverse Event Profile (AEP, and an average patient 
may report six or seven different side effects (Perucca et al. 2009)including the Adverse Event 
Profile (AEP. However, in those studies carbamazepine and phenytoin were among the most 
commonly used drugs, which are currently prescribed less often, and are partly replaced by 
more modern drugs like levetiracetam, lamotrigine and oxcarbazepine (Z. Chen et al. 2018). 
These more modern drugs are believed to have a better side effect profile, although the 
evidence for this is circumstantial (Mula and Trimble 2009). In children, levetiracetam and 
lamotrigine have sometimes even been associated with an improvement of cognitive function 
(Aldenkamp et al. 2016). It may therefore be that at time of writing less people are experiencing 
cognitive side effects than presented in above studies.

Epilepsy surgery
In some patients with focal – and presumed structural – epilepsy it may be possible to surgically 
remove the epilepsy-generating source, also referred to as the seizure onset zone. To determine 
whether someone is eligible for surgery, there should be reasonable confidence that (1) seizures 
are generated in (a) resectable area(s), and (2) that there are no major functions located in 
the resection area, such as speech or language-associated cortex (Ryvlin, Cross, and Rheims 
2014). This is ascertained by combining information from different modalities. First, the seizure 
semiology, magnetic resonance imaging (MRI) and EEG may give information on the seizure 
onset zone (Ryvlin, Cross, and Rheims 2014). Second, more advanced imaging techniques 
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like magnetoencephalography (MEG), ictal single photon emission computed tomography 
(SPECT), and interictal fludeoxyglucose-positron emission tomography (FDG-PET) may give 
more insight into the epileptogenic zone (Ryvlin, Cross, and Rheims 2014). Lastly, intracranial 
EEGs using a grid of electrodes on the cortical surface or depth electrodes can be used when 
exact source localization with previous methods was not possible, for example when the seizure 
onset zone is presumed to lie deeper in the brain tissue (Ryvlin, Cross, and Rheims 2014; Kovac 
et al. 2017). A community-based follow-up study of children with newly-diagnosed epilepsy 
suggested that approximately 25% (132/518) of children were pharmacoresistant, of whom 
only 10% (54/518) were referred for evaluation at a comprehensive epilepsy surgery center 
(Berg et al. 2009). In the end, 22/518 children underwent epilepsy surgery (4%) (Berg et al. 
2009). Other studies indicated that epilepsy surgery is still under-utilized (De Flon et al. 2010), 
also in children (Pestana-Knight et al. 2015) and adults specifically (Uijl et al. 2012). 

Epilepsy surgery is accepted as a very effective treatment in well-selected patients, although 
neurosurgery has side-effects and risks. Firstly, there may be anticipated neurological deficits 
that are usually accepted as a small price to pay for potential seizure freedom. These deficits 
are related to the resection area, most commonly a partial visual field defect after temporal 
lobe surgery (Steensberg et al. 2018). Secondly, complications regarding surgery that bear no 
consequences for long-term seizure or functional outcomes can occur, such as an infection or 
leakage of cerebrospinal fluid requiring a second surgery. These post-surgical issues happen 
in approximately 5% of the patients (Hader et al. 2013). Lastly, the most serious complications 
are unexpected neurological deficits and surgery-related death, the latter are reported in up to 
0.6% of the cases (Hader et al. 2013; Bjellvi et al. 2015).

The reason these rare but serious complications are risked, is the prospect of becoming seizure 
free, as the average chance to become free from seizures is 65% (West et al. 2015). This is in 
high contrast to the slim chance of becoming seizure free after receiving the diagnosis of drug-
resistant epilepsy. A recent randomized trial in pediatric epilepsy surgery candidates revealed 
– as expected – a seizure-freedom rate of 77% one year after surgery compared to 7% in the 
control group who continued medical treatment (Dwivedi et al. 2017).
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ANTIEPILEPTIC DRUG WITHDRAWAL

Once patients become seizure-free the inevitable question arises whether -or when- 
medication can be safely stopped, and in whom. Not every person with epilepsy in remission 
will attempt to stop AED treatment. In fact, a recent population-based study showed that 64% 
of AEDs were never withdrawn (Giussani et al. 2017). Another 15% of drugs were withdrawn 
for reasons of ineffectiveness and supposedly replaced by other AEDs. Overall, only 11% of 
AEDs were withdrawn for the reason of expected ‘terminal remission’ (Giussani et al. 2017). 
Comparing this number to the fact that two out of three people become seizure free thanks to 
AEDs, it seems that most people continue medication despite being seizure free. The decision 
to start AED withdrawal will depend on the personal convictions and risk-seeking or -avoiding 
preferences of the patient, the potential personal consequences of a seizure and the experience 
of negative effects of the drugs, among others. In addition, the experience and convictions of 
the physician may have an influence on how many of her or his patients ultimately withdraw 
AEDs. In practice, the potential risks are contrasted against the expected benefit for every 
individual patient before deciding to withdraw or continue AED treatment. Below, these risks 
and benefits are discussed for those who become seizure free on AEDs, followed by a section 
on the situation after epilepsy surgery. 

Risks of AED withdrawal
When AEDs are discontinued approximately 60% to 70% of people remain free from seizures.  
In the remaining patients seizures return and medication needs to be restarted (Braun and 
Schmidt 2014). A first reason to continue AEDs would be a known higher-than-average risk 
of seizure recurrence, for example in patients with juvenile myoclonic epilepsy (Höfler et 
al. 2014; Syvertsen et al. 2019; Healy et al. 2018). Another argument to be careful with AED 
withdrawal is the unknown course of epilepsy after seizure recurrence. Approximately 80% of 
people who experience recurrent seizures will be able to control them again by restarting their 
AEDs, although this takes longer than six months in half of them and up to five to twelve years 
for some (Schmidt and Löscher 2005). One in five people will continue to experience seizures 
despite restarting AED treatment (Schmidt and Löscher 2005). Although there is no evidence 
that refractory epilepsy after an AED withdrawal attempt is causally related to AED withdrawal 
(Braun and Schmidt 2014), it is a potential outcome that should be discussed with the person 
considering AED withdrawal. 

In the case of pregnancy, it seems intuitive to attempt AED withdrawal because the drugs may 
harm the fetus. This is however not the case, because seizures during pregnancy carry their 
own risk for mother and child. Especially generalized tonic-clonic seizures are associated with 
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increased maternal and infant death (Edey, Moran, and Nashef 2014), as well as with low birth 
weight and preterm delivery (Y.-H. Chen et al. 2009).

It should be stressed that continuation of therapy does not mean there is no risk of seizure 
recurrence. Results from the two randomized trials on the topic illustrate this clearly. Twelve 
months after randomization, the control arm still experienced 7% seizure recurrences 
compared to 15% in the AED withdrawal arm in the Akershus randomized trial (Lossius et al. 
2008). At 24 months, the MRC trial showed a similar difference: 22% recurrences for the control 
group, compared to 41% in the AED withdrawal arm (MRC AED withdrawal study group 1991). 
From these trials it can be concluded that compared to AED withdrawal, the risk of seizures is 
approximately half for those who continue treatment, at least in the first two years.

Benefits of AED withdrawal 
On the other hand there are good reasons to consider withdrawal of medication. To start, it is 
the only way to achieve complete remission according to official definitions (Fisher et al. 2014). 
Aspects to consider are the previously mentioned cognitive and behavioral side effects of 
AEDs (Aldenkamp et al. 2016; Mula and Trimble 2009) and the quality of life of the person with 
epilepsy (Sillanpää, Haataja, and Shinnar 2004). In girls and women, the teratogenic potential 
in relation to future pregnancy is another consideration. Lastly, chronic side effects of drugs 
such as permanent visual field defects by vigabatrin or changes in body weight (Perucca and 
Gilliam 2012), drug-to-drug interactions in the case of for example oral contraceptive drugs 
(Schwenkhagen and Stodieck 2008), and the societal costs of overtreatment are reasons to 
consider AED withdrawal. 

Some of these potential benefits have been tested in the earlier mentioned randomized trials. 
Results from the Akershus randomized trial have shown, for example, that AED withdrawal 
improves cognition (Lossius et al. 2008). This trial showed statistically significant differences 
between those who withdrew and control participants, regarding processing speed to perform 
cognitive tasks (Hessen et al. 2006), word fluency (Hessen et al. 2006), executive function 
(Hessen, Lossius, and Gjerstad 2009), and verbal memory (Hessen, Lossius, and Gjerstad 
2011). The research group of the MRC randomized trial studied psychosocial outcomes of AED 
withdrawal, and observed that randomization to discontinuation was related to increased self-
esteem at two years (Jacoby, Johnson, and Chadwick 1992). Similarly, more people described 
their own health as excellent or good two years after randomization, compared to those who 
continued medication (Jacoby, Johnson, and Chadwick 1992). When a person had experienced 
a seizure recurrence or was still taking AEDs at two years, they were more likely to be worried 
about epilepsy, to feel restricted in social activities, and to indicate they were kept from doing 
certain things because of the epilepsy (Jacoby, Johnson, and Chadwick 1992). 
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AED withdrawal after epilepsy surgery 
After epilepsy surgery the situation is slightly different, though many of the above-mentioned 
considerations apply here as well. When surgery has been seemingly successful and no 
seizures occurred afterward, it is very likely that the brain does not anymore qualify as having 
a ‘’general predisposition toward generating seizures”. However, as long as AED treatment 
is continued it will not be known whether there is any residual seizure activity. In the first 
postoperative months it is unknown whether the ictogenic focus was completely removed, 
and many cases of surgical failure will present themselves during this time with seizures 
regardless of AED treatment. By waiting for some time, a selection of potential candidates for 
AED withdrawal can be made. Arguments to continue AED treatment for longer periods, say 
for years, are harder to substantiate. The fact that AED withdrawal temporarily increases the 
risk of seizure recurrence is only partially valid – if surgery was successful, a person should not 
have epilepsy anymore and there is no risk of seizures. Only in the cases where there is any 
residual epileptogenic network the risk of seizures will increase after AED withdrawal. A study 
by Boshuisen and colleagues (Boshuisen et al. 2012)investigated this: early withdrawal after 
pediatric epilepsy surgery did increase the risk for seizure recurrence, but there was no relation 
with long-term seizure freedom. There is no reason to believe that the situation is different for 
the adult population. A retrospective study in adults after temporal lobe surgery confirms that 
long-term seizure freedom rates are similar between those discontinued AEDs early or late after 
surgery, although people with a seizure recurrence during AED tapering had lower chances of 
seizure freedom compared to seizure recurrences occurring after complete discontinuation 
(Yardi et al. 2014). Again, there is no evidence that this was causally related to the timing of AED 
withdrawal. Overall, early withdrawal unmasked surgical failure and prevents overtreatment in 
the remaining surgical success cases.

The cognitive advantages of AED withdrawal after epilepsy surgery on the other hand are 
becoming clear. In children, stopping AEDs increases IQ by 6 points on average although there 
is large variation between patients (Boshuisen et al. 2015). This positive association between 
cessation of AEDs and improvement in IQ was also found by another group (Skirrow et al. 
2011). AED reduction was also correlated to improved psychomotor speed (Van Schooneveld 
et al. 2013) and executive function (Helmstaedter, Elger, and Witt 2016). A recent study found 
that surgery, compared to no surgery, more often leads to significant improvement in IQ, but 
this study failed to show an effect of AED withdrawal on postoperative IQ (Skirrow et al. 2019). 
Most of the mentioned studies are quite small, and variation between patients is very large 
with significant decline in IQ scores for some. The average patient however, benefits cognitively 
from surgery and from postsurgical AED withdrawal. 
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Knowledge gap
The sections above indicate that much of the risks and benefits of AED withdrawal are already 
known, and that there are many aspects a physician can use in counselling his or her patient 
on the choice to withdraw or continue. The information available however, is not complete, 
and there are important questions that remain. To estimate the risk for an individual patient, 
it is important to know which factors are most strongly related to elevated or decreased risks. 
Currently it is not known which factors should be used, because many different studies have 
indicated different determinants. More importantly, there is no tool available to calculate the 
risk of seizure recurrence for the individual patient. Furthermore, previous research on the 
cognitive benefits of AED withdrawal has sparked new questions to be studied. The long-
term effects of AEDs on the development and cognition of children for example is not known. 
Also, all knowledge on the postoperative cognitive benefits of AED withdrawal are based on 
retrospective data. Will the cognitive benefits be as clear when studied in a prospective and 
randomized manner? 
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AIM OF THESIS 

The overall aim of this thesis was to quantify the risks and benefits of AED withdrawal in more 
detail for patients who become seizure-free after medical treatment and for patients who 
reach seizure-freedom after epilepsy surgery. 

The specific objectives were:
• To calculate cumulative risks of seizure relapse after AED withdrawal in medically- and 

surgically treated epilepsy patients who became seizure-free
• To investigate potential long-term negative effects of AEDs on the cognition of children
• To develop tools that enable the prediction of individualized risks of seizure recurrence 

after AED withdrawal in seizure-free subjects
• To explore differences in AED withdrawal policies in paediatric epilepsy surgery over time 

and between European epilepsy surgery centers
• To study cognitive benefits of early AED withdrawal after pediatric epilepsy surgery
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OUTLINE OF THESIS

Part I. AED withdrawal in patients without surgery. 
The first part of the thesis starts with an overview of the literature in Chapter 2. Previous 
publications are studied through a systematic review of the existing literature. A meta-analysis 
of the average recurrence risks is presented, as well as an overview of previously reported risk 
factors. Chapter 3 addresses a more fundamental question regarding the potential influence 
of AEDs on brain development in children, namely: are there reasons to believe that AEDs 
might actually harm long-term cognitive development? In Chapter 4 a new tool is presented 
to predict individualized risks of relapse in people with epilepsy who have become seizure free 
during AED therapy. 

Part II. AED withdrawal after epilepsy surgery. 
The first two chapters in this section mainly focus on surgery outcomes and medication 
withdrawal policies. Chapter 5 presents seizure-outcomes and drug policies during the first 
22 years of the nationwide Dutch pediatric epilepsy surgery program. Chapter 6 addresses 
these issues in an uniquely large cohort of 9047 operated patients from 37 European epilepsy 
surgery centers. Next, to study the potential cognitive benefits of early versus late postoperative 
AED withdrawal in children, a randomized clinical trial was designed and initiated, of which 
Chapter 7 shows the trial protocol. Chapter 8 continues to discuss the challenges in patient 
recruitment for that trial, and presents the results of a survey among pediatric epilepsy surgery 
specialists. The survey focuses on current practices related to the timing of postoperative AED 
withdrawal. Chapter 9 is the counterpart of chapter 4, this time presenting a prediction tool to 
calculate individualized risks of seizure relapse after postoperative AED withdrawal in children. 

Lastly, the discussion Chapter 10 takes the meta-view to assess what this thesis has added to 
our understanding of AED withdrawal. The findings will be placed in a broader context and 
directions for future research will be discussed.
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Abstract
Aim: Many seizure-free patients consider withdrawal of antiepileptic drugs, both when seizure 
control is achieved by medication alone, or once they became seizure-free following epilepsy 
surgery. The risk of recurrence is consequently of very important prognostic value. However, 
estimations of recurrence risks are outdated for both populations. In addition, although many 
publications have reported predictors of seizure relapse, no comprehensive overview of 
prognostic factors is available.

Methods: A systematic review of the databases of PubMed and EMBASE was conducted, 
identifying articles on antiepileptic drug withdrawal in patient cohorts. Recurrence risk meta-
analyses were performed for both populations at one, two, three to four, and five or more years 
of follow-up. Within the selected articles, studies presenting multivariable analysis of predictors 
were identified; all studied predictors were listed, as well as all significant independent 
predictors. The quality of separate analyses of predictors was assessed.

Results: There was no significant difference of long-term cumulative recurrence risk between 
surgical and medication-only populations, with respectively 29% and 34% recurrences. In 
medication-only treated patients, 25 factors have been reported as significant independent 
predictors; 12 have been reported in surgical cohorts. The quality of most analyses of predictors 
was low to moderate. No predictor was consistently found among all analyses, and for most 
predictors, study results were contradictory.

Conclusion: No consistent set of predictors could be identified because a large number of 
variables have been identified in the literature, many studies reported contradicting results, 
study populations varied considerably, and the quality of the original studies was often low. 
Meta-analysis of individual participant data is necessary, because it allows for (1) correction 
for differences in follow-up duration between subjects and studies, (2) a study of interaction 
effects, (3) calculation of more accurate estimates valid across several populations, and (4) the 
assessment of each predictor’s effect size.
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Introduction
Although antiepileptic drugs (AEDs) provide seizure freedom for the majority of people with 
epilepsy, nine out of ten patients experience at least one of the wide range of possible adverse 
effects (Perucca et al. 2009)including the Adverse Event Profile (AEP. A long-term follow-up 
study of childhood epilepsy showed that patients who became completely AED-free had a 
higher quality of life (QOL) than those continuing AED treatment, independently of being 
in remission or not (Sillanpää, Haataja, and Shinnar 2004). An important consideration for 
patients who become seizure-free, following either medical or surgical treatment, is whether 
or not an attempt should be made to stop AED treatment, with the risk of seizure recurrence. 
The significance of this decision is supported by the many reviews written on the subject (Berg 
and Shinnar 1994; Shlomo Shinnar and Berg 1995; Buna 1998; Greenwood and Tennison 1999; 
Alberto Verrotti et al. 2003; Luigi M Specchio and Beghi 2004; Shih and Ochoa 2009; Beghi 
and Schmidt 2013; Braun and Schmidt 2014). While the benefits of stopping AED treatment 
are clear, safety is a much debated issue. Previous meta-analyses have addressed seizure 
recurrence risks of AED discontinuation in medically treated (Berg and Shinnar 1994) and 
surgically treated patients (Ladino, Hernández-Ronquillo, and Téllez-Zenteno 2014). In the first 
study, cumulative recurrence rates at one and two years following start of withdrawal were 
25% and 29%, respectively. Relapse rates at later time points were not provided. In the pooled 
analysis of postoperative withdrawal studies, 708 of 2,901 patients (24.4%) who withdrew AEDs 
had a seizure recurrence (Ladino, Hernández-Ronquillo, and Téllez-Zenteno 2014). Follow-
up duration, however, was not accounted for. These studies did not systematically review 
the available evidence on predictors of seizure relapse. The independent predictive value of 
many clinical variables that have previously been reported to relate to seizure relapse remains 
debated, since studies have often revealed opposing results. When reviewing the available 
literature, the selection of studies referred to will therefore determine the conclusions reached 
by the reviewer. As an example, the predictive value of an EEG evaluation before the start of 
AED withdrawal is acknowledged by most authors but questioned in two articles (Alberto 
Verrotti et al. 2003; Luigi M Specchio and Beghi 2004).

The first objective of this study was to systematically review the literature and provide an 
updated meta-analysis of all available data in order to compare recurrence rates at different 
time intervals, including longer-term follow-up, after the start of AED reduction between two 
distinct populations: patients who became seizure-free with AEDs only (medically treated) 
and those who reached seizure freedom after epilepsy surgery (surgically treated). Second, 
we present an overview of possible predictors of seizure recurrence after AED withdrawal in 
both populations, as a first step towards an evidence-based estimation of recurrence risk in the 
individual patient.
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Methods
Study selection
Studies were selected based on two steps: first, articles were selected for meta-analysis of 
recurrence rates, after which all included articles were screened for the analysis of predictors of 
seizure outcome. To be eligible for inclusion in the meta-analysis of recurrence risks, manuscripts 
were required to be an original English full-text publication reporting a population of seizure-
free epilepsy patients who attempted AED withdrawal. Both populations of medically treated 
and surgically treated patients were included (but analysed separately). The outcome of interest 
was seizure recurrence during or after AED withdrawal. Both retrospective and prospective 
observational studies were included, as well as randomized-controlled trials (RCTs). Excluded 
were case series and studies with <20 patients, cohorts that reinstituted AED therapy after an 
abnormal EEG (without having had a prior relapse), and publications on AED withdrawal in 
acute symptomatic seizures, neonatal seizures, or other populations that included patients not 
conforming to the 2014 ILAE definition of epilepsy (Fisher et al. 2014) (which includes the 1993 
definition of at least two unprovoked seizures occurring 24 hours apart (International League 
Against Epilepsy 1993)).

The databases of PubMed and EMBASE were used until November 6, 2014; the full search 
string can be found in appendix 1. Duplicates were removed, after which two independent 
researchers (HJL and KG) screened the articles for eligibility based on above-mentioned 
criteria. All eligible articles were included in the meta-analysis, reference lists were checked 
for additional articles missed in the electronic search, and the articles were subsequently 
screened for the presence of multivariable analysis of risk factors for recurrence for inclusion 
in the systematic review.

Data collection
Full-text articles were screened by the first author to extract information on the following 
study characteristics and variables of interest: authors; publication year; geographical location; 
setting; publication type and in case of RCTs, the treatment and control groups; treatment 
(surgical versus medical); inclusion and exclusion criteria; number of participants; number of 
recurrences at one, two, three, four, and five or more years when available; duration of follow-
up after start withdrawal (and, in some studies after surgery); predictors of seizure recurrence; 
potential for bias (see below); number of prognostic factors studied; and number and type of 
prognostic factors that were found to be significantly related to relapse.
Summary measures and risk of bias
A single group meta-analysis on recurrence risk after AED withdrawal was performed for both 
populations with different follow-up durations. Because less than half of studies on medical 
cohorts, and less than a third of studies on surgical cohorts, reported information on three- or 
four-year recurrence rates separately, these two follow-up times were combined, and when 
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both were provided, the four-year recurrence rate was used. Similarly, the recurrence risks of 
all studies with follow-up of five or more years were averaged. To correct for differences in 
study sample size, meta-analysis was performed on the logit of the proportion of recurrence 
(logit=log[p/1-p], with variance[logit]=[1/number of recurrences]+[1/number of non-
recurrences], where p equals the proportion of recurrences), according to Sutton et al. (Sutton 
et al. 2000). To correct for potential heterogeneity between studies, the meta-analysis was 
performed with a linear random effects model and additional Knapp and Hartung adjustments 
to obtain more accurate confidence intervals (Knapp and Hartung 2003). Meta-analysis 
summary estimates and corresponding 95% confidence intervals were back-transformed from 
logits to proportions.

Heterogeneity between studies was assessed with the I2 statistic according to Higgins and 
Thompson, where values between 50% and 75% are considered measures of moderate 
heterogeneity, and values >75% high heterogeneity (Higgins and Thompson 2002). Statistical 
analyses were performed with R version 3.1.2 (R Core Team 2014), using packages “metaphor” 
and “boot”.

In the surgical cohorts, the main meta-analysis included only those studies reporting follow-up 
after initiation of withdrawal (six studies). Studies that only reported follow-up relapse rates 
in relation to duration after surgery (ten studies) were excluded from the primary analysis, 
because the interval between surgery and AED withdrawal varied between subjects and 
studies. An additional analysis on studies that reported follow-up after surgery is shown as 
supplementary information.
Considering the systematic review of predictors of relapse, we compared, for each possible 
predictor, the number of studies that reported a significant correlation with relapse with the 
total number of studies that included the variable in the analysis. The possibility to meta-
analyse the separate prognostic factors was evaluated, but many articles did not present data 
on non-significant predictors, resulting in a large publication bias rendering any result from 
meta-analysis unusable for solid conclusions. Therefore, the choice was made to perform a 
descriptive systematic review instead.

Quality appraisal and assessment of risk of bias of each study was performed with the Quality 
in Prognosis Studies (QUIPS) method proposed by Hayden and colleagues (Hayden, Coté, 
and Bombardier 2006). Six separate items are scored in this assessment: potential for bias in 
(1) study participation, (2) study attrition (loss to follow-up), (3) measurement of prognostic 
factors, (4) measurement of outcome, (5) measurement of, and accounting for, confounders, 
and (6) analysis and reporting. Since this is a descriptive systematic review of prognostic 
factors, no studies were excluded based on quality assessment.
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Results
From 2,588 articles identified, 61 articles were included in the meta-analysis, of which 45 (7,082 
patients) concerned medically treated patients (Emerson et al. 1981; Holowach-Thurston et al. 
1982; Shlomo Shinnar et al. 1985; Overweg et al. 1987; Arts et al. 1988; Callaghan, Garrett, and 
Timothy Goggin 1988; Alvarez 1989; Ehrhardt and Forsythe 1989; Matricardi, Brinciotti, and 
Benedetti 1989; MRC AED withdrawal study group 1991; Gherpelli et al. 1992; Galimberti et al. 
1993; S Shinnar et al. 1994; Tennison et al. 1994; Uesugi et al. 1994; Delgado et al. 1996; Dooley 
et al. 1996; Tinuper et al. 1996; Braathen and Melander 1997; Caviedes and Herranz 1998; 
Marcus 1998; Altunbasak et al. 1999; Gebremariam, Mengesha, and Enqusilassie 1999; Alberto 
Verrotti, Morresi, Basciani, et al. 2000; Alberto Verrotti, Morresi, Cutarella, et al. 2000; Bouma, 
Peters, and Brouwer 2002; Lamdhade and Taori 2002; L M Specchio et al. 2002; Cardoso, Cendes, 
and Guerreiro 2003; Ohta et al. 2004; Camfield and Camfield 2005; Geerts et al. 2005; Serra, 
Montenegro, and Guerreiro 2005; Sillanpää and Schmidt 2006; Lossius et al. 2008; Olmez et al. 
2009; Ramos-Lizana et al. 2010; Vurucu et al. 2010; Afshari and Moradian 2012; Pavlović, Jović, 
and Pekmezović 2012; A Verrotti et al. 2012; Su et al. 2013; Yang et al. 2013; Gafoor, Saifudheen, 
and Jose 2014; Li et al. 2014) and 16 (2,441 patients) surgical cohorts (Murro et al. 1991; Schiller 
et al. 2000; Griffin et al. 2004; Kim et al. 2005; Berg et al. 2006; Al-Kaylani et al. 2007; Sinclair et 
al. 2007; Lachhwani et al. 2008; Lee et al. 2008; Kerling et al. 2009; Park et al. 2010; Rathore et al. 
2011; Boshuisen et al. 2012; Menon et al. 2012; Zeng et al. 2012; Yardi et al. 2014) (see figure 1 
for full flow chart). A multivariable analysis of prognostic variables was performed in 27 studies 
on medically treated patients and in eight studies on surgical cohorts.

Meta-analysis of recurrence risk (table 1, figure 2)
Meta-analysis was performed on different subsets of articles, depending on the availability 
of data for the specific duration of follow-up (e.g. 36 medical cohorts with one-year follow-
up data, see table 1). In medically treated patients, the cumulative recurrence rate climbed 
from 22% (95% confidence interval [CI] 19%-26%) at one year, to 28% (24%-32%) at two years, 
and 34% (28%-40%) at three or four years. At five or more years of follow-up, the cumulative 
recurrence rate taken from 19 articles was lower, with an average of 27% (23%-32%). Subgroup 
analysis of articles providing information on recurrences both at three to four years and at five 
or more years of follow-up, showed that recurrences after five years only occurred in less than 
1% (Supplementary Table 1). The heterogeneity between studies was high, with I2 between 
87% and 92% at different follow-up durations.
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Figure 1 | Flow-chart of selection of publications.

Table 1 | Meta-analysis of recurrence risk after AED withdrawal. Separate meta-analyses were 
performed for the different follow-up durations. Follow-up started at initiation of AED withdrawal. 
If a study provided information on e.g. one-year and five-year seizure outcome, it was only included 
in these two meta-analyses.

Population

Follow-up after 
initiation AED 
withdrawal

N studies  
(n patients)

Recurrence risk 
(95% CI)

Heterogeneity I2 
(95% CI)

Medical cohorts 
(in total 45 
studies, 7082 
patients) 1 year 36 (5215) 22.1% (18.7-26.0) 88.8 (82.3-93.5)

2 years 35 (5283) 27.5% (23.7-31.6) 89.0 (82.5-93.5)

3 or 4 years 26 (3697) 33.7% (28.1-39.8) 91.5 (85.8-95.8)

5 or more years 19 (3653) 27.2% (22.8-32.2) 87.3 (77.5-94.5)

Surgical cohorts 
(in total 6 studies, 
1172 patients) 1 year 5 (1115) 13.7% (4.1-37.0) 94.1 (83.0-99.2)

2 years 5 (1115) 21.0% (7.9-45.3) 94.4 (84.2-99.3)

3 or 4 years 5 (1025) 24.1% (12.5-41.6) 88.4 (67.5-98.4)

5 or more years 2 (913) 28.5% (0.0-100.0) 88.4 (0.7-98.4)
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The cumulative recurrence rate in surgical cohorts increased from 14% (4%-37%) at one year 
after initiation of AED withdrawal, to 21% (8%-45%) at two years, 24% (13%-42%) at three to 
four years, and 29% (0%-100%) at five or more years. Six studies (1,172 patients) reported follow-
up starting at the initiation of AED withdrawal and 11 studies (1,303 patients) started follow-
up at surgery (one article reported both follow-up after surgery and after AED withdrawal). 
Meta-analysis of recurrence rates after AED withdrawal in these latter 11 articles is presented 
in Supplementary Table 2. 
Heterogeneity between studies was high, with I2 of 88% to 94%.
   
At all time points, there was no significant difference between the surgical and medical cohorts, 
but average recurrence rates were lower in surgical cohorts. Within the medical cohorts, 66% 
of recurrences occurred in the first year of follow-up. For surgical cohorts, this was 48%.

Study characteristics
For the systematic review of predictors, study characteristics, seizure recurrences, and number 
of prognostic factors studied are listed in tables 2 and 3. In almost all cohorts of medically 
treated patients, a minimum of two years of seizure freedom was required before considering 
AED withdrawal, whereas this ranged from no minimum to a minimum of one year in the 
surgical articles. Clinical characteristics of included patients varied largely between cohorts, 
as evident from the different inclusion and exclusion criteria. Follow-up duration ranged from 
22 to 216 months (median 48) after start of AED withdrawal in medically treated patients, and 
between 12 and 73 (median 61) after start of withdrawal in surgically treated patients and 
between 24 and 96 (median 58) months since surgery.

Figure 2 | Cumulative recurrence risk after AED withdrawal in medical and 
surgical cohorts. Error bars indicate 95% confidence interval. See table 1 for 
exact recurrence rates with 95% CI.
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Quality assessment
The articles that presented prognostic factors were assessed for potential bias. The quality was 
low to moderate in the majority of articles, as summarized in Supplementary Table 3. In most 
studies, the potential for bias in confounding measurement and account, and in analysis and 
reporting, was scored as moderate to high. In almost all articles, exploratory analyses were 
performed, in which the selection of variables into the multivariable model depended on 
the dataset and not on previous studies of prognostic factors. Because many of the potential 
predictors (or confounders) were not systematically included in each multivariable analysis, 
this increases potential for bias in confounding measurement and account (Hayden, Coté, and 
Bombardier 2006). The potential for bias in analysis and report is largely explained by the low 
number of included patients in most studies, compared to the large number of factors studied, 
resulting in low statistical power which leads to underestimation or false representation of 
predictive factors (Harrell Jr, Lee, and Mark 1996). Another reason for this large bias is that 
many articles did not fully report the results. In general, most articles had one or more flaws 
that increased the risk for bias, decreasing the scientific reliability of each of the individual 
studies.

Prognostic factors
Tables 4 and 5 list all variables that have been studied as possible risk factors for recurrence. 
The second column summarizes the number of studies in which a significant predictive value 
for a certain factor was identified compared to the number of studies that investigated the 
factor of interest. For example, 21 studies investigated the predictive value of female sex, and 
four concluded that this was a significant independent predictor for seizure recurrence.
In medically treated patients, 25 variables have been reported as significant independent 
predictors by at least one study, and 12 variables in surgical cohorts.
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Table 4 | Risk factors for relapse in medically treated patients, showing significant findings based on 
multivariable models. Non-significant predictors that were only investigated by a single study were: age at 
initiation of treatment, time from first to second seizure, history of brain trauma, changes in seizure pattern 
over time, seizures only on awakening, seizures only while asleep, epilepsy severity, history of febrile seizures in 
patients with previously afebrile seizures, compliance, and previously attempted AED withdrawal. Correlations 
with different ethnic groups were studied in two articles and not found to be significant.

        Predictor
N significant/ 
N studied

References significant 
findings

Patient 

        female sex 4/21 1-4

Age and Time

age at onset 8/22 2, 5-11

age at withdrawal 4/13 4, 12-14

age at last seizure 1/2 15

time from first seizure to start treatment 0/6

time to seizure control (start treatment to last seizure) 3/12 6, 16, 17

time from first seizure to last seizure (duration active disease) 1/8 18

time from start treatment to AED reduction (duration therapy) 2/6 11, 19

time from last seizure to start AED reduction (duration seizure freedom) 3/10 13, 14, 18

Diagnostics

neuroimaging (CT/MRI) 0/8

EEG abnormality before withdrawal 8/21 9-11, 13, 19-21

EEG abnormality or aggravation during/after withdrawal 7/9 3, 4, 9, 14, 21-23 

Aetiology

remote symptomatic aetiology* 3/13 1, 8, 24 

neurological deficit from clinical examination 6/13 1, 2, 12, 17, 21, 25

developmental delay 4/12 10, 12, 17, 21 

history perinatal anoxia 0/3

Seizure Characteristics

seizure type** 9/24   2, 8, 9, 11- 13, 17, 19, 21

multiple types of seizures 3/7 17, 23, 24 

seizure frequency/ amount of seizures before treatment 2/16 20, 26

History

history of febrile seizures 3/13 10, 23, 24

history of neonatal seizures 1/3 24

history of status epilepticus 0/7

psychiatric abnormality 1/3 18 

family history of epilepsy 2/17 1, 10 
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Table 4 continued

        Predictor
N significant/ 
N studied

References significant 
findings

Antiepileptic Drugs

number of AEDs 4/13 1, 13, 15, 27

type of AED 2/6 12, 19

serum level of AED 1/5 15

seizures after start AED treatment 1/6 13

taper duration 1/5 5 

number of medication changes before remission 0/3

*unprovoked seizures related to static encephalopathy resulting from previous insult to the CNS (e.g. infection, CNS 
trauma, cerebrovascular disease) (ILAE, 1993)
**various seizure types have been reported as significant predictors, including partial seizures, absence seizures, 
rolandic seizures, “jacksonian seizures” andmyoclonic seizures.
(1) Arts et al., 1988; (2) Dooley et al., 1996; (3) Olmez et al., 2009; (4) Pavlovic et al., 2012; (5) Altunbasak et al., 1999; 
(6) Ohta et al., 2004; (7) Bouma et al., 1987; (8) Peters et al., 1998; (9) Shinnar et al., 1985; (10) Shinnar et al., 1994; (11) 
Braathen and Melander, 1997; (12) Caviedes and Herranz, 1998; (13) MRC et al., 1993; (14) Galimberti et al., 1993; (15) 
Overweg et al., 1987; (16) Li et al., 2014; (17) Holowach-Thurston et al., 1982; (18) Specchio et al., 2002; (19) Callaghan et 
al., 1988; (20) Emerson et al., 1981; (21) Matricardi et al., 1989; (22) Su et al., 2013; (23) Verrotti et al., 2012; (24) Ramos-
Lizana et al., 2010; (25) Lossius et al., 2008; (26) Cardoso et al., 2003; (27) Vurucu et al., 2010.
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Table 5 | Risk factors for relapse in surgically treated patients, showing significant findings based on 
multivariable models. Non-significant predictors that were investigated only in a single study were: sex, 
age at surgical evaluation, time to complete discontinuation, poorly versus well-defined focal lesions, 
post resection ECoG spikes, SPECT preoperative ictal contralateral localization, PET preoperative 
contralateral localization, preoperative intracranial monitoring during evaluation, contralateral seizure 
semiology, persistent auras, temporal localization, lobar localization, type of surgery (lesionectomy 
versus bi/multilobar), MRI diagnosis of hippocampal sclerosis, tumour, and focal radiation.

Predictor
N significant/ N 
studied

References 
significant findings

Age and Time

age at onset epilepsy 0/2

age at start withdrawal 1/1 1

age at surgery 0/3

time from surgery to reduction 3/3 1-3

duration of epilepsy before surgery 2/4 3, 4

Diagnostics

absence of focal MRI abnormalities 1/1 3

multifocal MRI lesions 1/1 2

EEG: preoperative contralateral interictal spikes 0/3

EEG: postoperative interictal epileptiform discharges prior to 
withdrawal 4/5 2, 4, 5, 6

Seizures

generalized tonic-clonic seizures 0/2

seizure frequency/ amount of seizures before treatment 1/4 6

history of febrile seizures 0/2

seizures between surgery and withdrawal 2/4 3, 7

acute postoperative seizures* 0/3

Surgery Location

lobar surgery 0/2

left-sided surgery 0/2

hemispherectomy 1/1 2

Aetiology

aetiology** 1/5 5

Therapy

incomplete resection 1/2 2

number of AEDs 0/3

multiple resections 1/1 2

*seizures within one week or two weeks after surgery, or seizures before hospital discharge
**significant for definite hippocampal sclerosis in a series of mesial temporal lobectomies
(1) Lee et al., 2008; (2) Boshuisen et al., 2012; (3) Park et al., 2010; (4) Menon et al., 2012; (5) Rathore et al., 2011; 
(6) Yardi et al., 2014; (7) Berg et al., 2006.
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Prediction models
In addition to identification of predictors, some publications have created a clinical prediction 
model (Overweg et al. 1987; Medical Research Council 1993; Dooley et al. 1996; Braathen and 
Melander 1997; Geerts et al. 2005). These five models are compared in table 6, two of which 
reported c-statistics (0.73 and 0.78) (Medical Research Council 1993; Geerts et al. 2005). The 
populations vary (see also table 2), largely with respect to the inclusion of children or adults, 
the inclusion of subjects with mental or neurological impairment, and the required duration 
of seizure freedom. Therefore, most models are only applicable in highly specific populations; 
a general population with children and adults was used only in the model from the Medical 
Research Council (Medical Research Council 1993), although this model was built both on 
patients who withdrew AEDs and on those who continued AED treatment. There was no single 
predictive variable that was included in all models.

Table 6 | Existing prediction models for seizure recurrence after AED withdrawal.

Publication Population Included variables

Overweg (1987) age between 18-60 years (n=62), 
without mental or neurological 
disability, seizure free > 3 years

(1) number of AEDs, (2) serum level of 
AEDs, (3) age at last seizure, (4) dura-
tion of seizure free period

Medical Research 
Council (1993)

adults and children (n=1003), 
seizure free > 2 years. Half of par-
ticipants randomized to maintain 
AED treatment

(1) age at withdrawal, (2) polytherapy, 
(3) seizures after start of AED therapy, 
(4) history of tonic-clonic seizures, 
(5) history of myoclonic seizures, (6) 
abnormal EEG in previous year, (7) no 
EEG available, (8) duration of seizure 
free period

Dooley (1996) children (n=97), seizure free > 1 
year

(1) female sex, (2) age at seizure onset, 
(3) seizure type (generalized versus 
partial), (4) neurologic abnormalities

Braathen (1997) children without mental or neu-
rologic disability (n=161), seizure 
free > 1 year

(1) seizure type and epilepsy type 
(complex partial, simple partial, ab-
sence epilepsy, generalized tonic clon-
ic seizures, rolandic seizures, benign 
epilepsy with centrotemporal spikes), 
(2) age at onset, (3) type of EEG abnor-
mality

Geerts (2005, 
cohort of Peters 
1998)

children (n=161), seizure free > 6 
months

(1) age at onset epilepsy. (2) absence 
aetiology? If not: 
(3) Idiopathic aetiology? (4) Abnormal 
EEG? (5) Post-ictal signs?
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Discussion
In this meta-analysis, the maximum cumulative recurrence risk at five or more years following 
the start of reduction was 34% in medically treated patients, and 29% in surgical cohorts. It 
can be concluded from the quality appraisal of studies that there is a moderate to high chance 
of bias (and therefore non-representative results) in most of the articles that reported on 
predictive factors of relapse. Concerning the existing prediction models on recurrence risk 
after AED withdrawal, we observed that no single predictor variable was included in each of 
the five models.

Recurrence rates
The presented recurrence rates for medically treated patients roughly resemble the outcome 
of a 20-year-old meta-analysis (Berg and Shinnar 1994) in which one-year and two-year 
recurrence rates of 25% (95% CI: 21%-30%) and 29% (24%-34%) were reported, respectively, 
which is only a few per cent higher than the results presented here. The current analysis adds 
longer-term seizure outcomes at three to four, and five or more years, revealing that seizures 
can recur after an interval longer than two years following the start of AED withdrawal, 
although this only happens in 6% of patients. Because our meta-analysis includes all available 
studies on recurrence risk after AED withdrawal until 2014, the average recurrence risks of 22% 
at one year, 28% at two years, and 34% at three or four years are the most accurate estimate 
currently available.

Seizure outcomes after AED withdrawal in surgical cohorts have recently been reviewed 
by Ladino et al. (Ladino, Hernández-Ronquillo, and Téllez-Zenteno 2014). Despite the 
comprehensive overview given, results are difficult to interpret, most importantly because 
the included articles had such a large range of follow-up durations, and only the recurrence 
rate at latest follow-up was used in their analysis. Cumulative relapse rates at specific time 
points were not provided. We therefore chose to determine the recurrence risk at different 
follow-up durations. We also used different inclusion criteria than those of Ladino et al. (Ladino, 
Hernández-Ronquillo, and Téllez-Zenteno 2014), excluding more articles from analysis, such as 
those describing only cohorts of patients who primarily underwent tumour resections. Bearing 
these differences in mind, we present recurrence rates of 14% at one year, 21% at two years, 
24% at three or four years, and 29% at five or more years of follow-up after initiation of AED 
withdrawal.

Predicting seizure recurrence
In this systematic review, we listed the available evidence for different predictors of seizure 
recurrence after AED withdrawal. Although for some factors it seems likely that they predict 
relapse, for every variable there are also studies that found the opposite, and for some 
variables only few studies have reported significantly predictive values. Because most of the 
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original studies reviewed here have several limitations, drawing definite conclusions from the 
presented data is not possible, and this may be the most important inference from this review.

An important issue, regarding the long lists of possible predictors, is how to decide which 
ones are relevant for clinical practice. An attempt to identify the most important predictors 
from this list is ill advised, because every method of doing so will have its limitations. As an 
example, it is tempting to presume that those factors that were most often reported as being 
significantly related to relapse are the strongest predictors. However, because of the limitations 
within all separate studies discussed below, conclusions will be weak at the least. Also, factors 
that have not been studied by many different groups would not be identified through this 
method, possibly unjustly so. In 1994, Berg and Shinnar performed a meta-analysis in which 
they studied only three predictors of seizure outcome after AED withdrawal and concluded 
that age at onset of epilepsy, symptomatic aetiology, and an abnormal EEG result, before 
AED withdrawal, significantly predicted seizure recurrence (Berg and Shinnar 1994). However, 
this was a meta-analysis based on univariable data, and therefore possible multicollinearity 
between these cannot be formally ruled out.

An obvious solution to this problem is a multivariable meta-analysis of all possible predictors. 
We have tried to meta-analyse the existing literature of predictors, but the large differences 
in presented outcome measures between studies made this impossible, given the mix 
of risk ratios, odds ratios and hazard ratios. A superior method of studying predictors is a 
meta-analysis of individual participant data (IPD), in which groups collaborate to create an 
aggregated dataset with predictor data at individual subject level which can be analysed 
multivariably (Riley, Lambert, and Abo-Zaid 2010). Only in this way, it becomes possible to 
study a large number of variables in a large dataset. This allows identification of predictors 
with accuracy which is not possible with other methods of meta-analysis, because the analysis 
can impute missing values on an individual patient level, detailed follow-up data is available, 
and (maybe most importantly) the analysis can be carried out in a standardized way across 
all included studies, while correcting for baseline characteristics (Riley et al., 2010). We have 
recently initiated a collaborative effort to perform such an IPD meta-analysis of all possible 
predictors of seizure relapse following AED withdrawal in both medically and surgically treated 
patients, as identified through this review.

Limitations
The recurrence risks calculated in our meta-analysis show estimates based on a relatively 
large number of articles and patients. Although many articles were included, not all presented 
useful information for risk estimation at each individual time point. In particular, in the surgical 
cohorts, only six of 16 articles presented follow-up starting from initiation of AED withdrawal, 
rendering ten articles inappropriate for primary analysis. The data derived from the analysis of 
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the latter are not useful in daily practice, because the interval between surgery and withdrawal 
is different between individual patients and between centres.

In the medically treated patients, the cumulative recurrence risk after five or more years, 
calculated from all studies that included outcome at this follow-up duration, was lower than 
that after three to four years. The explanation for this discrepancy is that most articles presenting 
long-term follow-up did not include information also on the one- to four-year follow-up time 
point, and had a lower overall recurrence rate. For this reason, the presented data should not 
be taken as exact hazard functions; this would only be possible when all studies provided 
information on recurrences at all time points, or even better, when individual patient data were 
aggregated into a large IPD meta-analysis. In an additional analysis of studies that contained 
data from both follow-up time points, we showed that relapse rate at five or more years after 
start of AED withdrawal was virtually identical to that at three to four years.

The current presentation of evidence concerning predictors of relapse has several limitations. 
First, several factors have been measured or defined variably across the different studies. 
As an example, age at onset of epilepsy was measured both as a continuous variable and 
dichotomized, and the cut-off age ranged between 2 and 12 years. Second, the inconsistency 
between study results may be caused by low sample sizes, as mentioned before. Third, there 
might be true differences in predictors between different populations. Fourth, the methodology 
of statistical analysis varied greatly between studies, and different variables were included in 
the multivariable models leading to heterogeneous results; effects of multicollinearity may 
be present in one but absent in another model because of inclusion or exclusion of certain 
variables. As argued by John Ioannidis (Ioannidis 2005), several factors increase the possibility 
of “false positive findings”; amongst others: small sample sizes, high possibility for bias, 
hypothesis-generating studies (compared to confirmatory designs), and greater flexibility in 
design, analysis and reporting. All these factors are present in the different studies included 
here, increasing the chance that some of the findings are in reality not true. The way forward 
is to perform larger, bias-free studies or meta-analyses with collaboration, more appropriate 
statistics, and standardization (Ioannidis 2005, 2014).

Concerning the existing prediction models presented in table 6, several limitations also exist. 
To start with, the populations on which the models have been based on raise questions of 
generalizability. Three articles have based their model on a paediatric population, one on an 
adult population, and one on a population with children and adults. It has been shown before 
(Berg and Shinnar 1994) that adolescent age at onset of epilepsy has a higher risk of recurrence 
than both childhood and adult-onset epilepsy. By excluding an age group, this effect might 
be less prominent or even absent. Also, two articles excluded patients with low intelligence 
quotient or neurological deficits. These two factors, which can be seen as signs of symptomatic 
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aetiology, seem to be predictors of worse outcome based on the results listed in table 4, and 
also on a previous meta-analysis (Berg and Shinnar 1994). By excluding these patients from 
analysis, the validity of the model is restricted. In addition, the required duration of seizure 
freedom before the start of AED reduction varied between six months and three years, whilst 
three reports suggested that this time is important in determining recurrence risk (table 4). The 
above-mentioned observations illustrate that a narrative systematic review is only the first step 
in determining which factors will ultimately aid decision-making in the clinic. Unfortunately, 
no conclusions can yet be drawn concerning each separate predictor. Future research in the 
form of larger and well-designed analyses or IPD meta-analysis is needed to be able to predict 
recurrence risk in individual patients.

Lastly, an important limitation to the current review is the absence of effect sizes. Even if the 
conclusion would be that a certain factor predicts seizure recurrence, this review does not 
give insight into the strength of that prediction. Future quantitative analyses should provide 
answers to the question of effect sizes.

Conclusion
Survival analyses revealed that cumulative risk of seizure recurrence after AED withdrawal 
is 29% in surgically treated and 34% in medically treated patients. Many factors have been 
identified as possible predictors of seizure recurrence after AED withdrawal, but the evidence 
is inconclusive. To determine which variables are truly and independently predictive, and to 
assess effect sizes, the findings from this systematic review should be incorporated into a large 
meta-analysis of individual patient data.
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Supplementary Table 1 | Subgroup analysis from studies that described recurrence risks in 
medically treated cohorts both at 3-4 years and at 5 or more years of follow-up.

Follow-up N studies (n patients) Recurrence risk (95% CI) Heterogeneity I2 (95% CI)

3-4 years 7 (905) 28.9% (22.5-36.4) 72.0 (33.3-93.7)

5 or more years 7 (905) 29.6% (22.9-37.3) 73.5 (36.8-94.0)

Supplementary Table 2 | Meta-analysis of recurrence risk after AED withdrawal in surgical cohorts, 
in studies that reported follow-up from surgery instead of follow-up from initiation AED withdrawal.

Follow-up after 
surgery

N studies (n 
patients)

Recurrence risk (95% 
CI)

Heterogeneity I2 
(95% CI)

Surgical cohorts 
(in total 11 studies, 
1303 patients) 1 year 1 (84) 9.5% (-) -

2 years 3 (217) 19.6% (5.8-49.2) 56.7 (0.0-99.4)

3 or 4 years 4 (598) 27.4% (14.8-45.0) 83.2 (46.5-97.9)

5 or more years 5 (640) 33.9% (22.8-47.1) 82.6 (54.6-97.0)
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Supplementary Table 3 | Quality appraisal of prognostic studies (Hayden et al., 2006)

Publication Study 
participation

Study 
attrition

Prognostic 
factor 
measurement

Outcome 
measurement

Confounding 
measurement 
and account

Analysis 
and 
reporting

Medical cohorts

Li, 2014 - +/- - + - -

Su, 2013 - +/- - + - -

Pavlovic, 2012 + - +/- + - -

Verrotti, 2012 - - + + - -

Ramos-Lizana, 2010 + + + + + -

Vurucu, 2010 - - +/- + - -

Olmez, 2009 + - + + - -

Lossius, 2008 + + - + - -

Geerts 2005 + + + + +/- -

Ohta, 2004 +/- + +/- + - -

Cardoso, 2003 +/- +/- + + - -

Specchio, 2002 + - + + - +/-

Altunbasak, 1999 + - +/- + - -

Caviedes, 1998 + + + + +/- -

Braathen, 1997 - - +/- + +/- -

Dooley, 1996 - + +/- + +/- -

Shinnar, 1994 + + + + +/- -

Galimberti, 1993 - - +/- + +/- +/-

MRC, 1993 + + +/- + +/- +

Matricardi, 1989 - + +/- + +/- -

Arts, 1988 + - +/- + - -

Callaghan, 1988 - + +/- + - -

Bouma, 1987 + + + + - -

Overweg, 1987 +/- +/- + + - -

Shinnar, 1985 - + + + +/- -

Holowach, 1982 - + - + +/- -

Emerson, 1981 + + + + +/- -

Surgical cohorts

Yardi, 2014 +/- + - + - -

Boshuisen, 2012 +/- + + + + +

Menon, 2012 + + - + - -

Rathore, 2011 + - +/- + +/- +

Park, 2010 + +/- +/- + +/- -

Lee, 2008 + + +/- + - -

Lachhwani, 2008 + - +/- + +/- -

Berg, 2006 + + - + - -
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Abstract
Objective: Antiepileptic drugs may have long-term effects on the neurodevelopment of 
children. We aimed to investigate the association between cumulative antiepileptic drug load 
and intelligence quotient (IQ), in relation to brain volume and cortical thickness and volume. 

Methods: Retrospective analysis of children with focal epilepsy who underwent 
neuropsychological assessment and an MRI between the ages of 5-12 years in a tertiary epilepsy 
center. Cumulative drug load was presented in drug-years. We studied the association between 
drug load and IQ with multivariable linear regression, corrected for the following epilepsy-
related confounders: age at first treatment, etiology, maximum seizure frequency, duration 
of active epilepsy, history of secondary generalized seizures, history of status epilepticus and 
number of antiepileptic drugs at time of neuropsychological assessment.

Results: We included 59 children, median drug load was 5.3 drug-years (interquartile range: 
2.0 – 11.1), mean total IQ (± standard deviation) 77.4±18.9. A significant negative relation 
between drug load and total IQ was found with a decrease of 1.2 IQ-points per drug-year 
(95% confidence interval: -2.1 to -0.3), after correcting for confounders. Drug load was not 
significantly associated with brain volume, or cortical thickness, nor were the latter with IQ. 

Conclusions: Higher drug load is associated with lower total IQ after adjusting for epilepsy-
related confounders. No evidence for a volumetric cause underlying the drug related IQ 
decrease was found. Prospective, longitudinal confirmation of these findings is required. Lastly, 
it should be stressed that effective seizure prevention outweighs potential negative effects of 
antiepileptic drugs. 
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Introduction
Epilepsy is one of the most common brain disorders in children, with a prevalence of 
approximately 1% of all children (Russ, Larson, and Halfon 2012). A major issue in children with 
epilepsy are cognitive problems. These may be caused by the underlying pathology (Åndell 
et al. 2015; Reilly et al. 2015) and epilepsy-related factors (Kim and Ko 2016; Braun 2017), but 
an additional reason for concern is the treatment. Primary treatment of epilepsy consists of 
antiepileptic drugs (AEDs), which can suppress seizures by various mechanisms of action. 
Many studies have demonstrated that children who are using these drugs experience cognitive 
side effects (Aldenkamp et al. 2016; Lagae 2017, 2006; Bath and Scharfman 2013; Loring and 
Meador 2004). These studies, however, did not look at any potential long-term effects. The 
only knowledge we have on potential harmful effects of AED use on neural development 
comes from two fields of research: rodent studies (Bath and Scharfman 2013) and studies on 
the children of women who were taking AEDs during pregnancy. Prenatal exposure to AEDs 
affects brain development and results in an increased risk of intellectual disability, language 
impairment, psychomotor decline and autism spectrum disorders (Bath and Scharfman 2013; 
Verrotti et al. 2014; Scolnik et al. 1994; Koch et al. 1999; Reinisch et al. 1995)

Neurodevelopment, however, does not stop after birth. Between the ages of one and six, 
critical processes take place such as maturation of cortical structures and the establishment 
of their connectivity (Deoni et al. 2015). Furthermore, dendrite growth, synaptogenesis and 
myelination, amongst others, continue until adulthood (Webb, Monk, and Nelson 2001). Only 
one study has shown potential long-term effects of AEDs on intelligence quotient (IQ), which 
was a trial using phenobarbital in children with febrile seizures (Farwell et al. 1990; Sulzbacher 
et al. 1999). However, this is not informative for current practice, as this drug is now rarely 
prescribed beyond the neonatal age. Because the mechanism of action of AEDs includes many 
pathways that are also important in these developmental processes, we hypothesized that the 
use of AEDs early in life may affect brain development and cognitive functioning.

To test this hypothesis, this study assessed the long-term effect of exposure to AEDs on IQ, as a 
broad measure of neurodevelopment. The secondary aim was to investigate whether cortical 
thickness and brain volume measures could explain the relation between AEDs and IQ. 

Methods 
Study population 
In this retrospective cohort study data was obtained from children with epilepsy (Fisher et al. 
2014) evaluated and followed at our outpatient child neurology clinic, our first seizure clinic, 
and those who were evaluated for epilepsy surgery, between 2005 and 2017. Children were 
included when they suffered from focal epilepsy according to the International League Against 
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Epilepsy classification (Fisher et al. 2017). Additional inclusion criteria were the availability 
of a neuropsychological assessment (NPA) during or after drug treatment, and a magnetic 
resonance brain scan for measuring cortical thickness and volumes (T1-weighed 3D MRI at 1.5 
or 3.0 Tesla). Both NPA and MRI had to be performed between the age of five and twelve years. 
Children with NPA or MRI below the age of five years were excluded because of the difficulty 
of reliable automatic segmentation of MRI due to poor grey-white differentiation and shape 
differences to adult templates in immature brains (Vân Phan et al. 2018). Age at first treatment 
could have been before the age of 5 years. The maximum age of twelve years was chosen to 
limit the age span and reduce study population heterogeneity. To study the effect of AEDs 
on the cortex, only children were included with focal epilepsy refined to a single hemisphere 
based on semiology, (inter)ictal EEG, and in case of structural etiologies the exclusion of 
contralateral MRI-lesions. Furthermore, patients were excluded when there was a risk of a 
diffusely affected brain, for instance patients with a history of generalized epilepsy, tuberous 
sclerosis complex, mitochondrial or other metabolic disease, or children who had suffered 
from epileptic encephalopathies at some point during the course of their disease (Box 1). 
Similarly, patients suffering from epilepsy requiring hemispherectomy were excluded. Patients 
with a history of oral steroid treatment or thiopenthal coma were excluded from analysis as 
these interventions may influence total brain volume. Lastly, patients were excluded when 
they underwent epilepsy surgery before NPA and acquisition of MRI, as epilepsy surgery itself 
has an impact on cognition (Braun 2017). 

The Dutch Medical Research Involving Human Subjects Act did not apply, as confirmed by the 
Ethical Committee of the University Medical Center in Utrecht. Patients with an active treatment 
relation at this center were approached by the researcher to obtain informed consent. Patients 
who previously objected to being part of scientific research were excluded. 

BOX 1 | Definitions.

Aetiology of epilepsy: genetic, structural, metabolic, immune, infectious, unknown; according to 
International League Against Epilepsy classification (Scheffer et al. 2017).

Duration of active epilepsy: calculated as the difference between the date of first seizure and the 
date of last seizure expressed in years. Date of NPA was used when completed prior to the last 
seizure, or when the date of last seizure was unavailable. 

Maximum seizure frequency: defined as the highest seizure frequency as noted in the patient’s 
history before NPA was performed, expressed in seizures per day. 

History of secondary generalised seizures: scored positively if a secondary generalised seizure 
was reported.

History of status epilepticus: scored positively if any case of status epilepticus requiring hospi-
talisation was reported. Status epilepticus was classified according to the International League 
Against Epilepsy guidelines (Trinka et al. 2015).
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Figure 1 | Anatomical regions parcellated from T1-weighted MRI using Freesurfer. A representative 
left hemisphere is shown. 
a) inferior axial slice, b) superior axial slice, c) posterior coronal slice, d) anterior coronal slice, e) medial 
sagittal slice, f ) lateral sagittal slice. Regions shown: white matter (white), cerebral cortex (light blue), 
putamen (pink), pallidum (dark blue), thalamus (dark green), caudate (light brown), superior frontal gyrus 
(light green), caudal middle frontal gyrus (dark brown), precentral gyrus (purple), paracentral gyrus (red), 
cerebellum (yellow). 

Figure 2 | Mediation analysis: is the association between drug load and IQ explained by an effect on 
brain development?
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Drug load calculations
Cumulative drug load was calculated by adding the years each AED was taken until the NPA. 
Since the effect of long-term exposure to AEDs was our primary interest, rescue medication for 
acute seizures was not considered in this calculation. Drug load is defined in units of drug-years, 
where one drug-year corresponds to one AED being taken for one year. As an example, when a 
child used both valproate and levetiracetam for one year during the timespan preceding NPA, 
drug load was 2 drug-years. Data was also collected regarding the number of drugs taken at 
time of NPA and MRI, as potential confounders.
 
Brain structure measurements
The MRI sequences were visually inspected for quality and scans with excessive artefact 
precluding automated processing were excluded. Scans were segmented and parcellated 
using Freesurfer Version 5.3.0 (Fischl et al. 2002). Cortical thickness (Fischl and Dale 2000) was 
calculated at each surface vertex as the distance from the grey white boundary to the cortical 
surface using the regions of the Desikan-Killiany atlas (Desikan et al. 2006). All segmentations 
and parcellations were manually checked for accuracy and manual adjustments to registration, 
parcellation, and segmentation were made where necessary. Only measurements from the 
hemisphere from which seizures did not arise were considered. The mean cortical thickness 
of the entire healthy hemisphere, contralateral to the seizure focus, as well as several specified 
cortical regions were analyzed. The precentral gyrus, caudal middle frontal gyrus, paracentral 
gyrus and superior frontal gyrus were specifically investigated because cortical thickness in 
these regions has been reported to be most affected in people with epilepsy (Whelan et al. 
2018). Cerebral volume changes were studied investigating total hemisphere volume and 
the ratios between white matter volume / total hemisphere volume, and cerebellar volume 
/ total hemisphere volume. Volumes of thalamus, pallidum and putamen were also analyzed, 
following the findings described by Whelan and colleagues (Whelan et al. 2018). Regions 
analyzed are displayed in Figure 1. 

Endpoints of interest
The primary endpoint was IQ, which was assessed in children who underwent 
neuropsychological assessment for clinical reasons at the discretion of the treating physician. 
Whenever multiple NPAs were available, the latest was included. All NPAs were carried out by a 
clinical child neuropsychologist. Each NPA resulted in standardized scores for total intelligence 
quotient (TIQ), verbal intelligence quotient (VIQ) and performance intelligence quotient (PIQ).

Data collection and analysis
Data were obtained from patient records and consisted of general patient characteristics, 
epilepsy characteristics, results of structural MRI as concluded by an epilepsy-dedicated 
neuroradiologist, detailed information on drug therapy, and results from NPA. Cognitive 
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outcome in epilepsy is influenced by multiple factors (Braun 2017; Kim and Ko 2016): etiology 
of epilepsy, maximum seizure frequency, duration of active epilepsy, age at onset of AED 
treatment, history of secondary generalized seizures, history of status epilepticus requiring 
hospitalization and the number of AEDs used during NPA. Since these factors may also 
influence the drug load, they were predefined as potential confounders. Definitions of the 
confounders are listed in Box 1. 
For the primary endpoint, we tested the relation between drug load and IQ univariably using 
linear regression to get a crude estimate of the association. Next, we added all possible 
confounders to the regression model to obtain an adjusted regression coefficient. Children 
with IQ < 70 are considered to have cognitive impairment; as a sensitivity analysis, all patients 
with an IQ < 70 were excluded and the analysis was repeated. Secondly, to assess the 
hypothesis that the effect of drug load on IQ was mediated by changes in cortical structures 
or brain volume, a mediation analysis (Baron and Kenny 1986) was performed in three steps as 
visualized in Figure 2. 
Statistical analysis was performed using SPSS Statistics (Version 25). For the primary analyses 
analysis, p <0.05 was considered statistically significant. For the secondary analyses, a 
Bonferroni correction for multiple testing was applied resulting in an alpha level of 0.05/11 = 
0.0045. 

Data availability statement
Anonymized data will be shared by request from any qualified investigator.

Results
We screened 1658 patients for eligibility, resulting in 59 eligible patients (Supplementary 
Figure 1). Most frequent reasons for exclusion were no epilepsy (n=885), no MRI acquired in 
our own center (n=305), no focal epilepsy (n=148) and no available MRI and/or NPA between 
the age of 5-12 years (n=129). Baseline characteristics of the study participants are presented 
in Table 1. Median drug load (interquartile range (IQR)) was 5.3 drug-years (2.0 – 11.1) and the 
median duration of active epilepsy was 4.1 years (1.9 – 6.7). The timing of the MRI and NPA was 
closely related, with an median (IQR) duration of active epilepsy until NPA being 4.1 years (1.7 
– 6.7), and until MRI 4.1 years (1.9 – 6.7). The most commonly used drugs were valproic acid (57 
patients), clobazam (38 patients) and carbamazepine (37 patients) (Table e-1).  Mean (±SD) IQ 
scores were TIQ 77.4 (±18.9), VIQ 83.9 (±18.2), and PIQ 80.3 (±15.0).

An increase in drug load was associated with a decrease in TIQ. This association was significant 
in both the crude linear regression (regression coefficient (RC) -1.7 per drug-year; 95% 
confidence interval (95%CI) -2.2 to -1.1) and the adjusted model (RC -1.2; 95%CI -2.1 to -0.3) 
(Table 2 and Table e-2). Analyses for both VIQ and PIQ showed that an increase in drug load was 
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significantly associated with a decrease in VIQ or PIQ (Figure 3). This was significant in the crude 
model only (VIQ RC -1.5; 95%CI -2.2 to -0.8; PIQ RC -1.2; 95%CI -1.9 to -0.5). These associations 
lost significance after adjustment for potential epilepsy-related confounders (Table 2 and Table 
e-2). Sensitivity analyses for patients with TIQ³70 revealed a significant association for TIQ and 
PIQ in multivariate regression analyses (TIQ RC -1.9; 95%CI -3.2 to -0.5; PIQ RC -2.6; 95%CI -4.0 
to -1.1), although not for VIQ (RC -1.2; 95%CI-3.0 to 0.6) (Table e-3). Table e-4 breaks down the 
effect of AED load into drug load during monotherapy and drug load during polytherapy. The 
adjusted effects are similar to the main effect described in Table 2 with the RC of -1.2. 

Linear regression analyses between drug load and brain thickness and volume measures did 
not reveal a significant association in both crude and adjusted models with the Bonferroni 
corrected alpha-level of 0.0045 (Table 3). Additionally, no significant association was found 
between cortical thickness and volumes of each of the individual brain structures and TIQ, VIQ 
and PIQ scores (Table 4). The third step of the mediation analysis (Figure 2) was not executed 
because the first two steps did not show any significant association between drug load and 
brain structure nor between brain structure and IQ.
Interestingly, in the adjusted models thalamus volume tended to correlate with IQ, only 
becoming significant for performance IQ, after adjustment for other factors: RC 7.1 IQ points 
per mm3 volume increase (95% CI 0.8 to 13.4, p = 0.027) (Table 4). However, this variable did 
not cross the Bonferroni-corrected alpha-level of 0.0045 and should therefore be considered 
non-significant.

Table 1 | Demographics.

Variable Mean (SD)/median (IQR; Q1 – Q3)/n (%)

Gender, female 31/59 (52.5%)

Age at first seizure, years 4.0 (1.2 – 5.5)

Age at first AED treatment, years 4.6 (2.0 – 6.6)

Duration of active epilepsy*, at time of: 
    MRI
    NPA

4.1 (1.7 – 6.7)
4.1 (1.9 – 6.7)

Time between MRI and NPA§ -0.2 (1.9)

Etiology of epilepsy 
    Structural
    Genetic
    Metabolic
    Infectious
    Immune
    Unknown

42 (71.2%)
2 (3.4%)
1 (1.7%)
1 (1.7%)
0 (0.0%)
13 (22.0%)

Seizure frequency
    Maximum seizure frequency MRI per month†
    Maximum seizure frequency NPA per month†
    Seizure frequency near MRI per month‡
    Seizure frequency near NPA per month‡

91.3 (2.0 – 243.3)
91.3 (2.0 – 243.3)
8.7 (0.2-121.7)
5.4 (0.2-76.0)
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Table 1 continued

Variable Mean (SD)/median (IQR; Q1 – Q3)/n (%)

History of secondary generalized seizures 28 (47.5%)

History of status epilepticus 13 (22.0%)

Epilepsy focus based on EEG
    Right-sided
    Left-sided
    Unknown

22 (37.3%)
31 (52.5%)
6 (10.2%)

Pharmacoresistance 16 (27.1%)

Epilepsy surgery after MRI and NPA 30 (50.8%)

Age at MRI, years 8.79 (2.45)

Multiple MRIs performed 24 (40.7%)

MRI side of lesions
    Right-sided
    Left-sided
    No lesions

15 (25.4%)
27 (45.8%)
17 (28.8%)

Age at NPA, years 8.98 (2.31)

Multiple NPAs performed 24 (40.7%)

Number of AEDs at NPA 1.7 (1.0)

Drug load in drug-years, at time of:
    MRI
    NPA
        During monotherapy
        During polytherapy

4.9 (1.8 – 10.6)
5.3 (2.0 – 11.1)
1.6 (0.6 – 3.3)
1.7 (0.0 – 9.0)

Cortical thickness values in millimeters
    Mean cortical thickness
    Precentral gyrus
    Caudal middle frontal gyrus
    Paracentral gyrus
    Superior frontal gyrus

2.8 (0.2)
2.6 (0.2)
2.8 (0.3)
2.7 (0.3)
3.1 (0.3)

Volume values in cm3 (milliliter)
    Total hemisphere volume
    White matter volume
    White matter volume/total hemisphere volume 
(%)
    Cerebellar volume
    Cerebellar volume/total hemisphere volume (%) 
    Thalamus
    Putamen
    Pallidum

537.5 (63.8)
180.9 (29.3)
33.6 (2.9)
66.9 (8.6)
12.5 (1.2)
7.0 (0.7)
5.5 (0.9)
1.7 (0.3)

Intelligence quotient
    Total IQ (n=57)
    Verbal IQ (n=54)
    Performance IQ (n=52)

77.4 (18.9)
83.9 (18.2)
80.3 (15.0)

Continuous variables are depicted as mean ± SD, count variables as n (%), and non-normally distributed 
variables as median (IQR: 25th percentile   75th percentile). SD = standard deviation. n = number of 
patients. AED = antiepileptic drug. IQR = interquartile range. NPA = neuropsychological assessment. EEG 
= electroencephalography.  * = duration of active epilepsy, defined as date of first seizure till date of last 
seizure, up to the date of NPA/MRI, expressed in years.  † = maximum seizure frequency that was reported 
at any time before NPA/MRI was performed, expressed in amount of seizures per day.  ‡= the current 
seizure frequency that was reported near the time of NPA/MRI, expressed in amount of seizures per day. 
§ = time between NPA and MRI in years; calculated at ‘age at MRI’ – ‘age at NPA’.
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Discussion
The main finding of this study is that higher AED load is associated with lower TIQ in children. 
This result remained significant after adjustment for epilepsy-related confounders, including 
the use of AEDs at time of neuropsychological assessment, suggesting that the observed 
association is explained by previous cumulative drug load itself.  A similar, yet non-significant 
association for VIQ and PIQ was observed. No significant association was found between 
drug load and cortical thickness or brain volume of the unaffected hemisphere, nor between 
cortical thickness or brain volume of the unaffected hemisphere and IQ. To indicate the clinical 
implication of our results, the median drug load in the study population was 5.3 drug-years, 
which would translate to an average TIQ reduction of 6.2 points (95%CI -10.9 to -1.4), which is 
not negligible in children. 

Whereas most studies have focused on direct cognitive side effects of AEDs (Aldenkamp et 
al. 2016; Lagae 2017, 2006; Bath and Scharfman 2013; Loring and Meador 2004), the long-
term effects of AED exposure on cognitive functioning remain largely unknown. Farwell and 
colleagues studied the long-term effects of an AED on IQ in children, in a relatively healthy 
cohort of children with febrile seizures (Farwell et al. 1990). In this trial 217 patients with febrile 
seizures, aged 8 to 36 months, were randomized to a phenobarbital or placebo treatment arm 
and followed for two years. At the end of the trial the average IQ score in the phenobarbital arm 
was 8.4 points lower than in the placebo group (95%CI -13.3 to -3.5). After discontinuation of 
the trial drugs, the difference was still 5.2 IQ points (95%CI -10.5 to 0.04), and 3-5 years after the 
trial the children from the phenobarbital group scored lower on a Wide Range Achievement 
Test (Sulzbacher et al. 1999), although there was no significant difference in average group 
IQ anymore. Both the Farwell trial and our study are suggestive of long-term effects of AEDs 
on cognition, although both have limitations. In the case of the Farwell trial, results are based 
on intention-to-treat analyses, and many participants stopped trial medication or were lost 
to follow-up. Also, currently phenobarbital is not prescribed as standard treatment against 
epilepsy beyond the neonatal period.

Recently, the ENIGMA-epilepsy consortium investigated structural brain abnormalities in 
epilepsy patients and healthy controls (Whelan et al. 2018). Significantly smaller volumes of 
the thalamus, hippocampus, and pallidum of people with epilepsy were shown, compared 
to healthy controls, and reduced cortical thickness was found across seven regions 
bilaterally. In our study we were not able to find an association between structural changes 
in these regions and drug load, nor with IQ. Because our study did not find mediation of the 
association between drug load and IQ by changes in brain volume or cortical thickness, the 
pathophysiological mechanism behind the influence of AEDs on IQ remains unclear. The 
absence of gross volumetric MRI changes, however, certainly does not exclude subtle changes 
in cortical microstructure. Neurogenesis, apoptosis, synaptogenesis and pruning are all 
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relevant processes for neurodevelopment (Webb, Monk, and Nelson 2001; Kaindl et al. 2006). 
Disturbing these developmental processes might account for cognitive deficits in humans pre- 
or postnatally exposed to AEDs (Kaindl et al. 2006). The hypothesis is that these disturbances 
are related to decreased neuronal activity during development, since all AEDs share this effect 
(Bittigau et al. 2002). Animal studies have given some insight in the possible neurotoxic effect 
of AEDs. In rodent studies, it has been shown that some compounds used in AED treatment 
trigger widespread apoptotic neurodegeneration throughout the developing brain when 
administered during the period of rapid brain growth (Bittigau et al. 2002). Furthermore, 
it was suggested that neurotransmitters can modulate proliferation of neural stem cells, 
neuroblasts and glioblasts, regulate migration and induce differentiation (Emerit, Riad, and 
Hamon 1992; Retz, Kornhuber, and Riederer 1996; Levitt et al. 1997; Nguyen et al. 2001). In this 
way, pharmacological agents that interfere with neurotransmission, such as AEDs, may cause 
permanent defects in the central nervous system. These findings in animal studies suggest a 
potential influence of AEDs on neurodevelopment in humans. The results of the current study 
seem to support the aforementioned theories, however, our results are at best circumstantial 
evidence and no causal conclusions may yet be drawn. 

A strength of this study is that it is the first to explore long-term effects of AEDs on cognition, 
as previous research mostly focused on the short-term adverse cognitive effects of AEDs. 
Secondly, the effect was studied while adjusting for known confounders, including the number 
of AEDs used at the time of NPA to specifically exclude acute side effects of the AEDs. Finally, 
the amount of missing data was limited, despite the retrospective study design. 

A causal relationship between drug load and IQ must be interpreted with caution, as this study 
has several limitations. The study population consisted of a selected group of children, since a 
patient was only included when  both NPA results and 3D T1 MRI were available. However, NPA 
will usually be performed in children with a suspicion of cognitive deficits (in accordance with 
Dutch Guidelines (Nederlandse Vereniging voor Neurologie 2015)) or with severe epilepsy, 
possibly resulting in exclusion of less affected children from the study, leading to potential 
selection bias. This could have resulted in an overestimation of the relation between drug load 
and IQ. However, subgroup analysis of patients with TIQ³70 still revealed a significant, negative 
association for drug load and TIQ, supporting the claims of the main analysis. Additionally, the 
prevalence of pharmacoresistance in the current study population was high. In addition, due 
to the retrospective study design, confounders were not measured in a standardized manner, 
which might have caused information bias. Results from a control group of epilepsy patients 
without AED treatment were unavailable, complicating correction for unknown confounders. 
Also, this study did not contain longitudinal follow-up results of the epilepsy patients. 
As NPAs before start of drug treatment were unavailable, no longitudinal comparison at 
individual level was possible. Furthermore, the sample size was relatively small. In addition, 
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when assessing the influence of AEDs on intelligence, neurodevelopmental stages were not 
considered in the analyses, due to the small sample size. Since it is known that neurodevelopment 
is a dynamic process with different neurological functions developing at different stages and 
timespans (Korkman et al. 2013), age might be an effect modifier in the relation between drug 
load and IQ, suggesting that evaluation of the relation across different categories might be 
insightful. Also, no distinction was made for different AEDs or dosage, as the objective of the 
current study was to explore the relationship between overall AED load and IQ. Because the 
working mechanism of each AED is different, the effects of each drug on neurodevelopment 
might be very different and should ideally be studied separately or in consort with drugs 
using the same mechanism. As IQ-scores are a rough estimate of academic potential, IQ is less 
sensitive for subtle or modest neuropsychological change. Consequently, additional research 
on the long-term influence of AED exposure on a broader neuropsychological domain would 
be interesting to detect mild changes in cognition. Finally, studies investigating the influence 
of epileptic seizures on IQ, while correcting for AED use, are scarce. Therefore, separating the 
effects of long-term drug use from those of ongoing seizures remains difficult.

Altogether, the observed relation must be confirmed in a prospective study consisting of 
epilepsy patients representative of the whole epilepsy population, while assessing the effect 
of AEDs in different stages of neurodevelopment and exploring these effects for different 
subgroups of drugs. 

Conclusion 
This study revealed a significant negative relation between AED load and TIQ after adjustment 
for epilepsy-related confounders and the number of AEDs taken at the time of NPA. This 
relation was not mediated by changes in brain structure. Since the implications of the current 
study are considerable, confirmation of a possible causal relation between drug load and 
IQ in a prospective, longitudinal study design is desirable. As concluding remark, it must be 
mentioned that a potential effect of AEDs may very well be justified when compared to the 
detrimental effects of epilepsy itself and continuing seizures.
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Supplementary Figure 1 | Flow-chart inclusions 
Legend: n = number of patients. MRI = Magnetic Resonance Imaging. 3DT1 MRI = 3DT1 modality of MRI. 
NPA = neuropsychological assessment. IQ = intelligence quotient. 
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Abstract
Background: People with epilepsy who became seizure-free while taking antiepileptic drugs 
might consider discontinuing their medication, with the possibility of increased quality of 
life because of the elimination of adverse events. The risk with this action, however, is seizure 
recurrence. The objectives of our study were to identify predictors of seizure recurrence and 
long-term seizure outcomes and to produce nomograms for estimation of individualised 
outcomes.

Methods: We did a systematic review and meta-analysis, and identified eligible articles and 
candidate predictors, using PubMed and Embase databases with a last update on Nov 6, 
2014. Eligible articles had to report on cohorts of patients with epilepsy who were seizure-
free and had started withdrawal of antiepileptic drugs; articles also had to contain information 
regarding seizure recurrences during and after withdrawal. We excluded surgical cohorts, 
reports with fewer than 30 patients, and reports on acute symptomatic seizures because these 
topics were beyond the scope of our objective. Risk of bias was assessed using the Quality 
in Prognosis Studies system. Data analysis was based on individual participant data. Survival 
curves and proportional hazards were computed. The strongest predictors were selected 
with backward selection. Models were converted to nomograms and a web-based tool to 
determine individual risks.

Findings: We identified 45 studies with 7082 patients; ten studies (22%) with 1769 patients 
(25%) were included in the meta-analysis. Median follow-up was 5·3 years (IQR 3·0-10·0, 
maximum 23 years). Prospective and retrospective studies and randomised controlled 
trials were included, covering non-selected and selected populations of both children and 
adults. Relapse occurred in 812 (46%) of 1769 patients; 136 (9%) of 1455 for whom data were 
available had seizures in their last year of follow-up, suggesting enduring seizure control was 
not regained by this timepoint. Independent predictors of seizure recurrence were epilepsy 
duration before remission, seizure-free interval before antiepileptic drug withdrawal, age at 
onset of epilepsy, history of febrile seizures, number of seizures before remission, absence 
of a self-limiting epilepsy syndrome, developmental delay, and epileptiform abnormality on 
electroencephalogram (EEG) before withdrawal. Independent predictors of seizures in the 
last year of follow-up were epilepsy duration before remission, seizure-free interval before 
antiepileptic drug withdrawal, number of antiepileptic drugs before withdrawal, female sex, 
family history of epilepsy, number of seizures before remission, focal seizures, and epileptiform 
abnormality on EEG before withdrawal. Adjusted concordance statistics were 0·65 (95% CI 0·65-
0·66) for predicting seizure recurrence and 0·71 (0·70-0·71) for predicting long-term seizure 
freedom. Validation was stable across the individual study populations.
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Interpretation: We present evidence-based nomograms with robust performance across 
populations of children and adults. The nomograms facilitate prediction of outcomes following 
drug withdrawal for the individual patient, including both the risk of relapse and the chance 
of long-term freedom from seizures. The main limitations were the absence of a control group 
continuing antiepileptic drug treatment and a consistent definition of long-term seizure 
freedom.

Funding: Epilepsiefonds.
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Research in context
Evidence before this study
We did a systematic review of the English-language scientific literature in PubMed and Embase 
published up to Nov 6, 2014, using the search terms “antiepileptic”, “withdrawal”, “recurrence”, 
and “seizure-free”, and their synonyms. Overall risk of bias for separate studies was low for study 
participation, study attrition, prognostic factor measurement, and outcome measurement. 25 
variables were identified as significant predictors of seizure recurrence in at least one peer-
reviewed article. However, differences in study design, population, and methods limited the 
possibility to determine which were the strongest predictors, and how to combine those 
predictors to identify risks for the individual patient.

Added value of this study
This individual participant data meta-analysis of information from 1769 patients identified 
independent predictors of seizure relapse and eventual seizure freedom after antiepileptic drug 
withdrawal, and enabled the computation of individualised outcome risks. Our nomograms 
are validated across various populations and can be applied in all seizure-free patients, both 
children and adults, for whom antiepileptic drug withdrawal is being considered.

Implications of all the available evidence
The nomograms have the potential to improve patient consultations by providing evidence-
based estimates of risk for antiepileptic drug withdrawal. Furthermore, future studies on 
prognostic factors for the outcome of antiepileptic drug withdrawal should correct for those 
identified as predictors in this paper.



77

Predicting outcome in medically treated patients

4

Introduction
Antiepileptic drugs suppress seizures in 65% to 85% of people with epilepsy (Shorvon and 
Goodridge 2013). Because of the fear of seizure relapse many people with epilepsy continue 
antiepileptic drug treatment even when free from seizures and despite the side-effects of 
the drugs. Up to 88% of patients often have several adverse effects from antiepileptic drugs 
(Baker et al. 1997; Perucca et al. 2009). As a result, quality of life for seizure-free patients is 
significantly better when antiepileptic drugs are discontinued (Sillanpää, Haataja, and Shinnar 
2004), provided they remain seizure free.

Results from a meta-analysis estimated that the cumulative seizure recurrence rate after 
antiepileptic drug withdrawal is around 34% (Lamberink, Otte, et al. 2015). For those who have 
seizure recurrence, about 80% will be able to control their seizures by reinstating antiepileptic 
drug treatment (Schmidt and Löscher 2005). The remaining 20% will develop treatment-
refractory epilepsy, although there is no convincing evidence that this refractoriness occurs 
as a consequence of antiepileptic drug withdrawal. Nonetheless, there is some debate around 
whether antiepileptic drug withdrawal is safe at all (Schmidt 2011; Beghi 2011).

The dilemma between overtreatment and side-effects of antiepileptic drugs on the one hand, 
and the risk of seizure recurrence on the other should be considered with every seizure-
free patient. However, a robust tool to guide the decision to withdraw antiepileptic drugs 
is not available. 25 predictors of seizure outcome have been identified, but the published 
populations, methods, and results were too variable to distil a definitive set of independent 
predictors (Lamberink, Otte, et al. 2015). Although many studies have focused on predictors 
of seizure recurrence, only a few have studied factors related to refractory epilepsy (Schmidt 
and Löscher 2005). A major limitation of prognostic meta-analyses that have used published 
aggregate data is that effect sizes associated with individual predictors cannot be produced 
because of different methods and reporting of the original studies. A method to overcome this 
issue is through a meta-analysis of individual participant data (IPD), in which the original data 
from previous studies are combined and more accurate, adjusted statistics can be computed 
for a large dataset (Riley, Lambert, and Abo-Zaid 2010).

In this IPD meta-analysis we aimed to identify independent predictors of seizure recurrence and 
long-term seizure outcome, and ultimately provide an evidence-based tool using nomograms 
to predict the short-term and long-term seizure outcomes for individual seizure-free patients 
who face the decision of whether to withdraw antiepileptic drugs.
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Methods
Search strategy and selection criteria
To select articles eligible for this study, we did a systematic search of PubMed and Embase 
on Nov 6, 2014 (with no date restrictions). Inclusion criteria were that they had to be original 
full-text articles reporting on a cohort of seizure-free patients who started antiepileptic 
drug withdrawal and containing information regarding seizure recurrences during and after 
antiepileptic drug withdrawal. We excluded surgical cohorts, reports with fewer than 30 
patients, and reports on acute symptomatic seizures because these topics were beyond the 
scope of our objective. Unpublished data were not explored. Search queries are in Appendix 
1. We checked reference lists for missed articles. Two independent researchers (HJL and KG) 
selected the studies and differences in article inclusion were solved through discussion. 
After selecting eligible articles, contact details of authors were gathered from recent articles 
or the internet and authors were asked to collaborate with us. A second request was sent to 
non-responders 6 weeks later. Authors who agreed to collaborate were requested to provide 
anonymous IPD for baseline, outcome, and candidate predictor variables. Aggregate data from 
studies for which IPD were not available were not used.

Outcome and predictor variables
We used two distinct outcome variables corresponding with the two main research questions. 
The first was the occurrence and timing of seizure recurrence at 2 and 5 years after initiation 
of antiepileptic drug withdrawal. The second was long-term seizure outcome, with favourable 
outcome defined as complete seizure freedom in the last year of follow-up, suggesting 
either no recurrence or recurrence with subsequent regain of seizure control. For those with 
unfavourable long-term outcome, time to event was defined as the interval between initiation 
of antiepileptic drug withdrawal and seizure recurrence; for seizure-free patients at last follow-
up, irrespective of the presence of seizure recurrence, censoring time was the maximum 
follow-up duration.

The selection of candidate predictors was based on a systematic review of the predictors 
of seizure recurrence after antiepileptic drug withdrawal,5 which identified 25 significant 
predictors. Three pairs of variables measured similar constructs and were therefore reduced to 
three single variables, resulting in a final list of 22 variables for the analysis (table 1). Information 
on variable definitions is in the appendix.

The quality of data presented in the original publications was previously assessed in a 
systematic review (Lamberink, Otte, et al. 2015) with an adjusted version of the Quality in 
Prognosis Studies system (Hayden, Coté, and Bombardier 2006). Potential for bias was classified 
as low, moderate, or high for the categories of study participation, study attrition, prognostic 
factor measurement, and outcome measurement.
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Data analysis
A detailed overview of statistical methods is in Appendix 2. Briefly, missing data were dealt with 
by multiple imputations. Random-effects proportional hazards regression was done to study 
prognostic factors. A selection of the strongest contributing predictors was made through 
backward selection of variables using the Akaike information criterion combined with manual 
removal of the least contributing predictors, until the most optimum model was selected. 
Calibration plots were created and, for validation, a concordance statistic (c statistic) was 
computed and adjusted for optimism by using 200 bootstrap samples. Internal–external cross-
validation (IECV) was done to assess the validity of the model across the different populations.

Role of the funding source
The funding source had no role in study design, data collection, data analysis, data 
interpretation, or writing of the report. The corresponding author had full access to all the data 
in the study and had final responsibility for the decision to submit for publication.

Results
We identified 45 reports as eligible for inclusion; 33 authors were ultimately contacted and 
invited to collaborate, of whom ten agreed to participate and provide IPD (Supplementary 
Figure 1). 1771 (25%) of 7082 patients were included in the initial analysis. Many authors 
provided additional, unpublished details on the cohorts, such as longer follow-up durations. 
No important issues that could compromise the analysis were identified in checking IPD from 
contributing cohorts. The cohorts consisted of a variety of populations (table 2) (Cardoso, Cendes, 
and Guerreiro 2003; Geerts et al. 2005; MRC AED withdrawal study group 1991; Overweg et al. 
1987; Pavlović, Jović, and Pekmezović 2012; Ramos-Lizana et al. 2010; Serra, Montenegro, and 
Guerreiro 2005; S Shinnar et al. 1994; L M Specchio et al. 2002; Tennison et al. 1994), some with 
selected populations, such as children with cryptogenic focal epilepsies (Pavlović, Jović, and 
Pekmezović 2012), patients only on monotherapy (L M Specchio et al. 2002), and patients older 
than 13 years on monotherapy with exclusion of idiopathic generalised epilepsies (Cardoso, 
Cendes, and Guerreiro 2003), and others with mostly unselected populations of children 
(Geerts et al. 2005; Ramos-Lizana et al. 2010; Serra, Montenegro, and Guerreiro 2005; S Shinnar 
et al. 1994; Tennison et al. 1994), adults (Overweg et al. 1987), or both (MRC AED withdrawal 
study group 1991). The maximum follow-up after start of antiepileptic drug withdrawal was 23 
years (median 5·3, IQR 3·0–10·0) and for the patients with a seizure recurrence the follow-up 
after the recurrence was a median of 3·7 years (range 0–20·0, IQR 1·0–7·0). The median time to 
antiepileptic drug withdrawal after the last seizure was 33 months (range 3–385, IQR 24–48).



Table 1 | Univariable predictors of seizure recurrence and the presence of seizures in the last year of follow-up

seizure 
recurrence*

seizures in last year of follow-
up†

Variable n (%)‡ HR (95% CI) p-value HR (95% CI) p-value

Female sex 842 (48%) 1·08 (0·94 - 1·24) 0·2745 1·43 (1·02 - 2·01) 0·0391

Age at onset epilepsy

   Childhood age at onset (0-10) 1087 (61%) 0·75 (0·60 - 0·92) 0·0064 1·31 (0·80 - 2·16) 0·3069

   Adolescent age at onset (11-17) 387 (22%) 1·15 (0·93 - 1·42) 0·2008 1·41 (0·84 - 2·36) 0·1769

   Adult age at onset (≥18) 295 (17%) Reference Reference

Age at withdrawal in years§ 15 (0-84) 1·01 (1·01 - 1·02) <0·0001 1·00 (0·98 - 1·01) 0·5155

Family history of epilepsy 365/1735 (21%) 1·16 (0·98 - 1·38) 0·0828 1·55 (1·04 - 2·30) 0·0311

History of neonatal seizures 53/1601 (3%) 1·30 (0·91 - 1·84) 0·1440 1·77 (0·77 - 4·07) 0·1792

History of febrile seizures 199/1765 (11%) 1·27 (1·03 - 1·56) 0·0250 1·06 (0·61 - 1·85) 0·8424

≥ 10 seizures before remission 573/1446 (40%) 1·52 (1·29 - 1·81) <0·0001 2·21 (1·15 - 3·37) 0·0003

Epilepsy duration before remission 
in years§

1 (0-5) 1·04 (1·03 - 1·05) <0·0001 1·03 (1·01 - 1·06) 0·0118

Seizure free interval before AED 
withdrawal in years§

3 (2-4) 0·94 (0·91 - 0·98) 0·0022 0·85 (0·76 - 0·95) 0·0057

Number of AEDs before withdrawal§ 1 (1-2) 1·15 (1·05 - 1·26) 0·0035 1·51 (1·24 - 1·83) <0·0001

Failure of previous AED withdrawal 126/1246 (10%) 1·13 (0·89 - 1·44) 0·3268 1·15 (0·68 - 1·95) 0·5954

Focal seizures 833/1652 (50%) 1·13 (0·97 - 1·32) 0·1162 1·81 (1·26 - 2·56) 0·0015

Generalised tonic-clonic seizures 1141/1652 (69%) 1·51 (1·25 - 1·83) <0·0001 1·07 (0·69 - 1·66) 0·7470

Multiple seizure types 254/1089 (23%) 1·24 (1·02 - 1·51) 0·0334 0·94 (0·55 - 1·59) 0·8088

Remote symptomatic aetiology 468/1649 (28%) 1·45 (1·24 - 1·70) <0·0001 1·80 (1·26 - 2·56) 0·0011

Self-limiting epilepsy syndrome‖ 183/978 (19%) 0·51 (0·39 - 0·68) <0·0001 0·48 (0·25 - 0·92) 0·0266

History of epileptic encephalopathy 24/1142 (2%) 0·82 (0·60 - 1·12) 0·2201 0·79 (0·29 - 2·12) 0·6365

Juvenile myoclonic epilepsy 30/978 (3%) 1·27 (0·87 - 1·86) 0·2116 0·91 (0·29 - 2·87) 0·8663

Developmental delay 262/1742 (15%) 1·52 (1·27 - 1·82) <0·0001 1·30 (0·82 - 2·04) 0·2622

Motor deficit 163/1736 (9%) 1·23 (0·97 - 1·54) 0·0850 0·90 (0·47 - 1·72) 0·7515

Imaging

   Normal 774/984 (73%) Reference Reference

   Abnormal 210/984 (20%) 1·32 (1·08 - 1·62) 0·0076 1·66 (0·93 - 2·98) 0·0877

   Not performed 77/984 (7%) 0·86 (0·66 - 1·13) 0·2861 0·71 (0·37 - 1·36) 0·2996

EEG before withdrawal

   Normal 1207/1490 (79%) Reference Reference

   Epileptiform abnormality 283/1490 (18%) 1·50 (1·25 - 1·79) <0·0001 1·68 (1·11 - 2·54) 0·0144

   Not performed 46/1490 (3%) 0·71 (0·39 - 1·27) 0·2446 1·14 (0·27 - 4·78) 0·8562

Data are n (%), median (IQR), or hazard ratios (HR [95% CI]). Analysis was done with proportional hazards regression that 
included a random-effects term to correct for heterogeneity between populations.
* Based on available information before imputations; the denominator indicates total number of complete cases.
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Seizure recurrence occurred in 812 patients (46%, table 2). Figure 1 shows the survival curve 
for time to seizure recurrence, with an ultimate Kaplan-Meier estimate of 48% seizure-free 
patients. The last seizure recurrence was 13 years after starting antiepileptic drug withdrawal. 
Supplementary Figure 2 shows the survival curve split by electroencephalogram (EEG) results. 
The overall recurrence rate was higher than the average reported in the literature (Lamberink, 
Otte, et al. 2015); when only published data were considered, the median of published seizure 
recurrence estimates of the ten included papers was 40% (IQR 36–48), whereas the median 
of the 35 papers that were not included was 28% (22–37; Supplementary Table 1). Another 
difference between included and excluded papers was the high percentage of randomised 
controlled trials in the current analysis (50%) compared with 11% in non-included papers 
(Supplementary Table 1). 136 (9%) of 1455 patients were not seizure-free in the last year 
of follow-up (table 2), although some of those patients might have had a period of seizure 
freedom before this point. Of the patients with seizure recurrence and maximum follow-up 
between 1 and 5 years after recurrence, 202 (72%) of 280 were seizure-free in the last year of 
follow-up. The proportions of patients with seizure recurrence who were seizure free at final 
follow-up were 121 (80%) of 152 patients, 65 (81%) of 80, and 50 (88%) of 57 for the maximum 
follow-up durations of 5–10 years, 10–15 years, and more than 15 years after seizure recurrence, 
respectively.

Figure 1 | Seizure-free patients after initiation of antiepileptic drug withdrawal
Survival curve of seizure-free patients over time with Kaplan-Meier estimates at 1, 2, 5, 10, and 13 years 
(time of last event in this dataset), with seizure recurrence taken as event. Time 0 equals the start of 
antiepileptic drug withdrawal.
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Table 2 | Characteristics of individuals from included studies

Total
(n = 1769)

Cardoso 
(n = 99)

Geerts 
(n = 133)

MRC 
(n = 510)

Overweg 
(n = 65)

Pavlovic 
(n = 52)

Ramos-Lizana 
(n = 216)

Serra 
(n = 57)

Shinnar 
(n = 264)

Specchio 
(n = 256)

Tennison 
(n = 119)

Year publication - 2003 2005 1991 1987 2012 2010 2005 1994 2002 1994

Study design - RCT* RCT† RCT‡ pros retro pros RCT§ pros pros RCT ¶

Country - Brazil The 
Netherlands

United 
Kingdom

The Netherlands Serbia Spain Brazil United States of 
America

Italy United States 
of America

Follow-up in years, 
median (IQR)

5·3 (3 - 10) 9·0 (7·3 – 13·3) 10·9 (10 – 11·3) 5·0 (4 – 5·9) 3·0 (2·7 – 3·3) 3·0 (2 - 6) 4·5 (2·3 – 7·5) 2·3 (1·8 – 5) 16·1 (15·3 – 17·7) 2·0 (0·7 – 4) 2·4 (1·3 – 4·2)

Follow-up after seizure 
recurrence in years, 
median (IQR)

3·7 (0·6 – 6·8) 7·8 (5·4 – 11·9) 9·4 (7·7 – 10·4) 3·9 (2·6 – 4·9) 2·5 (1·8 – 2·8) 2·0 (1 – 5·2) 4·0 (2·6 – 5·9) 3·9 (2·2 – 5·7) 14·8 (11·3 – 16·9) 0 (0 – 0) 0 (0 – 1·8) 

Female sex, % 842 (48 %) 46 (46%) 69 (52%) 260 (51%) 25 (38%) 16 (31%) 96 (44%) 25 (44%) 128 (48%) 130 (51%) 47 (39%)

Polytherapy, % 464/1753 (26%) 47 (47%) 22 (17%) 86 (17%) 46 (71%) 10 (19%) 40 (19%) 29 (51%) 13 (5%) 130 (51%) 41 (34%)

Aetiology, remote 
symptomatic, %

468/1649 (28%) 72 (73%) 42 (32%) 134 (26%) 13 (20%) 0 (0%) 55 (25%) 18 (32%) 97 (37%) 37 (14%) missing

Age at onset epilepsy 
in years, median (IQR)

8 (4 – 14) 14 (9 – 22) 7 (4 - 10) 14 (7 – 24) 10 (6 – 14) 7 (5 - 9) 5 (1 - 8) 4 (1 – 8) 5 (2 – 9) 12 (7 – 17) 3 (1 – 6)

Age at withdrawal in 
years, median (IQR) ||

15 (10 - 26) 26 (21 – 36) 8 (5 - 11) 27 (18 – 43) 29 (22 – 24) 14 (11 - 16) 8 (4 - 10) 10 (7 – 13) 12 (8 – 16) 22 (17 – 30) 11 (8 – 14)

Epilepsy duration 
before remission in 
months, median (IQR)

23 (4 - 72) 8 (3 – 15) 19 (5 - 43) 53 (10 – 143) 157 (94 – 240) 1 (0 - 12) 0 (0 - 6) 23 (10 – 46) 21 (5 – 55) 47 (11 – 108) 35 (12 – 74)

Seizure-free interval 
before AED withdrawal 
in months, median 
(IQR)

33 (24 - 48) 40 (27 - 38) 6 (6 - 12) 41 (29 – 70) 63 (48 – 85) 48 (36 - 60) 25 (23 - 27) 24 (24 – 33) 30 (26 – 42) 36 (36 – 60) 24 (24 – 48)

Previously failed 
withdrawal attempt, 
%**

126/1246 (10%) 27/99 (27%) 0/133 60/510 (12%) 4/51 (8%) 0/52 0/0 3/57 (5%) 22/264 (8%) 0/0 10/80 (13%)

Epileptiform EEG 
before withdrawal, %**

283/1536 (18%) 12/99 (12%) 72/133 (54%) 85/457 (19%) 31/64 (48%) 0/41 0/171 0/41 0/158 55/256 (21%) 28/116 (24%)

Seizure outcome

Number of 
recurrences, %

812 (46%) 53 (54%) 71 (53%) 235 (46%) 39 (60%) 19 (37%) 56 (26%) 23 (40%) 110 (42%) 160 (63%) 46 (39%)

Seizures in last year of 
follow-up, %**

136/1455 (9%) 16/98 (16%) 17/129 (14%) 60/495 (12%) 12/60 (20%) 0/47 6/211 (3%) 9/56 (16%) 11/258 (4%) 5/101 (5%) ††

Data are n (%) or median (IQR). RCT=randomised controlled trial. .. =not applicable.
* Randomly assigned to either reduction of antiepileptic drugs or complete discontinuation of antiepileptic 
drugs. Seizure-free patients from the reduction group later completely withdrew from antiepileptic drugs.
† Randomly assigned to withdrawal of antiepileptic drugs after either 6 or 12 months of freedom from seizures.
‡ Patients in this study were randomly assigned to either withdrawal or no withdrawal from antiepileptic drugs; 
in this analysis, we included only patients assigned to withdrawal.
§ Randomly assigned to tapering from antiepileptic drugs for a duration of either 1 month or 6 months.
¶ Randomly assigned to tapering from antiepileptic drugs for a duration of either 6 weeks or 9 months.
|| 988 patients (56%) were younger than 18 years at withdrawal.
** Incomplete cases; the denominator shows the number of patients with available information
†† In most cases follow-up was ceased after seizure recurrence, so that the final seizure outcome could not be reported.
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Table 2 | Characteristics of individuals from included studies

Total
(n = 1769)

Cardoso 
(n = 99)

Geerts 
(n = 133)

MRC 
(n = 510)

Overweg 
(n = 65)

Pavlovic 
(n = 52)

Ramos-Lizana 
(n = 216)

Serra 
(n = 57)

Shinnar 
(n = 264)

Specchio 
(n = 256)

Tennison 
(n = 119)

Year publication - 2003 2005 1991 1987 2012 2010 2005 1994 2002 1994

Study design - RCT* RCT† RCT‡ pros retro pros RCT§ pros pros RCT ¶

Country - Brazil The 
Netherlands

United 
Kingdom

The Netherlands Serbia Spain Brazil United States of 
America

Italy United States 
of America

Follow-up in years, 
median (IQR)

5·3 (3 - 10) 9·0 (7·3 – 13·3) 10·9 (10 – 11·3) 5·0 (4 – 5·9) 3·0 (2·7 – 3·3) 3·0 (2 - 6) 4·5 (2·3 – 7·5) 2·3 (1·8 – 5) 16·1 (15·3 – 17·7) 2·0 (0·7 – 4) 2·4 (1·3 – 4·2)

Follow-up after seizure 
recurrence in years, 
median (IQR)

3·7 (0·6 – 6·8) 7·8 (5·4 – 11·9) 9·4 (7·7 – 10·4) 3·9 (2·6 – 4·9) 2·5 (1·8 – 2·8) 2·0 (1 – 5·2) 4·0 (2·6 – 5·9) 3·9 (2·2 – 5·7) 14·8 (11·3 – 16·9) 0 (0 – 0) 0 (0 – 1·8) 

Female sex, % 842 (48 %) 46 (46%) 69 (52%) 260 (51%) 25 (38%) 16 (31%) 96 (44%) 25 (44%) 128 (48%) 130 (51%) 47 (39%)

Polytherapy, % 464/1753 (26%) 47 (47%) 22 (17%) 86 (17%) 46 (71%) 10 (19%) 40 (19%) 29 (51%) 13 (5%) 130 (51%) 41 (34%)

Aetiology, remote 
symptomatic, %

468/1649 (28%) 72 (73%) 42 (32%) 134 (26%) 13 (20%) 0 (0%) 55 (25%) 18 (32%) 97 (37%) 37 (14%) missing

Age at onset epilepsy 
in years, median (IQR)

8 (4 – 14) 14 (9 – 22) 7 (4 - 10) 14 (7 – 24) 10 (6 – 14) 7 (5 - 9) 5 (1 - 8) 4 (1 – 8) 5 (2 – 9) 12 (7 – 17) 3 (1 – 6)

Age at withdrawal in 
years, median (IQR) ||

15 (10 - 26) 26 (21 – 36) 8 (5 - 11) 27 (18 – 43) 29 (22 – 24) 14 (11 - 16) 8 (4 - 10) 10 (7 – 13) 12 (8 – 16) 22 (17 – 30) 11 (8 – 14)

Epilepsy duration 
before remission in 
months, median (IQR)

23 (4 - 72) 8 (3 – 15) 19 (5 - 43) 53 (10 – 143) 157 (94 – 240) 1 (0 - 12) 0 (0 - 6) 23 (10 – 46) 21 (5 – 55) 47 (11 – 108) 35 (12 – 74)

Seizure-free interval 
before AED withdrawal 
in months, median 
(IQR)

33 (24 - 48) 40 (27 - 38) 6 (6 - 12) 41 (29 – 70) 63 (48 – 85) 48 (36 - 60) 25 (23 - 27) 24 (24 – 33) 30 (26 – 42) 36 (36 – 60) 24 (24 – 48)

Previously failed 
withdrawal attempt, 
%**

126/1246 (10%) 27/99 (27%) 0/133 60/510 (12%) 4/51 (8%) 0/52 0/0 3/57 (5%) 22/264 (8%) 0/0 10/80 (13%)

Epileptiform EEG 
before withdrawal, %**

283/1536 (18%) 12/99 (12%) 72/133 (54%) 85/457 (19%) 31/64 (48%) 0/41 0/171 0/41 0/158 55/256 (21%) 28/116 (24%)

Seizure outcome

Number of 
recurrences, %

812 (46%) 53 (54%) 71 (53%) 235 (46%) 39 (60%) 19 (37%) 56 (26%) 23 (40%) 110 (42%) 160 (63%) 46 (39%)

Seizures in last year of 
follow-up, %**

136/1455 (9%) 16/98 (16%) 17/129 (14%) 60/495 (12%) 12/60 (20%) 0/47 6/211 (3%) 9/56 (16%) 11/258 (4%) 5/101 (5%) ††

Data are n (%) or median (IQR). RCT=randomised controlled trial. .. =not applicable.
* Randomly assigned to either reduction of antiepileptic drugs or complete discontinuation of antiepileptic 
drugs. Seizure-free patients from the reduction group later completely withdrew from antiepileptic drugs.
† Randomly assigned to withdrawal of antiepileptic drugs after either 6 or 12 months of freedom from seizures.
‡ Patients in this study were randomly assigned to either withdrawal or no withdrawal from antiepileptic drugs; 
in this analysis, we included only patients assigned to withdrawal.
§ Randomly assigned to tapering from antiepileptic drugs for a duration of either 1 month or 6 months.
¶ Randomly assigned to tapering from antiepileptic drugs for a duration of either 6 weeks or 9 months.
|| 988 patients (56%) were younger than 18 years at withdrawal.
** Incomplete cases; the denominator shows the number of patients with available information
†† In most cases follow-up was ceased after seizure recurrence, so that the final seizure outcome could not be reported.
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Five variables had missing values in between 30% and 45% of patients (Supplementary Table 
2, Supplementary Figure 3). Imputation was not possible for two cases because of too much 
missing information; these cases were removed from further analysis, which was thus done for 
1769 patients. The risk of bias based on the published papers in the ten selected cohorts was 
scored as low to partly present (Supplementary Table 3) (Lamberink, Otte, et al. 2015)
Univariable predictors of seizure recurrence are presented in table 1, showing 14 significant 
variables. With respect to the long-term outcome, defined as the presence of seizures in the last 
year of follow-up, ten variables were significantly related in univariate analysis. To investigate 
a possible selection bias for the variable of failure of previous antiepileptic drug withdrawal, 
baseline characteristics between positive and negative cases were investigated; this analysis 
showed no large differences between the groups besides a longer duration of epilepsy (median 
61 months [IQR 19–116] vs 24 months [5–68]), and a longer seizure free interval (median 41 
[IQR 48–62] vs 31 months [24–48]; Supplementary Table 4) in the group of patients who had a 
previous relapse after withdrawal.

For the risk of seizure recurrence and the chance of long-term seizure freedom, respectively, 
13 and 12 independent predictors were identified in multivariable modelling (Supplementary 
Tables 5 and 6). It was possible to reduce the number of variables in each model to eight without 
having an effect on the calibration plots or the validation statistics. The final reduced models 
with hazard ratios are in Supplementary Tables 7 and 8. A visual representation of the models is 
in Figure 2, Figure 3, which are nomograms that can be applied for direct use in clinical practice 
to calculate the chance of both outcome measures at specific timepoints in each individual 
patient. Independent predictors of seizure recurrence were epilepsy duration before remission, 
seizure-free interval before antiepileptic drug withdrawal, age at onset of epilepsy, history 
of febrile seizures, number of seizures before remission, absence of a self-limiting epilepsy 
syndrome, developmental delay, and epileptiform abnormality on EEG before withdrawal. 
Independent predictors of seizures in the last year of follow-up were epilepsy duration before 
remission, seizure-free interval before antiepileptic drug withdrawal, number of antiepileptic 
drugs before withdrawal, female sex, family history of epilepsy, number of seizures before 
remission, focal seizures, and epileptiform abnormality on EEG before withdrawal. For practical 
purposes the nomograms were translated into a web-based tool for risk calculation.
The adjusted c statistic for predicting seizure recurrence was 0·65 (95% CI 0·65–0·66). In the 
validation procedure, the c statistic varied between 0·64 and 0·67, thus showing stability 
across all populations (Supplementary Table 9). For predicting long-term seizure freedom, the 
adjusted c statistic was 0·71 (0·70–0·71), which varied in the validation procedure between 
0·68 and 0·79 (Supplementary Table 10). Lastly, plotting the predicted probabilities against the 
observed proportions showed good calibration for both models (Figure 2, Figure 3).
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Discussion
This prognostic IPD meta-analysis of the risks of antiepileptic drug withdrawal in 1769 seizure-
free people with epilepsy yielded clinically useful nomograms to predict individual seizure 
outcome. Relapse occurred in 812 (46%) patients, while only 136 (9%) of 1455 in the cohort of 
patients with available information had seizures in the last year of follow-up. The proportion of 
relapsing patients who did not regain freedom from seizures decreased with longer follow-up 
times. The strongest predictors included in the nomograms for seizure recurrence were 
duration of epilepsy, duration of the seizure-free interval, age at onset of seizures, history of 
febrile seizures, ten or more seizures before remission, the absence of a self-limiting epilepsy 
syndrome (such as absence or Rolandic epilepsy or Panayiotopoulos syndrome), intelligence 
quotient (IQ) below 70, and epileptiform abnormality on EEG before antiepileptic drug 
withdrawal. For predicting long-term seizure outcome, the eight selected independent 
predictors were duration of epilepsy, duration of the seizure-free interval, number of 
antiepileptic drugs before withdrawal, female sex, family history of epilepsy in first or second 
degree relatives, ten or more seizures before remission, the presence of focal seizures, 
and epileptiform abnormality on EEG before antiepileptic drug withdrawal. Validation, or 
assessment of how well a prediction works on data other than those on which the model was 
built, is arguably the most important issue in prognostic modelling (Steyerberg et al. 2013); 
internal–external cross validation within the available data was done through IECV (Ahmed et 
al. 2014) with good and stable performance across all cohorts.

Several clinically important implications can be drawn from the presented data. The first is 
that although the 22 candidate predictors had all been reported as significant predictors 
in at least one peer-reviewed article (Lamberink, Otte, et al. 2015), eight of these have now 
been shown to have no consistent significant association with the outcome. The most striking 
example is the failure of a previous attempt to withdraw from medication. In line with findings 
from a publication by Wolf and colleagues (Wolf 2016), seizure recurrence after previous 
antiepileptic drug withdrawal is not related to the outcome of a second (or third) attempt. 
This finding is unlikely to be the result of selection bias because none of the included cohorts 
excluded patients with a previous failure of antiepileptic drug withdrawal and the baseline 
characteristics of patients with a failed previous antiepileptic drug withdrawal attempt were 
very similar to patients attempting withdrawal for the first time.

Another observation is the effect of epileptiform activity on EEG before antiepileptic drug 
withdrawal, a factor which has been debated in the past (Stagi et al. 2016). EEG abnormalities 
were significantly associated with outcome, but in the absence of other predictive factors they 
only slightly increased the risks. EEG abnormalities alone should thus not prevent withdrawal 
of medication, a notion which was already stated in 1987 (Overweg et al. 1987) and is in 
agreement with, for example, the 2013 Italian guideline on antiepileptic drug withdrawal 
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(Beghi et al. 2013)divided into four pairs, critically appraised 128 published reports and 
provided graded recommendations answering 15 key questions: length of the seizure-free 
period after treatment initiation, difference in seizure-free periods in children and adults, 
electroencephalography (EEG.

The age at onset of epilepsy is an important predictor for seizure recurrence but not for long-
term freedom from seizures. Its association with seizure recurrence is U-shaped, with an 
elevated risk at birth that falls to a nadir by about age 3–4 years when it begins to rise again 
until age 10 years and plateaus until age 25 years; subsequently, the risk continues to rise 
further with older ages of onset. No clear explanation for the U-shaped relation between age 
at onset and seizure recurrence could be found.

The duration of the seizure-free interval is negatively correlated to both seizure outcomes. 
Where most studies on the timing of antiepileptic drug withdrawal assess the dichotomy of 
early versus late antiepileptic drug withdrawal, as meta-analysed in a Cochrane review (Strozzi 
et al. 2015), our analysis showed that the risk decreases with every additional year of seizure 
freedom. The common understanding that it is advisable to wait for at least 2 years is based 
on an artificial threshold and the rule should at least be complemented by adding that every 
added seizure-free year reduces the risk. The nomograms will provide insight into the best 
timing for the individual patient.

As a general caveat, in addition to likelihood of the outcome, there are many more considerations 
in the decision to withdraw antiepileptic drugs in seizure-free patients. When counselling 
patients with the use of these prediction models, a physician should be aware of the way the 
risks are presented as it can steer the patient towards a certain choice (Gong et al. 2013). Other 
factors such as the fear of losing a driver’s licence or even a job (Bonnett et al. 2011), the social 
stigma around seizures (Jacoby, Johnson, and Chadwick 1992; Kilinç and Campbell 2008), and 
the quality of the patient’s life (Baker et al. 1997) are important considerations. The nomograms 
only provide individualised statistical chances and should be applied when balancing benefits 
and risks within the context of all these factors.

Our models might appear to be restricted to populations with relatively high recurrence rates, 
with an estimated 52% of patients having seizure recurrence within 23 years after antiepileptic 
drug withdrawal. However, the ten included studies contained many different populations, 
from strictly selected to population based, with recurrence rates between 26% and 63%. In 
the internal–external cross-validation procedure the effect of the separate populations was 
tested by omitting them one by one. For both the populations with low and high recurrence 
risks, the model performance remained stable. Therefore, the high average recurrence rate is 
no limitation to the generalisability of the models.
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One limitation of our analysis was that the study population contained only people who 
made an attempt to withdraw antiepileptic drugs, since maintaining antiepileptic drugs still 
carries the risk of seizure recurrence and refractory epilepsy. The findings from the only two 
randomised trials of antiepileptic drug withdrawal showed that continued antiepileptic drug 
treatment is related to 7% seizure recurrence at 1 year after withdrawal (Lossius et al. 2008) 
and 22% at 2 years (MRC AED withdrawal study group 1991), compared with 15% and 41% 
for the withdrawal groups, respectively. The development of refractory epilepsy might not be 
related to antiepileptic drug withdrawal: a follow-up study of the UK Medical Research Council 
antiepileptic drug withdrawal trial showed no differences between the two randomisation 
groups in terms of seizure control after relapse (Chadwick, Taylor, and Johnson 1996).

For two predictors, few cases were provided: history of epileptic encephalopathy (24 cases) and 
juvenile myoclonic epilepsy (JME; 30 cases). Because of these low patient numbers it cannot be 
concluded that these factors are not predictors of outcome. For patients with JME, 26 (87%) of 
30 had seizure relapse but all were seizure free at last follow-up. This finding suggests that few 
patients can be successful at antiepileptic drug withdrawal (Höfler et al. 2014; Geithner et al. 
2012). However, although most patients relapse, the eventual rate of regaining freedom from 
seizures is high.

A limitation of using IPD from previously executed studies is that prognostic factors can 
be defined differently. For the included variables, some variation in the measurement of 
developmental delay and the definition of epilepsy duration was noted (appendix). The self-
limiting epilepsy syndromes were strictly defined in our protocol and not subject to different 
interpretation.

Another limitation was the quantification of long-term seizure freedom chosen in the analysis. 
From most studies, only two outcome measures were available: seizure recurrence and 
seizure status in the last year of follow-up, both dichotomised as seizures being present or 
not. Although the presence of seizures in the last year of follow-up does not fully cover long-
term outcome, it is the most accurate approximation of seizure control after seizure recurrence 
currently available.

In conclusion, the presented nomograms were helpful to calculate an individualised risk of 
antiepileptic drug withdrawal and the chance of long-term favourable seizure outcomes. They 
might therefore help to guide individual-tailored choices by the physician and patient.
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SUPPLEMENTARY TABLES, FIGURES, AND APPENDICES

Supplementary Figure 1 | Flow-chart article inclusion

time in years 0 1 2 5 10 13

Normal or not performed, number at risk/ cu-
mulative number of events

1253 934/ 313 764/ 427 406/ 513 178/ 533 111/ 534

Epileptiform abnormality, number at risk/ cu-
mulative number of events

283 174/ 108 147/ 137 71/ 163 27/ 175

Supplementary Figure 2 | Seizure free patients after initiation of AED withdrawal, separated by EEG 
results before AED withdrawal.
Survival curve of seizure free patients over time with Kaplan-Meier estimates at 1, 2, 5, 10 and 13 years 
(time of last event in this dataset), with seizure recurrence taken as event. Time of zero equals the start of 
AED withdrawal. KMe = Kaplan-Meier estimate.
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Supplementary Table 1 | Comparing follow-up and seizure recurrence rate between included studies and 
non-participating studies

Variable All studies (n=45 co-
horts, 7082 patients)

Included studies (n=10 
cohorts, 17 patients)

Non-participating 
studies (n=35 
cohorts, 5311 pa-
tients)

Follow-up duration in months, 
median (range; IQR)

48 
(12 – 408; 31 – 66)

44 
(24 – 129; 36 – 56)

48 
(12 – 408; 30 – 68)

Seizure recurrence rate, medi-
an (range; IQR)

30% 
(10 – 66; 25 – 40)

40% 
(26 – 66; 36 – 48)*

28% 
(10 – 63; 22 – 37)

Year of publication, median 
(range; IQR)

1999 
(1981 – 2014; 
1993 – 2006)

2002 
(1987 – 2012; 
1994 – 2005)

1999 
(1981 – 2014; 
1992 – 2007)

Ages included
    Only adults
    Only children
    Both adults and children

2 (4%)
28 (62%)
15 (33%)

1 (10%)
5 (50%)
4 (40%)

1 (3%)
23 (66%)
11 (31%)

Type of population
    Population based
    Secondary care
    Specialised centre
    Mixed
    Unclear

3 (7%)
7 (16%)
32 (71%)
1 (2%)
2 (4%)

1 (10%)
1 (10%)
7 (70%)
1 (10%)
0

2 (6%)
6 (17%)
25 (71%)
0
2 (6%)

Design
    Retrospective
    Prospective
    RCT

12 (27%)
24 (53%)
9 (20%)

1 (10%)
4 (40%)
5 (50%)

11 (31%)
20 (57%)
4 (11%)

IQR = interquartile range. RCT = Randomised controlled trial
*medians were calculated from data available from published results as available from our previous systematic 
review (Lamberink, 2015), not with the available individual patient data (IPD). Because the IPD contained longer 
follow-up than published results, the recurrence rate reported elsewhere in the current publication is higher.
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Supplementary Table 2 | Missing data before imputations

Variable n missing values % missing values

Censor variable 3 0·2%

History of febrile seizures 4 0·2%

Number of AEDs. categorical 16 0·9%

Follow-up 26 1·5%

Developmental delay 27 1·5%

Motor deficit 33 1·9%

Family history of epilepsy 34 1·9%

EEG, general abnormalities 53 3·0%

Number of AEDs. numerical 69 3·9%

Focal seizures 117 6·6%

Generalised tonic-clonic seizures 117 6·6%

Aetiology 120 6·7%

History of neonatal seizures 168 9·4%

EEG, specific epileptiform abnormalities 233 13·1%

Seizure status at last follow-up 314 17·7%

Total number of seizures 323 18·2%

Failure of previous withdrawal attempt 523 29·4%

Epileptic encephalopathy 627 35·2%

Multiple seizure types 680 38·2%

Imaging 708 39·8%

Self-limiting epilepsy syndromes 791 44·5%

Juvenile myoclonic epilepsy 791 44·5%
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Supplementary Figure 3 | Missing data before imputations
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Supplementary Table 3 | Quality appraisal of prognostic studies (Hayden et al., 2006)

Publication Study 
participation

Study 
attrition

Prognostic factor 
measurement

Outcome 
measurement

Cardoso, 2003 +/- +/- + +

Geerts, 2005 + + + +

MRC, 1991 + + +/- +

Overweg, 1987 +/- +/- + +

Pavlovic, 2012 + - +/- +

Ramos-Lizana, 2010 + + + +

Sauma, 2005 +/- + + +

Shinnar, 1994 + + + +

Specchio, 2002 + - + +

Tennison, 1994 + + + +

‘+’ = bias is sufficiently limited; ‘±’ = potential for bias is partly present; ‘-’ = high potential for bias. 
Adapted from: Lamberink HJ, Otte WM, Geleijns K, Braun KPJ. Antiepileptic drug withdrawal in medically 
and surgically treated patients: a meta-analysis of seizure recurrence and systematic review of its 
predictors. Epileptic Disorders 2015; 17(3):211-228 with permission from John Libbey Eurotext
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Supplementary Table 4 | Baseline differences between patients with a history of seizure recurrence after 
AED withdrawal and those attempting for the first time

No previous attempt (n 
= 1120)

Failure previous 
attempt of AED with-
drawal (n = 126)

FU in months (median, IQR) 73 (47-137) 71 (54-149)

Seizure recurrence 508 (45%) 64 (51%)

FU after seizure recurrence in months (median, IQR) 59 (33-120) 60 (48-118)

Seizures at last follow-up 108/1016 (11%) 15/115 (13%)

Sex, female 526 (47%) 69 (55%)

Age at onset (median, IQR) 9 (4-15) 9 (3-18)

Age at onset ≥ 11 460 (41%) 53 (42%)

Age at withdrawal (median, IQR) 16 (10-27) 22 (15-37)

Duration of epilepsy, months (median, IQR) 24 (5-68) 61 (19-116)

Seizure free interval, months (median, IQR) 31 (24-48) 41 (48-62)

Number of AEDs (median, IQR) 1 (1-1) 1 (1-1)

History of febrile seizures 122/1116 (11%) 16 (13%)

Family history 249/1096 (23%) 37/123 (29%)

≥ ten seizures before remission 320/834 (38%) 40/96 (42%)

Benign 69/481 (14%) 0

Focal seizures 526/1050 (50%) 65/116 (56%)

Developmental delay 185/1103 (17%) 10/125 (8%)

EEG epileptiform abnormality 194/945 (21%) 18/113 (16%)
FU = follow-up
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Supplementary Table 5 | Full prediction model 1: predicting seizure recurrence

Variable HR (95% CI) p-value

Epilepsy duration before remission in years * *

Seizure free interval before AED withdrawal in years * *

Age at onset of epilepsy * *

Family history of epilepsy 1·22  ( 1·03  -  1·45 ) 0·0252

History of febrile seizures 1·38  ( 1·11  -  1·70 ) 0·0033

≥ 10 seizures before remission 1·35  ( 1·13  -  1·60 ) 0·0008

Generalised tonic-clonic seizures 1·19  ( 0·97  -  1·46 ) 0·0940

Multiple seizure types 1·13  ( 0·90  -  1·42 ) 0·2779

Self-limiting epilepsy syndrome † 0·57  ( 0·43  -  0·77 ) 0·0004

History of epileptic encephalopathy 0·69  ( 0·50  -  0·93 ) 0·0172

Juvenile Myoclonic Epilepsy 1·37  ( 0·98  -  1·93 ) 0·0664

Developmental delay 1·31  ( 1·05  -  1·63 ) 0·0160

Epileptiform abnormality on EEG before withdrawal 1·48  ( 1·23  -  1·77 ) <0·0001

Predictors in model selected by backward selection. Adjusted c-statistic = 0·66 (95% CI 0·65-0·66), 
bootstrap-corrected for 1·8% optimism
*not linearly related to outcome, no estimate available. For influence on model, see nomogram in figure 
2; †formerly called “benign course”, e.g. absence epilepsy, benign epilepsy with  centrotemporal spikes 
(Rolandic epilepsy), Panayiotopoulos syndrome

Supplementary Table 6 | Full prediction model 2: predicting seizures in last year of follow-up

Variable HR p-value

Epilepsy duration before remission in years * *

Seizure free interval before AED withdrawal in years * *

Number of AEDs before withdrawal (per AED) 1·34  ( 1·09  -  1·64 ) 0·0060

Female sex 1·48  ( 1·04  -  2·10 ) 0·0302

Family history of epilepsy 1·65  ( 1·10  -  2·47 ) 0·0161

≥ 10 seizures before remission 1·65  ( 1·03  -  2·64 ) 0·0366

Remote symptomatic aetiology 1·67  ( 1·08  -  2·59 ) 0·0219

Focal seizures 1·75  ( 1·19  -  2·57 ) 0·0042

Self-limiting epilepsy syndrome † 0·62  ( 0·34  -  1·13 ) 0·1173

Juvenile myoclonic epilepsy 1·82  ( 0·61  -  5·44 ) 0·2759

Motor deficit 0·56  ( 0·28  -  1·13 ) 0·1047

Epileptiform abnormality on EEG before withdrawal 1·68  ( 1·11  -  2·54 ) 0·0140

Predictors in model selected by backward selection. Adjusted c-statistic = 0·71 (95% CI 0·70 – 0·71), 
bootstrap-corrected for 3·5% optimism
*not linearly related to outcome, no estimate available. For influence on model, see nomogram in figure 4
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Supplementary Table 7 | Final prediction model 1: predicting seizure recurrence

Variable HR (95% CI) p-value

Epilepsy duration before remission in years * *

Seizure free interval before AED withdrawal in years * *

Age at onset of epilepsy * *

History of febrile seizures 1·40  ( 1·13  -  1·73 ) 0·0020

≥ 10 seizures before remission 1·38  ( 1·17  -  1·63 ) 0·0002

Self-limiting epilepsy syndrome † 0·57  ( 0·44  -  0·72 ) <0·0001

Developmental delay 1·23  ( 1·01  -  1·50 ) 0·0420

Epileptiform abnormality on EEG before withdrawal 1·50  ( 1·25  -  1·80 ) <0·0001

The number of variables of the full model from supplementary table 5 was reduced. Adjusted c-statistic = 
0·65 (95% CI 0·65-0·66), bootstrap-corrected for 1·4% optimism. Random effects 1·01.
*not linearly related to outcome, no estimate available. For influence on model, see nomogram in figure 
2; †formerly called “benign course”, e.g. absence epilepsy, benign epilepsy with centrotemporal spikes 
(Rolandic epilepsy), Panayiotopoulos syndrome

Supplementary Table 8 | Final prediction model 2: predicting seizures in last year of follow-up

Variable HR p-value

Epilepsy duration before remission in years * *

Seizure free interval before AED withdrawal in years * *

Number of AEDs before withdrawal (per AED) 1·37  ( 1·11  -  1·69 ) 0·0031

Female sex 1·42  ( 1·01  -  2·01 ) 0·0437

Family history of epilepsy 1·56  ( 1·04  -  2·33 ) 0·0302

≥ 10 seizures before remission 1·62  ( 1·04  -  2·51 ) 0·0315

Focal seizures 1·82  ( 1·26  -  2·64 ) 0·0016

Epileptiform abnormality on EEG before withdrawal 1·57  ( 1·04  -  2·36 ) 0·0313

The number of variables of the full model from supplementary table 6 was reduced. Adjusted c-statistic = 
0·71 (95% CI 0·70 – 0·71), bootstrap-corrected for 3·5% optimism. Random effects 1·65.
*not linearly related to outcome, no estimate available. For influence on model, see nomogram in figure 3
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Supplementary Table 9 | Internal-external cross-validation for prediction of seizure recurrence

Omitted study C-statistic ( remaining studies )* C-statistic ( omitted study )*

Cardoso 0·655 0·656

Geerts 0·645 0·649

MRC 0·674 0·665

Overweg 0·648 0·650

Pavlovic 0·650 0·652

Ramos-Lizana 0·648 0·638

Serra 0·646 0·651

Shinnar 0·643 0·642

Specchio 0·649 0·645

Tennison 0·648 0·649

To assess the IECV, one study was omitted after which the model was fitted on the nine remaining studies. 
A c-statistic was computed on the nine studies, after which the model was forced onto the omitted study, 
where again a c-statistic was computed. 
*c-statistic is corrected for optimism similar to the overall c-statistic in suppl. tables 5-8

Supplementary Table 10 | Internal-external cross-validation for prediction of seizures in last year 
of follow-up

Omitted study C-statistic ( remaining studies )* C-statistic ( omitted study )*

Cardoso 0·704 0·700

Geerts 0·715 0·713

MRC 0·785 0·787

Overweg 0·711 0·714

Pavlovic 0·704 0·709

Ramos-Lizana 0·693 0·683

Serra 0·716 0·702

Shinnar 0·717 0·720

Specchio 0·716 0·711

Tennison 0·717 0·715

To assess the IECV, one study was omitted after which the model was fitted on the nine remaining studies. 
A c-statistic was computed on the nine studies, after which the model was forced onto the omitted study, 
where again a c-statistic was computed. 
*c-statistic is corrected for optimism similar to the overall c-statistic in suppl. tables 5-8
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APPENDIX 1
Search strategy in PubMed and EMBASE databases, as last executed until November 6, 2014

MEDLINE: (antiepileptic*[tiab] OR AED*[tiab] OR anticonvulsant*[tiab] OR 
anticonvulsants[MeSH]) AND (stop[tiab] OR stopping[tiab] OR reduction[tiab] OR 
discontinuation[tiab] OR withdrawal[tiab]) AND (“seizure free”[tiab] OR “seizure-free”[tiab] OR 
recurrence[tiab] OR relapse[tiab] OR remission[tiab])

EMBASE: (‘anticonvulsive agent’/exp OR antiepileptic:ti:ab OR antiepileptica:ti:ab OR AED:ti:ab 
OR AEDs:ti:ab OR anticonvulsant:ti:ab OR anticonvulsants:ti:ab) AND  (‘drug withdrawal’/exp 
OR stop:ti:ab OR stopping:ti:ab OR reduction:ti:ab OR discontinuation:ti:ab OR withdrawal:ti:ab 
OR titration:ti:ab) AND (‘recurrence risk’/exp OR ‘seizure free’:ti:ab OR ‘seizure-free’:ti:ab OR 
recurrence:ti:ab OR relapse:ti:ab OR remission:ti:ab) NOT [Medline]/lim
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APPENDIX 2
Supplementary methods

Data extraction and data transformation
Study-level data that were sought: country, type of population (population-based, secondary 
care, specialised centre, mixed), years of recruitment, study design.
 
Participant data that were requested:
1. basic information: follow-up after start of AED withdrawal in months, in case of RCT 

treatment allocation.
2. outcome variables: seizure recurrence, time to seizure recurrence in months, seizure status 

at last follow-up (presence of seizures in the last year including auras)
3. potential predictors: sex (male/female), age at onset of epilepsy (years), age at withdrawal 

(years), family history in 1st or 2nd degree, history of neonatal seizures, history of febrile 
seizures, number of seizures before remission (less than 10/10 or more), epilepsy duration 
before remission (interval between first and last seizure in months), seizure free interval 
before AED withdrawal (interval from last seizure to start AED withdrawal), failure of a 
previous AED withdrawal attempt, number of AEDs before withdrawal, presence of focal 
seizures, presence of generalised tonic-clonic seizures, presence of multiple seizure 
types, aetiology (remote symptomatic/ proven genetic/ unknown), presence of Juvenile 
Myoclonic Epilepsy, presence of a self-limiting epilepsy syndrome (absence epilepsy, 
benign epilepsy with centro-temporal spikes, Panayiotopoulos syndrome), presence or 
history of epileptic encephalopathy (West syndrome, Ohtahara syndrome, Lennox-Gastaut 
syndrome, ESES, Landau-Kleffner), developmental delay, motor deficits on neurological 
examination, imaging (normal, structural laesion, imaging not performed), EEG before 
AED withdrawal (normal, general abnormality, not performed), epileptiform EEG before 
AED withdrawal (normal, epileptiform abnormality, not performed). 

Data with variable definitions or data transformation:
Developmental delay: IQ below 70 (4 studies, n=698), IQ below 70 or clinical judgement (1 
study, n=52), clinical judgement and necessity for specialised schooling (3 studies, n=899), IQ 
between 70 and 80 (1 study, n=65), Denver scale (1 study, n=57).

Imaging: many advances in imaging have come about in the past decades, resulting in a 
proportion of patients who have not been evaluated with MRI but with CT-scan. MRI scans 
have improved in accuracy over the years. 

Aetiology: in 2010 the ILAE proposed a new approach to aetiology, in which the term ‘remote 
symptomatic’ is not used anymore. Since most included studies are older than the new 
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definition, the old dichotomy of remote symptomatic versus not remotely symptomatic was 
used.

Number of AEDs: one study (Pavlovic, n=52) only had binary information available, multi- 
versus polytherapy. For the other studies, a new variable with this dichotomy was created next 
to the continuous variable, for the purpose of imputing the 52 missing values.

EEG abnormality: six studies provided information on both general and specific EEG 
abnormalities (Cardoso, Geerts, MRC, Overweg, Specchio, Tennison , n=1182). Four studies 
only had information on general EEG abnormalities (Pavlovic, Ramos, Serra, Shinnar, n=589). 
For the latter four, a new variable was created in which the categories “normal EEG” and “not 
performed” were kept, the category “abnormal” was set to missing and imputed to create the 
variable “epileptiform EEG before AED withdrawal”. 

Epilepsy duration: two studies (Pavlovic, Ramos, n=268) formulated this as the interval between 
start treatment and the last seizure, which was accepted as an approximation of the interval 
between the first and last seizure.

Self-limiting epilepsy syndromes: the definition of ‘Benign childhood epilepsies’ has been 
debated. Therefore, we chose to define this group of syndromes as including absence epilepsy, 
Rolandic epilepsy, or Panayiotopoulos syndrome. Patients with Juvenile Myoclonic Epilepsy 
are not included.

Statistical analysis
Missing information was analysed and imputed using Multiple Imputations using Chained 
Equations (MICE (Van Buuren and Groothuis-Oudshoorn 2011), number of imputations = 
20), which provides more accurate summary statistics than deleting cases with missing data 
(Marshall et al. 2010). Continuous variables were imputed using predictive mean matching; 
logistic regression was used for imputing categorical variables. Baseline characteristics were 
computed before imputations were performed. If follow-up after a seizure recurrence was less 
than a year, the second outcome parameter could not be established, in which case the value 
was reported as ‘missing’, after which it was imputed to estimate the outcome most accurately 
(Vergouw et al. 2012). 

To account for the variation in follow-up among participants, analyses were performed with 
a variation on the Cox proportional hazards model. The standard Cox model has shown 
disadvantages concerning heterogeneity between groups, as it can be seen as a fixed-
effect model which does not adjust for between-study heterogeneity. To account for this 
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heterogeneity, a shared frailty model was used, which is a random-effects extension of the Cox 
proportional hazards model (Therneau 2015). As an indication of heterogeneity, the random-
effects statistic reported in this paper is the approximate hazard ratio between two equally 
sized prognostic groups from different cohorts. 

The assumption of linearity was assessed by inspection of martingale residuals and if violated 
corrected by restricted cubic splines with three to five knots. In the survival analyses we 
assumed censoring to be non-informative, and the assumption of proportional hazards was 
not violated as tested by statistical and visual inspection of Schoenfeld residuals (Grambsch 
and Therneau 1994). Multi-collinearity was checked through a correlation matrix, after which 
age at withdrawal was removed from the models because of collinearity with age at onset of 
seizures (Pearson’s r = 0·80).  

A selection of strongest contributing predictors was made through backward selection of 
variables using Akaike information criterion (AIC) combined with manual removal of least 
contributing predictors, until the most optimal model was selected. For the purpose of 
creating a prediction model, categorical variables with three categories were reduced to binary 
variables when the third category was not contributing to the model (e.g. instead of EEG before 
withdrawal categories “normal”, “epileptiform abnormality” and “not performed”, comparing 
“normal or not performed” with “epileptiform abnormality”). Using the final reduced model, 
a nomogram was created to assist the clinician in computing the individual risks for a patient. 

To validate the models, concordance-statistics (c-statistics) were computed on the model and 
on 200 bootstrap samples to correct for optimism. The adjusted c-statistic and percentage of 
optimism are reported. Furthermore, internal-external cross-validation (IECV) was performed 
to assess validity of the model across the different populations. With this method, it can be 
shown that the models work similarly in the different populations, and it therefore functions 
as external validation (Ahmed et al. 2014). To assess the calibration of the models, a graphic 
plotting the predicted probability versus the observed proportion was used. The plotted data 
points should align the diagonal grey line. 

Statistical analyses were performed with R Statistical Software version 3·2·2, using packages 
‘MICE’, ‘coxme’, and ‘rms’.
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Summary
Objective: Over the past decades, the number of epilepsy surgeries in children has increased 
and indications for surgery have broadened. We studied the changes in patient characteristics 
between 1990 and 2011 in a nationwide cohort and related these to seizure outcome and 
postoperative medication status. Second, we tried to identify predictors for seizure outcome 
after pediatric epilepsy surgery. 

Methods: To study changes over time, we divided this retrospective cohort of 234 children into 
two consecutive time periods of 11 years, and statistically compared the epochs in terms of 
patient characteristics, surgical variables, complications, seizure outcome, and postoperative 
medication status. To identify predictors of postoperative seizure freedom, we performed uni-
variable and multivariable logistic regression analyses. 

Results: The number of surgeries per year increased from an average of 5 in the first, to 16 
in the past epoch. Over time, significantly more surgeries were performed for malformations 
of cortical development, and more patients underwent magnetoencephalography (MEG) and 
invasive monitoring. Four percent of patients had a serious complication. Complete seizure 
freedom (Engel class IA) at 2 years after surgery was achieved in 74% of patients, which did 
not change significantly over time. The proportion of patients who were free from seizures and 
antiepileptic medication 2 years after surgery significantly increased from 13% to 32%. Factors 
predictive of seizure recurrence were preoperative intracranial monitoring, multilobar surgery, 
etiology, and longer duration of epilepsy before surgery. 

Significance: Although more complex cases were operated over time and medication was with-
drawn earlier after surgery, success rates at 2 years remained stable. In combination with low 
complication rates, this underscores the efficacy and safety of pediatric epilepsy surgery. It is 
important to consider epilepsy surgery early, as longer duration of epilepsy increased the risk 
of postoperative seizure recurrence. 
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Epilepsy surgery has become a widely accepted treatment option for children with refractory 
epilepsy caused by a focal or hemispheric structural epileptogenic source. Between 59% and 
70% of children become seizure‐free after resective surgery (Spencer and Huh 2008). The ulti-
mate goal of surgery is to “cure” the epilepsy, which can be defined as reaching complete free-
dom from both seizures and antiepileptic drugs (AEDs) for at least 5 years (Schmidt, Baumgart-
ner, and Wolfgang 2004).
Over the past three decades, the approach to pediatric epilepsy surgery has changed dramati-
cally. Improved imaging techniques with higher field strengths (Phal et al. 2008), specific mag-
netic resonance imaging (MRI) protocols, and imaging postprocessing in apparent MRI‐nega-
tive patients have enabled the identification of patients previously not considered eligible for 
epilepsy surgery (So and Lee 2014). Other factors that have led to increased numbers of surger-
ies in children are advances in functional imaging (positron emission tomography/single‐pho-
ton emission computed tomography [PET/SPECT]), improved source localization techniques, 
and intracranial monitoring (grid, stereo–electroencephalography [EEG]) (So and Lee 2014). 
The past ten years, attitudes toward surgery have changed even more, with the notion that 
surgery can also be performed in generalized epileptic syndromes when focal or hemispheric 
MRI abnormalities are present (Wyllie et al. 2007; Lachhwani 2005; Boshuisen et al. 2010), and 
the increasing awareness that early surgery (and thus shorter duration of epilepsy) leads to 
improved seizure and cognitive outcomes (Freitag and Tuxhorn 2005; Lettori et al. 2008).
Different studies have shown that the number of patients considered for epilepsy surgery has 
increased over the years (Bien et al. 2013; Schiltz et al. 2013), but the number of surgeries has 
remained stable (Schiltz et al. 2013; Englot et al. 2012). In children, however, the number of sur-
geries has increased with time (Schiltz et al. 2013; Hemb et al. 2010). Few studies have focused 
on trends in individual patient characteristics, and the studies that have done so were either in 
a specific population of patients who underwent temporal lobe epilepsy surgery (Helmstaed-
ter et al. 2014), or were single‐center studies and therefore carried the risk of presenting select-
ed populations (Bien et al. 2013; Hemb et al. 2010). In only one study was pediatric epilepsy 
surgery addressed specifically (Hemb et al. 2010), whereas the others described populations 
including all ages (Bien et al. 2013; Helmstaedter et al. 2014).
Since 1990, children who are considered candidates for epilepsy surgery in The Netherlands 
are evaluated during the national multidisciplinary meetings of the Dutch Collaborative Ep-
ilepsy Surgery Program (DCESP). When consensus to perform surgery is reached, all children 
undergo surgery in the University Medical Center Utrecht (UMCU). The number of surgeries 
has increased rapidly over the past years. Because pediatric epilepsy surgery in our country 
has been performed in only a single center, this has created the unique opportunity to study 
characteristics and outcomes of a nationwide patient population over time. The current study 
provides an overview of pediatric epilepsy surgery in The Netherlands from 1990 to 2011. 
Under the assumption that the rising numbers of pediatric epilepsy surgical procedures are 
paralleled by an increase in complexity of selected cases, we first aimed to explore how patient 
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characteristics, surgical variables, and complication rates changed over two consecutive peri-
ods from 1990–2011. Second, we compared seizure outcome and medication status 2 years af-
ter surgery between these epochs. Finally, we identified predictive factors of seizure outcome 
in the entire surgical cohort. 

Methods
Patients
This is a retrospective study of all children (aged <18 years) who underwent epilepsy surgery 
in UMCU and who had at least 2 years of follow‐up. Patients were included if they underwent 
resective or disconnective surgery between January 1, 1990 and October 1, 2011. Excluded 
were patients who underwent palliative procedures (e.g., corpus callosotomy, n = 16). For pa-
tients who were subject to a second surgical procedure >2 years later, only the first surgery was 
evaluated in the current analysis. In total, 234 patients were included. 

Data collection
Data were retrieved from the database of the DCESP and complemented with information from 
patient records when necessary. Part of this cohort has been included in a previous publication 
on surgical outcome (Oijen et al. 2006). The DCESP receives referrals from all over the country. 
All results of diagnostic evaluation, partly performed in the referring center, are discussed in 
the monthly national multidisciplinary meetings, where it is decided whether additional inves-
tigations are necessary, and if the patient is eligible for surgery. Over the years, a total of three 
specialized epilepsy neurosurgeons performed all surgeries. 
We collected data on gender, age at onset of epilepsy, age at surgery—including the propor-
tion of children below the age of 2 years—duration of epilepsy, presence of specific electro-
clinical syndromes reflecting epileptic encephalopathy, presurgical evaluations, side and type 
of surgery, etiology of epilepsy, and number and type of complications. Seizure outcome was 
evaluated after 2 years, and expressed as the proportion of patients with Engel class IA (i.e., 
being completely seizure‐free since surgery) (Engel et al. 1993). Furthermore, we collected 
data on antiepileptic drug (AED) use 2 years after surgery. Invasive monitoring included grids, 
depth electrodes, stereo‐EEG recordings or a combination. Type of surgery was classified as 
“lobar,” including frontal, temporal, parietal, and occipital resections or disconnections, “mul-
tilobar” resections or disconnections, and peri‐insular hemispherectomy, from now “hemi-
spherectomy.” Electroclinical syndromes suggesting epileptic encephalopathy were defined 
according to the 2010 International League Against Epilepsy (ILAE) classification (Berg et al. 
2010), including Ohtahara, West, Lennox‐Gastaut syndromes, and electrical status epilepticus 
during sleep/continuous spikes and waves during sleep (ESES/CSWS). Etiology was classified 
according to histopathologic investigation (when available) or MRI. We distinguished “malfor-
mations of cortical development” (MCDs) (focal cortical dysplasia, hemimegalencephaly, and 
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polymicrogyria), “tumors” (glioneuronal tumors and low‐grade gliomas), “hippocampal scle-
rosis,” “vascular pathology” (ischemic and hemorrhagic stroke, arteriovenous malformations), 
“neurocutaneous disorders” (Sturge‐Weber syndrome and tuberous sclerosis complex), and 
“other” (including Rasmussen’s encephalitis and unclassifiable pathology). 
Complications were classified as either “serious” or “mild and reversible.” Serious complications 
included perioperative death, complications that required invasive treatment, and unforeseen 
neurologic deficits that persisted for longer than 3 months. Hydrocephalus was reported when 
occurring at any moment postoperatively (not restricted to the first 3 months) and classified 
as a serious complication. Mild and reversible complications were classified into four subcat-
egories: (1) surgery‐related infections, divided into proven infections (with positive cultures), 
and suspected infections (but no culture performed) or aseptic inflammatory reactions (neg-
ative cultures); (2) non–surgery‐related infections such as urinary tract, and upper or lower 
respiratory tract infections; (3) electrolyte changes for which intervention was started; and (4) 
transient neurologic deficits that were not anticipated. Foreseen neurologic deficits (i.e., hom-
onymous hemianopia after hemispherectomy) were not considered as true complications. 

Study design and statistical analysis
To study changes over time with regard to preoperative, perioperative, and postoperative vari-
ables, the cohort was divided into two epochs of 11 years: children who underwent surgery 
between 1990 and 2000 (n = 56), and between 2001 and 2011 (n = 178). The proportions of cat-
egorical variables were compared between the two epochs using χ2‐statistic, where necessary 
computed with Fisher’s exact testing. For continuous variables, means were compared using a 
Student’s t‐test or, when data were not normally distributed, Mann‐Whitney U‐test. 
To identify predictors of seizure freedom, first univariable logistic regression was performed for 
all variables included in this study. Variables with a p‐value less than 0.10 were then included 
in a multivariable model. The separate lobar surgery locations were not included in the multi-
variable regression model because these are subgroups of lobar surgeries already included in 
the model. 
Analyses were performed using IBM SPSS Statistics for Windows version 20.0, (IBM Corp. Ar-
monk, NY, U.S.A.). 
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Results
Patient characteristics
Between 1990 and 2011, 690 children were referred to the DCESP to discuss eligibility for ep-
ilepsy surgery (Table 1). Of these, 234 were operated and fulfilled the inclusion criteria. The 
proportion of evaluated patients receiving surgery was 47% between 1990 and 2000, and 48% 
between 2000 and 2011 (p = 0.94). The number of surgeries increased by a factor of three 
over time; from an average of five surgeries per year in the first epoch, to an average of 16 in 
the last (p < 0.001). The median duration between epilepsy onset and surgery decreased with 
2.1 years, from 5.8 years in the first epoch to 3.7 in the last, although this difference was not 
statistically significant (p = 0.07). Age, gender, and side of surgery did not differ between the 
two epochs. The contribution of the different etiologies changed significantly over time (p = 
0.03), with a relative increase of patients with malformation of cortical development and a 
decrease in “other pathologies.” Nine percent of children had a clearly described electroclinical 
syndrome reflecting epileptic encephalopathy at time of surgery. A threefold increase in the 
proportion of these patients was seen over time, although not significantly. 

Preoperative additional investigations
Supplementary to standard diagnostic examinations—including EEG and MRI—30% of the 
patients needed additional diagnostic testing to further localize the epileptogenic source (Ta-
ble 1). These included magnetoencephalography (MEG), PET, SPECT, or intracranial monitor-
ing with subdural grids, depth electrodes, stereo‐EEG, or a combination. MEG was used more 
frequently over time, from 4% to 16% (p = 0.02), whereas the number of patients evaluated 
with SPECT has decreased from 13% to 3% (p = 0.009). We did, however, perform SPECT reg-
istrations in the latter epoch and are using it more frequently in current practice, but in the 
presented cohort patients evaluated by SPECT have not been found eligible for surgery. The 
proportion of invasive recordings increased significantly from 2% to 12% of patients. 

Surgical procedures
Twenty‐seven percent of the surgeries were hemispherectomies, 6% were multilobar resec-
tions, and 68% lobar resections or disconnections (Table 1). Types of surgery did not change 
over time. Of the lobar surgeries, 71% were temporal. The number of frontal surgeries in-
creased, although not significantly. 



Table 1 | Trends in time - general, pre-surgical, and surgical variables.

Variable All years 
(n=234)

1990-2000 
(n=56)

2001-2011 
(n=178)

p-value

Evaluated patients in DCESP per year, mean (SD) 31.4 (19.6) 16.9 (8.9) 45.8 (16.3) <0.001

Surgeries per year, mean (SD)* 10.6 (6.9) 5.1 (3.0) 16.2 (4.7) <0.001

Gender female, % 48.3 53.6 46.6 0.37

Age at seizure onset, y, median 2.0 2.0 2.0 0.98

Age at surgery, y, median 10.4 11.4 9.4 0.48

    Age < 2 years at surgery, % 12.8 10.7 13.5 0.59

Duration of epilepsy until surgery, y, median 4.2 5.8 3.7 0.07

Left side, % 48.7 42.9 50.6 0.31

Electroclinical syndrome**, % 8.6 3.6 10.1 0.17

   West syndrome, % 6.0 1.8 7.3

   Ohtahara syndrome, % 1.7 1.8 1.7

   ESES/CSWS, % 0.9 0 1.1

   Lennox-Gastaut syndrome, % 0.4 0 0.6

Additional diagnostics***, % 29.5 23.2 31.5 0.24

PET, % 17.3 14.5 18.2 0.53

MEG, % 12.9 3.6 15.8 0.02

SPECT, % 5.2 12.7 2.8 0.009

Intracranial monitoring, % 9.4 1.8 11.8 0.03

Etiology 0.005

MCD, % 26.5 14.3 30.3 0.02

Tumor, % 34.6 37.5 33.7 0.60

Hippocampal sclerosis, % 14.1 19.6 12.4 0.17

Vascular, % 12.4 7.1 14.0 0.17

Neurocutaneous, % 7.7 8.9 7.3 0.69

Other, % 4.7 12.5 2.2 0.005

Surgery type 0.64

Hemispherectomy, % 26.9 23.2 28.1

Multilobar, % 5.6 7.1 5.1

Lobar, % 67.5 69.6 66.9

Lobar surgery location 0.46

   Temporal, % 70.9 74.4 69.7

   Frontal, % 21.5 15.4 23.5

   Parietal, % 5.1 5.1 5.0

   Occipital, % 2.5 5.1 1.7

Changes over time compared between two epochs. Bold p‐values depict a statistically significant difference between 
the epochs. Analysis performed with independent samples t‐test, Mann‐Whitney U test, chi‐square or Fisher’s exact 
test when appropriate.  a Computed with 234 patients included in this study.  b Percentage of patients with one of 
four categories below. One patient was included with West syndrome and subsequent Lennox‐Gastaut syndrome. 
An additional 2% of patients had a history of West syndrome (not in table), which resolved into focal seizures; these 
patients underwent surgery 3 to 12 years later.  c Percentage of patients who underwent one or more of the four 
diagnostic tests below. One patient can be included in more than one of the categories. DCESP, Dutch Collaborative 
Epilepsy Surgery Program; ESES, electrical status epilepticus during sleep; CSWS, continuous spikes and waves 
during sleep; PET, positron emission tomography; MEG, magnetoencephalography; SPECT, single photon emission 
computed tomography; MCD, malformation of cortical development.
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Complications
Four percent of all patients had a serious complication (Table 2). The proportion of serious 
and mild or reversible complications remained stable over the years (p = 1.00 and p = 0.71, re-
spectively). From the patients with a serious complication directly related to surgery, only one 
(0.4%) developed a permanent hemiplegia as result of an ischemic lesion after an insular resec-
tion. Eight patients (3.5%) had to undergo invasive treatment for several complications, includ-
ing intracranial hematoma, increased intracranial pressure, cerebrospinal fluid (CSF) leakage, 
and hydrocephalus. No deaths occurred as a complication of surgery. Within the follow‐up pe-
riod, two patients died: one of pulmonary failure during intensive care treatment for refractory 
epilepsy 3 months after surgery, and one at 6 months after surgery of unknown cause. 

Mild complications included mainly infections or suspected infections (9.9%). From the group 
of surgery‐related possible infections, a positive CSF culture was identified in only 0.4%. The 
remaining surgery‐related presumed infections (4.3%) where treated with antibiotics even 
despite negative cultures. The non–surgery‐related infections (4.7%) consisted of respiratory 
tract infections, urinary tract infections and gastroenteritis. Two percent of the patients had 
unforeseen neurologic deficits, which normalized within the first 3 months after surgery, and 
3.5% of the patients received treatment for electrolyte disturbances after surgery. 

Surgical outcome
Seizure outcome remained stable over the two epochs (p = 0.09), with 81% of the patients 
being free from disabling seizures (Engel class I16) after 2 years, and 74% with complete sei-
zure freedom since surgery (Engel class IA) (Table 3). Eight percent had rare disabling seizures 
(Engel class II). In total, approximately 89% of the patients had a clear benefit from surgery 
(Engel class I and II), 6% had worthwhile improvement (Engel class III), and 6% did not have 
any improvement (Engel class IV). The proportion of patients for whom AEDs were complete-
ly withdrawn within 2 years after surgery has significantly increased, from 14% to 33% (p = 
0.006). Of all patients who were off antiepileptic drugs, 94% had been completely seizure‐free 
since surgery. 
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Table 2 | Trends in time – complications.

Variable All years 
(n=230)

1990-2000
(n=55)

2001-2011 
(n=175)

p-value

Serious complications, % 3.9 3.6 4.0 1.00

   Invasive treatment, % 3.5 3.6 3.3

      Hydrocephalus, % 1.3 1.8 1.1

   Permanent neurological deficit, % 0.4 0 0.6

   Death, % 0 0 0

Mild and reversible complications, % 14.8 16.4 14.3 0.71

   Infections, surgery related, % 4.7 5.4 4.6

      Documented, % 0.4 1.8 0

      Suspected/aseptic, % 4.3 3.6 4.6

   Infections, non-surgery related, % 5.2 7.3 4.6

   Transient neurological deficits, %* 1.7 1.8 1.7

   Intervention for electrolyte change, % 3.5 1.8 4.0

Complications compared between two epochs, divided between serious, and mild and reversible 
complications. A patient could be included in more than one category. Analysis was performed 
with chi‐square or Fisher’s exact test when appropriate. 
a Defined as resolving within 3 months after surgery.

Table 3 | Trends in time - surgical outcome.

Variable All years 
(n=234)

1990-2000
(n=56)

2001-2011 
(n=178)

p-value

Completely seizure-free (SF), 2y, % 74.4 71.4 75.3 0.57

Engel classification, 2y, % 0.09

1 81.2 78.6 82.0

2 7.7 5.4 8.4

3 5.6 12.5 3.4

4 5.6 3.6 6.2

AED-free, 2y, % 28.8 14.3 33.3 0.006

SF and AED-free, 2y, % 27.0 12.5 31.6 0.005

Trends in time in seizure outcome and medication status at 2 years after surgery. Bold p‐values 
depict a statistically significant difference between the epochs. Analysis was performed with χ2 
or Fisher’s exact test when appropriate. 
SF, complete seizure freedom at 24 months (Engel class IA); AED, antiepileptic drug.
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In patients with a follow‐up of at least 5 years (n = 136, median follow‐up 8 years), the pro-
portion of patients with an Engel class I or IA score at latest follow‐up was 75% and 65%, re-
spectively (Supplementary Table 1). The proportion of seizure‐ and AED‐free patients was 55%. 
No significant changes over time were observed. The median follow‐up duration of patients 
operated during the first time epoch, however, was significantly longer than of those from the 
second epoch (p < 0.001). We examined possible relations between follow‐up duration and the 
three long‐term outcome measures using logistic regression. There was no significant relation 
between follow‐up duration in years and Engel class I (odds ratio [OR] 0.98), Engel class IA (OR 
1.00), or seizure and AED freedom (OR 1.05), at latest follow‐up (p = 0.76, p = 0.97, or p = 0.39, 
respectively). 

Predictors of outcome
We analyzed which factors were associated with complete seizure freedom (Engel class IA) 
(Table 4). In multivariable analysis, multilobar surgery (OR 0.18, p = 0.02), presurgical invasive 
monitoring (OR 0.28, p = 0.02), and longer duration of epilepsy until surgery (OR 0.90 per year, 
p = 0.03) were independently associated with unfavorable seizure outcome (not reaching En-
gel class IA). Etiology was also related with outcome, with “other etiology” (OR 0.18, p = 0.02) 
being an independent predictor of seizure recurrence. 

Discussion
In this Dutch pediatric epilepsy surgery cohort, operated between 1990 and 2011, we studied 
patient and surgery characteristics to identify changes over time. We found several shifts in 
patient characteristics. The unselected and nationwide nature of this cohort provides a unique 
opportunity to study the evolving field of pediatric epilepsy surgery. Over the past two de-
cades, the number of evaluated children for surgery and the number of surgeries increased 
significantly, with more operations on MCDs, and an increased proportion of preoperative 
MEG recordings and invasive monitoring. The complication rate was low and stable over time. 
Seizure outcomes at 2 years remained stable, with 90% of patients having achieved improve-
ment in epilepsy severity and 74% being completely seizure‐free since surgery. Over time, the 
interval to start of AED withdrawal shortened, resulting in significantly increased AED freedom 
at 2 years after surgery. Multilobar surgery, presurgical invasive monitoring, etiology, and lon-
ger duration of epilepsy independently predicted poor seizure outcome. 
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Patient characteristics
The relative increase in the number of patients with MCD, presence of an electroclinical syn-
drome of epileptic encephalopathy, and the increased proportion of patients with preoper-
ative invasive monitoring, reflect a shift toward more complex cases. In a population of all 
ages, a similar trend toward more complex cases was observed with less resections on benign 
tumors and more on patients with focal cortical dysplasia (Bien et al. 2013). In our cohort, the 
number of frontal surgeries increased, although not significantly. 
With regard to etiology, postoperative seizure freedom rates of children with malformations of 
cortical development, particularly those with focal cortical dysplasia (FCD) type I (Krsek et al. 
2009), are known to be lower than those of patients with other pathologies. Chern et al. (Chern 
et al. 2010) reported a seizure freedom rate of 60% (range 46–70%) for patients with FCD, com-
pared to 71% (range 36–100%) for tumor patients (Englot et al. 2011). In the current study, this 
lower seizure freedom rate for MCD patients was also found, with 63% of the patients reaching 
complete seizure freedom compared to success rates over 80% for tumor, hippocampal scle-
rosis, and vascular etiology. The changes in resection type and identified etiologies indicate a 
clear shift in the utilization of pediatric epilepsy surgery. At the time when many pediatric epi-
lepsy surgery programs started, mainly children with well‐circumscribed focal, MRI‐visible, and 
preferably temporal structural lesions were considered eligible candidates for surgical treat-
ment. Over the years, indications for surgery have now broadened, including children with 
frontal or posterior quadrant epilepsies, generalized epileptic encephalopathies with focal or 
hemispheric structural pathology (Wyllie et al. 2007; Lachhwani 2005; Boshuisen et al. 2010), 
and MRI‐negative cases (Phal et al. 2008; So and Lee 2014; Bien et al. 2013).
The trends in the number of specific additional presurgical investigations support the hypoth-
esis that more complex cases are operated in the latest years: the increased use of MEG and 
invasive monitoring are indicative of the need for more precise localization of the epileptogen-
ic source. In our nationwide single‐center experience, the availability of acute corticography 
since 2000, of 3T MRI since 2004, and of neuronavigation since 2003, improved diagnostic ac-
curacy and the ability to delineate the epileptogenic zone. Despite the trend toward the selec-
tion of more complex cases, with inherent lower a priori probability of reaching seizure control, 
seizure outcomes were shown to remain remarkably constant over time, with around 75% of 
complete seizure freedom at 2 years. This likely reflects the team’s learning curve, experience, 
and access to diagnostic procedures. 

AED withdrawal policy
AED freedom rates in our cohort increased from 14% to 33%, reflecting a more aggressive AED 
withdrawal policy, which seems to be a more global phenomenon; in a survey regarding AED 
withdrawal policy of 2007, 71% of U.S. epileptologists would wait for at least 2 years of postop-
erative seizure freedom before considering discontinuation of drugs, and some of these would 
even never consider withdrawal of AEDs (Berg et al. 2007). In 2012 (Téllez-zenteno et al. 2012) 



119

Outcomes of Dutch pediatric epilepsy surgery

5

and 2013 (Swisher and Sinha 2013), only 3–7% of U.S. and Canadian epileptologists would wait 
to withdraw AEDs for at least 2 years in patients receiving polytherapy and 24–35% would wait 
2 years for patients receiving monotherapy, reflecting a shift in postoperative drug withdrawal 
policy. 
The proportion of patients who are ultimately AED free is different between children and 
adults, as shown in a Swedish study on long‐term postoperative outcomes: 10 years after sur-
gery, 86% of the children had discontinued AEDs, compared to 43% of adults (Edelvik et al. 
2013). The timing of AED withdrawal, however, seems to be similar in children and adults: a 
meta‐analysis including both adults and children reported an average time between surgery 
and initiation of AED withdrawal of 14 months, and the average time to complete discontinu-
ation of 30 months (Ladino, Hernández-Ronquillo, and Téllez-Zenteno 2014). The TimeToStop 
study on 766 children revealed that in children the median time to start reducing drugs was 
12.5 months, and the median time to discontinuation was 28.8 months (Boshuisen et al. 2012). 
In that study, early AED withdrawal was thought to unmask surgical failure sooner, but not at 
the cost of long‐term outcomes. This was recently confirmed in a mainly adult cohort study 
(Yardi et al. 2014). The changes in survey responses point toward a trend of earlier AED with-
drawal, similar to what we observed in the current study. In contrast to these findings, a study 
from the pediatric UCLA cohort (Hemb et al. 2010) attributed an increased seizure freedom 
rate in recently operated children to longer AED use after surgery, as compared to children 
who underwent surgery in earlier time epochs. 

Predictors of outcome
Longer duration of epilepsy, multilobar surgery, etiology, and intracranial presurgical moni-
toring were found to be independently associated with unfavorable seizure outcome. Other 
known factors predicting seizure recurrence in pediatric epilepsy surgery include extratempo-
ral resections, multifocal MRI lesions, incomplete resection of the lesion, and the presence of 
presurgical generalized tonic–clonic seizures (Spencer and Huh 2008).
Intracranial monitoring has previously been reported to predict unfavorable postoperative 
seizure outcome (Tonini et al. 2004). The predictive value of intracranial monitoring, however, 
may highly depend on the population, since other studies have reported no or an inverse rela-
tion between invasive monitoring and seizure outcomes (Kumar et al. 2013; Brelie et al. 2013; 
Elsharkawy et al. 2008).
Longer duration of epilepsy until surgery was associated with unfavorable seizure outcome, 
confirming findings from previous studies (Englot et al. 2011; Edelvik et al. 2013; Simasathien 
et al. 2013; Englot and Chang 2014). In addition, it has been demonstrated previously that lon-
ger duration of epilepsy has a negative impact on cognitive change after surgery (Spencer and 
Huh 2008; Van Schooneveld and Braun 2013). We may expect that the recent evidence on the 
beneficial cognitive effects of early epilepsy surgery lead to a further decrease in age at surgery 
in future pediatric cohorts. 
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Complications
The risk of serious surgical complications was 4%, with only 0.4% resulting in permanent neu-
rologic damage. The frequency of mild complications was higher, but it should be acknowl-
edged that not all presumed surgical complications are true complications requiring therapy. 
In some children, antibiotic treatment was started when infection was suspected, but only 
in a minority was direct proof of infection by positive culture obtained. After pediatric hemi-
spherectomy, for example, fever, increased peripheral white blood cell count, and CSF protein 
are frequently observed, but this is rarely caused by intracranial infection (Phung, Mathern, 
and Krogstad 2013). Changes in serum sodium levels in some children led to treatment (fluid 
restriction or sodium supplementation) without direct proof of syndrome of inappropriate an-
tidiuretic hormone secretion (SIADH) or cerebral salt wasting; the electrolyte disbalance may 
have also been caused by specific AEDs (e.g., carbamazepine). If we do not take above‐men-
tioned “mild complications” into account, only 2.1% of the patients had a mild surgery‐related 
complication (documented infections and transient neurological deficits). 
Several studies have used different criteria to report their complication rates. A recent review 
on complications after epilepsy surgery reported 5.7% minor and 4.5% major medical compli-
cations, and 11.2% minor and 5.1% major neurologic complications for children (Hader et al. 
2013). The higher complication rate in that study can be explained by the authors’ choice to 
include anticipated neurologic deficits that are inherent to surgery. Hemb et al. (Hemb et al. 
2010) have reported serious and permanent complications only, with a complication rate of 
9.2%. The difference in complication rate between their and our cohort can be explained by 
the much higher percentage of hemispherectomy patients in their cohort and the difference in 
definition of complications that included long‐term deaths unrelated to surgery in the cohort 
of Hemb et al., whereas we chose not to consider those cases. 
The 22 children who underwent invasive EEG monitoring preoperatively did not have any 
complication related to this procedure. Studies in larger cohorts have concluded that invasive 
monitoring bears limited risks, and large benefits (Hedegärd et al. 2014; Wellmer et al. 2012), 
with a risk for major or permanent complications of 0.6% (Hader et al. 2013).

Strengths and limitations
The current study distinguishes itself from previous studies because of its nationwide setup. 
The population included all children who underwent epilepsy surgery in The Netherlands be-
tween 1990 and 2011, and therefore the observed trends are truly reflective of changes in 
pediatric epilepsy surgery in an unbiased cohort, although we acknowledge that there will be 
differences between countries and continents. 
The study also has several limitations. First, no data are presented on changes in preoperative 
evaluations and diagnostics for children who were referred but eventually rejected for epilep-
sy surgery. There was an increasing number of patients referred to the DCESP, which reflects 
the increased knowledge of the benefits of epilepsy surgery among physicians taking care of 
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children with refractory epilepsy. 
Second, the follow‐up period of 2 years after surgery is relatively short. When our success rate 
is compared to other cohorts, the proportion of completely seizure‐free patients of 74% 2 
years after surgery is high, since the average postoperative seizure freedom rate in children is 
reported to be 59–70% (Spencer and Huh 2008). However, seizure‐freedom rates are known to 
decline over the years (Tisi et al. 2011) and seem to remain stable after 5 years postoperatively 
(Edelvik et al. 2013). For 136 of our patients, follow‐up data after at least 5 years was available, 
revealing a relatively high proportion of patients with Engel class IA (65%), with no differences 
between the two epochs. However, a direct comparison of long‐term outcome between the 
two time periods is complicated by the inherent differences in follow‐up duration. 

Conclusion
The outcome of pediatric epilepsy surgery in The Netherlands has been stable over time with 
high success rates and low complication rates. Although we found a shift toward surgery in 
more complex patient categories (such as MCDs), and a tendency toward more complex lesion 
locations (such as frontal resections), seizure‐freedom rates remained steadily high, and the 
number of children who reached both freedom from seizures and AEDs significantly increased 
over the years. Predictors independently associated with unfavorable seizure outcome were 
multilobar surgery, invasive monitoring, and longer epilepsy duration. Unfavorable seizure 
outcomes with longer duration of epilepsy underscore the fact that early surgery should be 
the goal. The high seizure freedom and low complication rates in this nationwide cohort reflect 
the advantage of a centralized multidisciplinary assessment of surgical candidates, and the 
performance of surgery in highly specialized medical centers. 
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Supplemental table 1 | Long term follow-up.

Variable All years 
(n=136)

1990-2000
(n=55)

2001-2011
(n=81)

p-value

FU duration in years, median (range) 8 (5-17) 11 (5-17) 7 (5-12) <0.001

Engel 1, % 75.0 76.4 74.1 0.76

Engel 1A, % 65.4 65.5 65.4 1.00

SF and AED free, % 55.2 63.0 50.0 0.14

Long-term seizure and medication outcome, in patients with follow-up of at least five years. Analysis was 
performed with Chi-square or Mann-Whitney-U tests.
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APPENDIX

Dutch Collaborative Epilepsy Surgery Program
Current and former* members:
University Medical Center Utrecht
K.P.J. Braun, F.E. Jansen, K. Geleijns, O van Nieuwenhuizen* (pediatric neurologists); F.S.S. Lei-
jten, C.H. Ferrier, A.C. van Huffelen* (clinical neurophysiologists); P.C. van Rijen, P. Gosselaar, 
C.W. van Veelen* (neurosurgeons); G.A. de Kort (neuroradiologist); M.M. van Schooneveld, O. 
Braams, M.J. van Zandvoort (neuropsychologists); W.T. Spliet (neuropathologist); T.A. Gebbink 
(physician assistant); J.M. Ophorst‐van Eck (specialized nurse); T. De Groot (secretary). 
Epilepsy Centers of the Netherlands Foundation (SEIN)
R.M. Debets* (neurologist, adult epileptologist); D. Velis, S. Claus, M. Bourez‐Swart, A.W. de 
Weerd, W. van Emde Boas* (clinical neurophysiologists, epileptologists); W.C. Alpherts* (neuro-
psychologist); A. Hospes (specialized nurse). 
Epilepsy Center Kempenhaeghe
A.J. Colon, L. Wagner, H.W. ter Spill*, E.P. Veltman* (clinical neurophysiologists, epileptologists). 
Free University Medical Center Amsterdam
J.C. Baayen (neurosurgeon); C.J. Stam, H.E. Ronner (clinical neurophysiologists); E. Comans (nu-
clear radiologist); E. Sanchez (neuroradiologist). 
Maastricht University Medical Center
J. Dings (neurosurgeon); V. van Kranen‐Mastenbroek (clinical neurophysiologist); P. Hofman 
(neuroradiologist). 
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Abstract 
Background: Epilepsy surgery is a widely accepted treatment option for drug-resistant focal 
epilepsy. A detailed analysis of longitudinal postoperative seizure outcomes and use of 
antiepileptic drugs across different brain lesions causing epilepsy is not available. Such 
information would improve presurgical decision-making and counselling. 

Methods: Patients who had epilepsy surgery between 2000 and 2012 at 37 collaborating centres 
of the European Epilepsy Brain Bank consortium were studied. Histopathological diagnosis 
and a minimal dataset of clinical variables were collected. Outcome data included seizure- 
and medication-freedom at one, two, and five years. Proportions of seizure- and medication-
free subjects were reported for the seven main categories of histopathological diagnosis. 
We studied patterns of seizure and medication-freedom over time. Relative outcomes were 
computed using random effects multivariable logistic regression and the association between 
histopathology, duration of epilepsy, age at surgery and outcomes was characterised.

Findings: 9,147 patients were included. The diagnoses tumour, vascular malformation and 
hippocampal sclerosis had the best seizure outcome, with 76% (1239/1635), 74% (328/443), and 
72% (2108/2948) of subjects being seizure-free at two years after surgery, respectively. Lower 
rates of seizure-freedom were seen for malformation of cortical development 60% (1229/2040), 
encephalitis 60% (74/124), glial scar 59% (155/261), and those with no histopathological lesion 
54% (396/740). The proportion of both seizure- and medication-free patients was 3-9% at one 
year and increased to 17-43% at five years. Children were more often seizure- and drug-free, 
temporal lobe surgeries had the best seizure outcomes, and a longer duration of epilepsy was 
associated with reduced chance of seizure-freedom and seizure- and drug-freedom. 

Interpretation: This large, multi-centre cohort offers precise estimation of seizure- and drug-
free outcomes up to five years after resective brain surgery for epilepsy. Two-thirds of patients 
remained seizure-free. Histopathological diagnosis, age at surgery and duration of epilepsy are 
important prognostic factors.
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Research in context
Evidence before this study. We searched PubMed for original cohort studies describing 
outcomes of epilepsy surgery related to histopathology or aetiology, using the terms “epilepsy 
surgery”, “outcome OR seizure”, and “histopathology OR histopathological OR etiology OR 
aetiology”, without language restriction. Cohorts focusing on specific pathologies or brain 
regions were excluded since direct comparison of outcomes between pathologies would not 
be possible, as well as studies without a comparison in surgery outcomes between different 
aetiologies. The search yielded 252 results. Only five identified studies had sample sizes above 
five hundred patients. The largest cohort sample was 1,995. None of these studies included all 
pathological categories, including encephalitis and vascular malformations. Only one study 
included a category consistent with a brain scar. The only aetiology included in all five studies 
was hippocampal sclerosis, four looked at either focal cortical dysplasia or the total group of 
malformations of cortical development, and only three looked at outcomes for tumours. The 
identified studies did not provide detailed information on expected surgical outcomes for all 
classes of histopathological diagnoses, nor for specific diagnoses. Postoperative drug-freedom 
was not reported in any of the studies. None studied the effect of duration of epilepsy in the 
separate diagnoses.

Added value of this study. This study provides clear-cut estimates of epilepsy surgery outcomes 
up to five years after surgery, for all major classes of histopathological diagnosis and specific 
sub-diagnoses, based on 9,147 operated patients. There are important differences between 
the aetiologies regarding seizure- and drug-freedom, changes in seizure-freedom over the 
postoperative years, and the effect of duration of epilepsy on surgical outcome.

Implications of all the available evidence. Epilepsy surgery should be considered in every 
person with drug-resistant focal epilepsy: surgery renders the majority of selected patients 
seizure-free. Histopathology is an important predictor of seizure outcome. Other independent 
determinants of seizure- and drug-outcome are age at surgery, cerebral lobe, and duration of 
epilepsy. Longer duration of epilepsy is associated with poorer outcome. 
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Introduction
Epilepsy is one of the most prevalent and severe neurological disorders with around 70 
million individuals affected worldwide (Ngugi et al. 2010). Antiepileptic drugs are effective in 
approximately 70% of patients (Kwan and Brodie 2000; Picot et al. 2008), may have many side 
effects (Perucca et al. 2009), and merely suppress seizures, rather than modifying the disease 
course. Approximately 60% of drug-resistant patients with focal epilepsy have been reported 
to become seizure free one year after surgery (Blümcke et al. 2017) and elective surgery is 
increasingly recognized as curative treatment option (Ryvlin, Cross, and Rheims 2014). The range 
of reported seizure-freedom remains large, however, varying from 15% to 93%, depending – 
among other factors – on the number of seizures occurring before surgery, MRI findings, need 
for invasive diagnostics, definition of seizure freedom and duration of post-surgical follow-up 
(Ryvlin, Cross, and Rheims 2014; Gracia et al. 2015; Jobst and Cascino 2019; Bell et al. 2017). 
The underlying brain pathology is likely to also play a role in outcome assessment of surgical 
treatment (Jehi et al., 2015). Studying postoperative seizure-freedom rates in relation to the 
large spectrum of brain lesions and duration of follow-up, while adjusting for many different 
determinants of outcome, is a particular challenge and requires a large cohort of surgical 
patients and a multi-center approach. 

We recently described the spectrum of histopathological diagnoses in 9523 European patients 
who underwent epilepsy surgery between 1990 and 2014 (Blümcke et al. 2017). The study 
confirmed the unbalanced distribution of various disease conditions, and also showed that 
the proportion of histopathological categories varied largely between children and adults 
(Blümcke et al. 2017). 

In the current study, we aimed to substantiate (1) the association between histopathology and 
seizure outcome and drug-freedom up to five years after epilepsy surgery, and (2) the effects 
of age at surgery and duration of epilepsy among different histopathological diagnoses on 
outcome, in a cohort of 9147 epilepsy surgery patients across Europe. 

Methods
Study design and participants
The European Epilepsy Brain Bank is an EU-funded open collaboration of specialised epilepsy 
centres in Austria, Belgium, Croatia, the Czech Republic, Finland, France, Germany, Greece, Italy, 
the Netherlands, Portugal, the Russian Federation, Serbia, Spain, Sweden, Switzerland, Turkey, 
and the United Kingdom. Histopathological diagnoses of resected brain tissue were made at the 
local centres or the German Neuropathology Reference Center for Epilepsy Surgery in Erlangen, 
Germany (Blümcke et al. 2017). Patients in this database were included in the current study 
if epilepsy surgery was performed between January 2000 and December 2012. Information 
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regarding basic clinical parameters was provided by the participating centres. Collected data 
included sex, age at surgery (children, aged 0-17 years, versus adults), age at onset of epilepsy, 
duration of epilepsy prior to surgery, lobe of surgery (temporal, frontal, occipital, parietal or 
multilobar [including hemispheric], and hypothalamic resections), and side of surgery (left, 
right, and midline, i.e. hypothalamus). Participating centres were asked to provide seizure 
outcomes (classified using either Engel or ILAE scores) and antiepileptic drug (AED) use at 1, 2 
and 5 years. Patients were included in the study when at least seizure outcome was available 
for one of these time-points. In case of multiple surgeries, only histopathology and outcome 
data related to the first surgery were included. Histopathological diagnoses were divided into 
seven main categories: (1) no lesion (normal tissue or non-specific gliosis); (2) glial scarring 
(as result of an acute vascular event, i.e. hypoxemic or haemorrhagic infarction, trauma, or 
infection in the past); (3) encephalitis (Rasmussen encephalitis and ‘other’); (4) malformation of 
cortical development (MCD) (focal cortical dysplasia [FCD] type I, type II and FCD not otherwise 
specified, mild MCD, hypothalamic hamartoma, tuber, and ‘other’ rare conditions [including glio-
neuronal hamartoma, hemimegalencephaly, heterotopia, polymicrogyria]); (5) hippocampal 
sclerosis; (6) vascular malformation (cavernoma or ‘other’ [including meningioangiomatosis, 
as seen in Sturge-Weber syndrome, and arterio-venous malformations]), and (7) low-grade 
epilepsy-associated tumour (LEAT; dysembryoplastic neuroepithelial tumour, other low-
grade neuroepithelial tumours, diffuse glioma, ganglioglioma, pilocytic astrocytoma, and 
‘other’). The latter category included angiocentric neuroepithelial tumor, cyst, ependymoma, 
gangliocytoma, meningioma, neurocytoma, papillary glioneuronal tumour and pleomorphic 
xanthoastrocytoma. The study was approved by the ethics review board of the University of 
Erlangen, and all procedures were conducted in accordance with the ethics requirements of 
the contributing centres. Seizure outcome data of some patients who were included in single-
centre cohort studies have been reported before (Cloppenborg et al. 2019; Bien et al. 2013; 
Vermeulen et al. 2016; Lamberink et al. 2015b; Baud et al. 2018).  

Outcomes
Individual surgery outcomes were “seizure-freedom” and “both seizure- and drug-freedom”. 
From submitted data, seizure-freedom was defined as Engel class 1 (including subtypes 1a-
1d) (Engel et al. 1993) or ILAE class 1 and 2 (Wieser et al. 2001), for at least one year at time of 
outcome determination, and thus allowing for the presence of only auras. Seizure- and drug-
freedom was defined as both having an Engel 1/ILAE 1-2 score and complete freedom from 
AED. 

Statistical analysis
The difference in seizure-freedom between one and five years after surgery was computed 
for all diagnoses in the subgroup of patients with complete information at these two data 
points. The difference in seizure-freedom decline between categories was assessed with a chi-
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square test. The association between histopathology diagnosis and seizure-freedom at two 
years was determined with random-effects logistic regression models. We characterised the 
association between seizure- and drug-freedom and histopathological diagnosis only at five 
years postoperatively, because the proportion of drug-free patients increases with the number 
of years after surgery. Models were corrected for age at surgery, surgery year, location of 
surgery, duration of epilepsy and heterogeneity between centres. Interaction effects between 
histopathological diagnosis and duration of epilepsy further improved model fits. 

Missing data were imputed by means of multiple imputations using chained equations 
with predictive mean matching (Van Buuren and Groothuis-Oudshoorn 2011), with twenty 
imputation sets (Sterne et al. 2009). Imputed dataset regression results were pooled according 
to the Rubin rule. The age of onset of hippocampal sclerosis patients below the age of 6 was 
set to missing, as was their duration of epilepsy, which were subsequently imputed. This was 
done because descriptive analyses revealed that in 35% (1048/3038) of hippocampal sclerosis 
cases, collaborators had indicated an age of seizure onset below 6 years, therefore hampering 
a certain differentiation between a noted age of precipitating febrile seizures or status 
epilepticus (typically occurring before 6 years of age) and the age of onset of the subsequent 
temporal lobe seizures. Statistical modelling was done with ‘glmmTMB’, version 0.2.2.0 and R, 
version 3.4.1. A two-tailed p value of 0·05 or less was considered significant.

Role of the funding source
No funding source had any role in study design, collection, analysis and interpretation of data, 
writing the report, or the decision to submit the paper for publication.

Results
Information regarding histopathological diagnosis was available for 9601 epilepsy surgeries 
between 2000 and 2012, from 18 countries and 37 centres. Re-operations (77 subjects) and 
patients without clinical follow-up (377 subjects) were excluded, leaving a total cohort of 9147 
patients of whom 2952 (33%) were below the age of 18 years at time of surgery. Age at surgery 
ranged between <1 and 75 years, 48% were female, and 66% of surgeries were in the temporal 
lobe (Table 1). The largest categories of histopathological diagnosis were hippocampal 
sclerosis (36%), MCD (25%), and tumour (20%) (Table 1).

Of all sixteen variables relevant to the regression analyses, 15% of data points were missing 
(21,380/146,352), mainly in the antiepileptic drug status at five (59%), two (40%) and one year 
(36%), the seizure outcome at five (39%), two (10%), and one year (10%), and the age at onset 
of epilepsy (18%) and duration of epilepsy (18%) (Supplementary Table 1).
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Table 1 | Demographics

Variable
Total cohort 
(n=9147) Children (n=2952) Adults (n=5994)

Female/male
4429 (48·4%)/4714 
(51·6%)

1382 (46·8%)/1570 
(53·2%)

2960 (49·4%)/3030 
(50·6%)

Median age at onset (range) 10 (0-74) 2 (0-17) 15 (0-74)

Median duration in years (range) 11 (0-64) 4 (0-17) 17 (0-64)

Median age at surgery (range) 27 (0-75) 9·2 (0-17·9) 35 (18-75)

Location of surgery

Temporal 6018 (66·4%) 1176 (40·7%) 4730 (79·1%)

Frontal 1376 (15·2%) 660 (22·9%) 675 (11·3%)

Occipital 218 (2·4%) 105 (3·6%) 103 (1·7%)

Parietal 285 (3·1%) 128 (4·4%) 150 (2·5%)

Multilobar 1040 (11·5%) 727 (25·2%) 285 (4·8%)

Hypothalamus 128 (1·4%) 90 (3·1%) 36 (0·6%)

Side of surgery

Left 4577 (50·3%) 1463 (49·9%) 3020 (50·6%)

Hypothalamus 128 (1·4%) 90 (3·1%) 36 (0·6%)

Right 4396 (48·3%) 1380 (47·1%) 2913 (48·8%)

Histopathological diagnosis

Hippocampal sclerosis 3260 (35.6%) 384 (13%) 2816 (47%)

Malformation of cortical 
development 2264 (24.8%) 1300 (44%) 893 (14.9%)

Tumour 1849 (20.2%) 707 (23.9%) 1101 (18.4%)

No lesion 836 (9.1%) 223 (7.6%) 602 (10%)

Vascular 494 (5.4%) 109 (3.7%) 379 (6.3%)

Scar 298 (3.3%) 143 (4.8%) 148 (2.5%)

Encephalitis 146 (1.6%) 86 (2.9%) 55 (0.9%)
Because the variable ‘age at surgery’ was missing for 201 cases, the total of children and adults does not 
add up to 9147.

Seizure-freedom and AED-freedom over time
The histopathological diagnosis with most favourable seizure outcome at two years was 
‘tumour’ with 76% (1239/1635) seizure-free patients, followed by  74% (328/443) in vascular 
malformations, 72% (2108/2948) in hippocampal sclerosis, 60% (1229/2040) in MCD, 60% 
(74/124) in encephalitis, and 59% (155/261) in glial scar. Fifty-four percent (396/740) of patients 
with no histopathological lesion were seizure-free at two years. Outcome varied considerably 
between diagnostic subcategories (Table 2).
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Table 2 | Seizure-freedom (Engel1/ILAE 1-2) at 1, 2 and 5 years after surgery by histopathological diagnosis.

Histopathological 
diagnosis Diagnostic subcategories 1 year (n = 8247) 2 years (n = 8191) 5 years (n = 5577)

Hippocampal 
sclerosis 76·0% (2359/3103) 71·5% (2108/2948) 70·3% (1471/2092)

MCD 63·6% (1217/1914) 60·2% (1229/2040) 59·3% (793/1338)

FCD II 69·4% (496/715) 64·8% (516/796) 67·4% (370/549)

FCD (NOS) 71·3% (303/425) 69·7% (288/413) 59·5% (122/205)

FCD I 57·7% (124/215) 53·2% (132/248) 54·5% (85/156)

mMCD 50·3% (74/147) 45·5% (81/178) 48·9% (68/139)

Tuber 52·1% (62/119) 50·0% (58/116) 45·4% (44/97)

Hypothalamic hamartoma 43·2% (54/125) 43·0% (46/107) 49·3% (36/73)

Other 61·9% (104/168) 59·3% (108/182) 57·1% (68/119)

Tumour 78·7% (1314/1670) 75·8% (1239/1635) 74·2% (833/1122)

Ganglioglioma 83·1% (557/670) 80·4% (540/672) 77·4% (336/434)

DNET 77·7% (390/502) 74·8% (362/484) 74·6% (256/343)

Diffuse glioma 70·3% (154/219) 67·4% (126/187) 65·2% (90/138)

LGNET 71·6% (58/81) 70·6% (72/102) 68·9% (51/74)

Pilocytic astrocytoma 82·1% (46/56) 79·6% (43/54) 80·0% (28/35)

Other 76·8% (109/142) 70·6% (96/136) 73·5% (72/98)

No lesion 60·2% (435/723) 53·5% (396/740) 51·2% (247/482)

Gliosis 60·3% (330/547) 53·2% (311/585) 51·1% (182/356)

Normal tissue 59·7% (105/176) 54·8% (85/155) 51·6% (65/126)

Vascular 
malformation 77·1% (357/463) 74·0% (328/443) 72·2% (205/284)

Cavernoma 78·7% (270/343) 77·1% (249/323) 76·8% (152/198)

Other 72·5% (87/120) 65·8% (79/120) 61·6% (53/86)

Glial scar 62·1% (149/240) 59·4% (155/261) 56·1% (96/171)

Encephalitis 67·2% (90/134) 59·7% (74/124) 54·5% (48/88)

Rasmussen 78·2% (61/78) 72·2% (52/72) 57·7% (30/52)

Other 51·8% (29/56) 42·3% (22/52) 50·0% (18/36)

Total 71·8% (5921/8247) 67·5% (5529/8191) 66·2% (3693/5577)

The proportions of the main categories of histopathological diagnosis correspond to Figure 1. DNET = Dysembryoplastic 
neuroepithelial tumour. FCD I = Focal cortical dysplasia type I. FCD II = Focal cortical dysplasia type II. FCD (NOS) = Focal cortical 
dysplasia (not otherwise specified). MCD = Malformation of cortical development. mMCD = mild MCD. LGNET = Low-grade 
neuroepithelial tumour.
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Table 3 | Change in seizure-freedom over the years per histopathological diagnosis in 5077 patients 
with data available at both 1 year and 5 years postoperatively.

Histopathological diagnosis Total
Number seizure-free 

patients 1y
Number seizure-

free patients 5y
Delta seizure-

freedom

HS 1969 1472 1383 4·5%

MCD 1169 738 691 4·0%

Tumour 1022 791 761 2·9%

No lesion 398 229 201 7·0%

Vascular 274 208 200 2·9%

Scar 163 103 91 7·4%

Encephalitis 82 52 45 8·5%

TOTAL 5077 3593 3372 4·4%
Chi-squared test for the columns ‘total’ and ‘delta’: Χ-squared = 18·59, df = 6, p = 0·005. HS = hippocam-
pal sclerosis. MCD = malformation of cortical development.

In patients with the histopathological diagnosis of MCD, those with a hypothalamic hamartoma 
had a two-year seizure-freedom of 43% (46/107) compared to 65% (516/796) in those with FCD 
II. Figure 1 plots the proportion of seizure-free patients per diagnostic category, from one to 
five years postoperatively. As a sensitivity analysis, this figure was recreated using the subset 
of patients for whom seizure outcome was known at all three time points, yielding similar 
seizure-freedom rates and their change over time (Supplementary Figure 1). The decline in 
seizure-freedom from one to five postoperative years differed between the categories, with a 
decrease of 9% (7/82) for those with encephalitis, and 3% for vascular malformations (8/274) 
and tumours (30/1022). This difference was statistically significant (Table 3, chi-squared = 
18·59, degrees of freedom (df ) = 6, p = 0·005). 

Multivariable regression analysis (Table 4) revealed that, compared to the histopathological 
group of tumours, the chance of reaching seizure-freedom at two years was significantly 
lower for the diagnostic categories no lesion (odds ratio (OR) 0·37, 95% confidence interval 
(CI) 0·30-0·44) , scar (0·53, 0·36-0·77), encephalitis (0·56, 0·43-0·75), MCD (0·57, 0·49-0·66), and 
hippocampal sclerosis (0·85, 0·73-0·98) (Table 4). Seizure-freedom in tumour patients was not 
statistically different from that in patients with vascular malformation (0·93, 0·73-1·18) (Table 
4). Apart from histopathology, independent positive predictors of seizure-freedom at two 
years were: surgery in childhood, temporal lobe surgery, and shorter duration of epilepsy.

The proportion of both seizure- and AED-free patients is displayed in Figure 2 and 
Supplementary Table 2. Seizure- and drug-freedom rates increased over time, varying 
between 3% to 9% at one year postoperatively and 17% to 43% at five years (Supplementary 
Figure 2). After adjusting for potential confounders, the relation between histopathology and 
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seizure- and drug-freedom at five years was similar to the relation between histopathology 
and seizure-freedom (Supplementary Table 3). People with tumours were significantly more 
often seizure- and drug-free at five years after surgery, compared with patients with no lesion 
(OR 0·32, 95% CI 0·23-0·44), scar (0·33, 0·21-0·53), encephalitis (0·39, 0·24-0·64), MCD (0·54, 
0·43-0·69), and hippocampal sclerosis (0·68, 0·56-0·83) (Supplementary Table 3). There was 
no significant difference in seizure- and AED-freedom between patients with tumours and 
vascular malformations (OR 0·86, 95% CI 0·58-1·27) (Supplementary Table 3). Independent 
positive predictors of seizure- and drug-freedom at five years were – apart from histopathology 
– younger age, temporal surgery, and shorter epilepsy duration.

The proportion of seizure-freedom varied between centres, with an interquartile range of 62-
74% seizure-free patients at five years (Supplementary Figure 3). For seizure- and drug-freedom 
at five years the variation between centres was much larger, with an interquartile range of 18-
37% (Supplementary Figure 3). This natural variation between centres was effectively modelled 
with random intercepts.

Differential effect of duration of epilepsy
Overall, epilepsy duration before surgery was negatively correlated with seizure-freedom 
outcome (OR 0·99, 95% CI 0·98-0·99, p < 0·0001, Table 4), shorter duration correlating with 
better outcome. The effect of duration on seizure-freedom varied across the different 
diagnoses. An interaction effect between diagnosis and duration (Supplementary Table 4) 
significantly improved the model fit (Likelihood ratio test between model with and model 
without interaction effect between duration of epilepsy and diagnosis, Chi-squared = 39·7, 
df = 6, p < 0·0001). Figure 3 visualises the difference in the effect of duration on outcome 
between the diagnoses. This figure illustrates that, as an example, an adult with a tumour in the 
temporal lobe has an 83% chance of seizure-freedom at two years when surgery is performed 
within a year after epilepsy onset; when surgery is delayed until 20 years after epilepsy onset, 
this chance is reduced to 74%. A similar pattern is seen for the other diagnoses, except for MCD 
and hippocampal sclerosis. In the latter two categories, the odds ratio for duration was 1·00 
(0·99-1·01) and 1·00 (0·98-1·01), respectively.
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Figure 1 | Proportion of patients who were seizure free (Engel 1/ILAE 1-2) at 1 (n=5921/8247), 
2 (n=5529/8191) and 5 (n=3693/5577) years after surgery.
The exact proportions corresponding to this figure are indicated in Table 2. For the same 
information on cases with information available on all three follow-up time-points, see the 
complete case Supplementary Figure 1. HS = hippocampal sclerosis. MCD = malformation of 
cortical development.

Figure 2 | Proportion of patients who were both seizure free (Engel 1/ILAE 1-2) and had 
completely discontinued antiepileptic drugs at 1 (n=323/5861), 2 (n=881/5461) and 5 
(n=1250/3753) years after surgery.
For the same information on cases with information at three time-points, see the complete 
case Supplementary Figure 2. HS = hippocampal sclerosis. MCD = malformation of cortical 
development.
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Table 4 | Multivariable regression model with seizure-freedom (Engel 1/ILAE 1-2) at 2 years after 
surgery as outcome.

Variable Odds ratio 95% CI p value

Histopathological diagnosis

Tumour 1·00 (ref )

Vascular 0·93 0·73 1·18 0·54

HS 0·85 0·73 0·98 0·03

MCD 0·57 0·49 0·66 <0·0001

Encephalitis 0·56 0·43 0·75 0·0004

Scar 0·53 0·36 0·77 0·001

No lesion 0·37 0·30 0·44 <0·0001

Age at surgery

< 18 years 1·00 (ref )

≥ 18 years 0·80 0·69 0·92 0·002

Surgery year 1·00 0·99 1·02 0·63

Location of surgery

Temporal 1·00 (ref )

Frontal 0·62 0·53 0·72 <0·0001

Hypothalamus 0·27 0·18 0·42 <0·0001

Multilobar 0·77 0·65 0·92 0·004

Occipital 0·62 0·46 0·84 0·002

Parietal 0·70 0·53 0·92 0·01

Duration of epilepsy 0·99 0·98 0·99 <0·0001

Duration of epilepsy is the time between the first seizure and surgery in years. Surgery year is the year in 
which surgery was performed (from 2000 to 2012). HS = hippocampal sclerosis. MCD = malformation of 
cortical development.
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Figure 3 | Predicted probabilities of seizure-freedom (Engel 1/ILAE 1-2) 
at two years for the different diagnoses, plotted against duration of 
epilepsy.
Individual dots indicate predicted probability of included patients, based 
on the model presented in Supplementary Table 4. Lines are the average 
predicted probability for each histopathological diagnosis (with age 
at surgery = adult, surgery year = 2007, and location = temporal). HS = 
hippocampal sclerosis. MCD = malformation of cortical development.

Comparing adults and children
Overall, children had a better prognosis of seizure-freedom than adults: the odds ratio for 
seizure-freedom in patients who underwent surgery above the age of 17 years was 0·80 (95% 
CI 0·69-0·92, Table 4). Uncorrected for confounders however, group averages were similar with 
67% seizure-free children (1131/1680) and 66% seizure-free adults (2475/3728) at five years. 
In all pathology categories, except MCD and vascular lesions, children had higher proportions 
of seizure-freedom at five years (Figure 4). To study the effect of age at surgery within the 
diagnoses, an interaction effect between these variables was added to the regression model 
(Supplementary Table 5). Only MCD was significantly different from the reference category 
tumour (p for interaction 0·02), with no a difference between adults and children regarding 
seizure-freedom at two years. Figure 5 displays the comparison between children and adults 
regarding seizure- and drug-freedom, with even larger differences between the two groups. For 
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all categories, children were more often seizure- and drug-free, with between 11-32% (group 
average 45%) more seizure and drug-free children as compared to adults (group average 28%), 
depending on the diagnosis (Figure 5). The adjusted odds ratio for seizure- and drug-freedom 
when operated at adult age was 0·56 (95% CI 0·45-0·69, Supplementary Table 3).

Figure 4 | Proportion of patients who were seizure free (Engel 1/ILAE 1-2) at 5 years compared 
between children (n = 1131/1680) and adults (n = 2475/3728)
HS = hippocampal sclerosis. MCD = malformation of cortical development.

Figure 5 | Proportion of patients who were both seizure free (Engel 1/ILAE 1-2) and completely 
discontinued antiepileptic drugs at 5 years compared between children (n = 526/1175) and adults 
(n = 703/2490)
HS = hippocampal sclerosis. MCD = malformation of cortical development.
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Discussion
In this large multi-centre cohort study of 9,147 patients who underwent epilepsy surgery across 
eighteen European countries between 2000 and 2012, histopathological diagnosis was an 
important and independent determinant of surgery outcome. Average seizure-freedom for all 
patients was 68% at two years post-surgery, varying from 76% in patients with brain tumours to 
54% in those without a microscopically confirmed lesion. From one to five years after surgery, 
seizure-freedom rates dropped in the range of 3% to 9%, depending on the underlying brain 
lesion and least so in patients with vascular lesions and tumours. Independent predictors 
of seizure-freedom and of seizure- and drug-freedom were histopathology, younger age at 
surgery, temporal lobe location of surgery, and a shorter disease duration before surgery. 

In our study, children had a better prognosis regarding seizure-freedom across all major 
histopathology diagnoses, and more children discontinued medication after surgery. 
However, not all previously published studies concur with this observation. A multi-centre 
study comparing 402 children to 896 adults presented a seizure-freedom rate of 70% for 
children and 69% for adults two years after surgery (Baud et al. 2018). The multivariable 
odds ratio in that study was not significantly different from 1. Another single-centre study 
comparing 690 children with 1305 adults described 58% of children being seizure-free at two 
years and 48% of adults (Cloppenborg et al. 2019). Our study revealed that children undergo 
more often a resection outside the temporal lobe, less often have a diagnosis of hippocampal 
sclerosis, and more often suffer from pathologies that are known to have worse outcomes, 
such as encephalomalacia (histopathologically classified as glial scar). Despite this relatively 
unfavourable prognostic profile, surgery in childhood was associated with equal surgical 
outcomes, independent of an inherently shorter duration of epilepsy in this group of patients.

Previous large studies (maximum of 1995 subjects) have analysed the relation between 
histopathology and surgery outcomes (Alsemari et al. 2014; Baud et al. 2018; Bien et al. 2013; 
Cloppenborg et al. 2019; Radhakrishnan et al. 2018; Jehi et al. 2015). Reported seizure-freedom 
was between 49% and 73% in these cohorts, at various time intervals after surgery, and the 
only aetiology that was uniformly characterised in all studies was hippocampal sclerosis. The 
recognition of all other aetiologies varied considerably across these studies rendering a reliable 
conclusion of surgery outcome for different brain lesions problematic. Our large collection of 
data bridges this gap and provides a comprehensive overview of histopathology entities and 
seizure outcome at 1, 2 and 5 years after surgery.  Several studies have suggested that shorter 
disease duration is a predictive measure for better outcome (Wieser et al. 2003; Janszky et al. 
2005; Edelvik et al. 2013; Lamberink et al. 2015a; Jehi et al. 2015), substantiated by a recent 
aggregate meta-analysis (Bjellvi et al. 2019). We obtained identical results (Figure 3) with two 
observations in need of further clarification. In the MCD category, duration of epilepsy was 
not correlated with outcome. Heterogeneity of various histopathology subtypes within the 
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MCD category may explain this finding. As an example, the group contains a cohort of 364 
patients with a poor outcome pathology (tuber and FCD I), who had a shorter duration of 
epilepsy (mean 4.6 and 7 years respectively), in contrast with the large group of 1209 good 
outcome patients (FCD II and FCD NOS) who had a longer duration of epilepsy (9 and 10 years 
respectively). The absence of an effect of duration for the hippocampal sclerosis patients is 
also difficult to explain, although other studies reported similar results where duration had 
an effect on outcome except in the case of hippocampal sclerosis (Jehi et al., n.d.; Wieser et al. 
2003; Chassoux et al. 2017); only one study showed a possible effect for hippocampal sclerosis 
patients specifically (Janszky et al. 2005). 

In contrast to the other known predictors of surgical outcome, duration of epilepsy is the only 
factor that can be influenced by decisions made after the diagnosis of drug-resistant epilepsy. 
Many studies have shown a delay in referral of patients with focal epilepsy to a specialised 
epilepsy surgery centre (Erba et al. 2012; Kumlien and Mattsson 2010; De Flon et al. 2010; Uijl et 
al. 2012), with an average time between onset and  epilepsy surgery of twenty years in adults 
(Blümcke et al. 2017). Another factor might be the patients’ perspective on epilepsy surgery. A 
recent study among German epileptologists and patients (Steinbrenner, Kowski, and Holtkamp 
2019) found that only one in three patients followed the epileptologists’ recommendation to 
enter presurgical evaluation. This is often caused by fear, possible postoperative handicaps or 
cognitive deficits. It is also related to the lack of success of surgery in >25% of cases. Counselling 
on the expected benefits and low risks of surgery to patients, and improving referral practices 
from secondary to tertiary care may shorten the duration until surgery and improve outcomes.

Although 51-74% of patients were free from disabling seizures (Engel class I), only 20-44% of 
them were both seizure- and drug-free at five years. This contrast was more pronounced in 
adults, where only 10-36% were seizure- and drug-free at five years, compared to 36-57% of 
children. The fact that children withdraw from medication more often and earlier than adults 
was also observed in a Swedish national study (Edelvik et al. 2013).  A major contributing factor 
for the difference between adults in children are the consequences of AED withdrawal and the 
risk of seizure recurrence. For adults these consequences may have a much larger impact, for 
example by losing a driver licence (Bonnett et al. 2011), but also factors like occupation and 
stigma could play a role. Hence, these differences may not reflect a difference in seizure control 
without AEDs, but rather the different attitudes between adults and patients.

Strengths and limitations of this study
This is the largest study on histology findings in epilepsy surgery with outcome data available 
at 1, 2 and 5 years after surgery with or without AED withdrawal. Including more than 9,000 
patients allowed for precise analyses of the effects on seizure outcome for all aetiologies 
separately, and of the independent effect of duration of epilepsy within subgroups. Epilepsy 
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surgery outcomes are usually presented for cohorts of only several hundred patients, limiting 
the possibilities of subgroup analysis or correcting for multiple confounding factors. Many 
studies dichotomise, therefore, between temporal and extratemporal lobe surgeries, or 
assemble smaller aetiologies together into “others”. Another strength of our histopathology-
based approach is a reliable phenotyping of patients with low chance of misclassification. The 
only category where misclassification plays a role is the ‘no lesion’ group. However, the majority 
of patients in this group had TLE without microscopic evidence of hippocampal sclerosis. In a 
small proportion of the no-lesion group the primary pathological tissue may not have been 
sent for review or left in place after being disconnected, as often is the case in hemispheric 
surgeries (i.e. sampling error).Drawing causal inferences from observational data is an inherent 
difficulty challenging our conclusions on the effect of duration of epilepsy. Interestingly, the 
beneficial effect of short disease duration remained after correcting for the confounders age 
at surgery, histopathology, and surgery lobe. Other probable confounders were not available 
for analysis, however, such as preoperative MRI data, EEG characteristics, completeness of 
resection and resection volume, medical and seizure history (Ryvlin, Cross, and Rheims 2014; 
Gracia et al. 2015; Jobst and Cascino 2019; Bell et al. 2017), which may decrease the true effect. 
Complexity of the epilepsy syndrome may have confounded the relation between duration 
of epilepsy and outcome. The presurgical evaluation trajectory – and possibly also the time 
interval before referral to a surgical centre – may have been longer in patients with less 
straight-forward focal structural epilepsies, in whom the need for more presurgical diagnostic 
investigations inherently reflects a lower chance of surgical success (Gracia et al. 2015; Ryvlin, 
Cross, and Rheims 2014).

Due to the retrospective design of the data collection not all clinical parameters were available 
and data entries have not been standardised. The outcome data were not complete for all 
three time-points in all patients. The sensitivity analyses using only those patients with all three 
outcomes available, however, showed no discrepancies when compared to the main results 
presented in this study. By imputing missing data for the logistic regression this problem is 
largely overcome (Sterne et al. 2009).

Finally, we used an imperfect measure of seizure freedom. Engel class 1 contains four 
subdomains, of which only Engel class 1A entails complete seizure freedom ever since surgery 
(similar to ILAE class 1). Formally, we have therefore only reported on “freedom from disabling 
seizures”, which has two consequences for the interpretation of results: (1) in a small proportion 
of patients with good outcome, we don’t know whether surgery with curative intent had been 
fully successful, and (2)  discontinuation of medication is not possible for everyone with an 
Engel class 1 score, explaining part of the discrepancy between seizure-freedom and drug-
freedom.
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In conclusion, this patient cohort from the European Epilepsy Brain Bank allowed for 
comparison of surgery outcome across all major disease aetiologies. Seizure-freedom dropped 
from 72% at one year postoperatively to 66% at five years, with important differences between 
histopathological diagnoses. Apart from histopathology, important factors associated with 
good outcome after surgery are a short duration of epilepsy, young age at surgery, and when 
the temporal lobe was targeted for surgery. 
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SUPPLEMENTARY FIGURES AND TABLES

Supplementary Table 1 | Missing data.

Variable
Number of 

datapoints missing
Percent datapoints 

missing

Center 0 0%

Surgery year 0 0%

Histopathological diagnosis 0 0%

Histopathological subdiagnosis 0 0%

Sex 4 0%

Side 46 1%

Location 82 1%

Age at surgery 201 2%

Seizure outcome at 1 year 900 10%

Seizure outcome at 2 years 956 10%

Age at onset 1686 18%

Duration 1692 18%

AED status at 1 year 3273 36%

Seizure outcome at 5 years 3570 39%

AED status at 2 years 3618 40%

AED status at 5 years 5352 59%

Total n missing variables 21380 15%

Legend to S.Table: Patterns of missing data. Total data points: 146,352. 
AED: antiepileptic drug
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Supplementary Figure 1 | Seizure freedom at 1, 2 and 5 years after surgery in all patients 
with information at all three time-points (n=5011). 
LHS = hippocampal sclerosis. MCD = malformation of cortical development.

Supplementary Figure 2 | Seizure- and AED freedom at 1, 2 and 5 years after surgery in all 
patients with information at all three time-points (n=3669). 
HS = hippocampal sclerosis. MCD = malformation of cortical development.
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Supplementary Table 2 | Proportion of patients who were both seizure free (Engel 1) and had completely 
discontinued antiepileptic drugs at 1, 2 and 5 years after surgery by histopathological diagnosis.

Histopathological 
diagnosis

Diagnostic 
subcategories 1 year (n = 5861) 2 years (n = 5461) 5 years (n = 3753)

Hippocampal sclerosis 5·5% (123/2228) 13·2% (257/1940) 32·8% (423/1290)

MCD 5·7% (76/1323) 15·6% (208/1330) 30·9% (299/969)

Tuber 3·1% (2/64) 11·3% (7/62) 21·6% (11/51)

mMCD 0% (0/102) 9·3% (11/118) 25·3% (25/99)

Hypothalamic 
hamartoma 16·4% (11/67) 19·6% (9/46) 21·2% (7/33)

FCD I 2·6% (4/156) 5·3% (8/150) 14·8% (18/122)

FCD II 5·8% (29/504) 15·8% (86/545) 34·9% (147/421)

FCD (NOS) 6·4% (20/314) 19·7% (59/300) 37·0% (57/154)

Other 8·6% (10/116) 25·7% (28/109) 38·2% (34/89)

Tumour 5·5% (64/1170) 22·3% (245/1101) 44·2% (338/764)

Diffuse glioma 5·8% (9/155) 148·0% (17/121) 28·4% (27/95)

LGNET 4·9% (2/41) 17·7% (11/62) 42·3% (22/52)

DNET 6·9% (27/392) 21·4% (74/346) 44·7% (109/244)

Ganglioglioma 3·9% (18/458) 25·2% (115/457) 51·0% (149/292)

Pilocytic astrocytoma 0% (0/24) 13·6% (3/22) 37·5% (6/16)

Other 8·0% (8/100) 26·9% (25/93) 38·5% (25/65)

No lesion 3·4% (20/593) 10·4% (61/584) 20·2% (77/381)

Gliosis 3·1% (14/454) 10·6% (50/470) 22·1% (65/294)

Normal tissue 4·3% (6/139) 9·6% (11/114) 13·8% (12/87)

Vascular malformation 6·7% (21/315) 24·8% (74/298) 36·6% (70/191)

Cavernoma 4·8% (11/228) 23·8% (51/214) 36·7% (47/128)

Other 11·5% (10/87) 27·4% (23/84) 36·5% (23/63)

Glial scar 5·6% (8/144) 12·3% (16/130) 24·3% (25/103)

Encephalitis 12·5% (11/88) 25·6% (20/78) 32·7% (18/55)

Rasmussen 13·6% (8/59) 28·0% (14/50) 41·7% (15/36)

Other 10·3% (3/29) 21·4% (6/28) 15·8% (3/19)

Total 5·5% (323/5861) 16·1% (881/5461) 33·3% (1250/3753)

The proportions of the main categories correspond to Figure 2.
DNET = Dysembryoplastic neuroepithelial tumour. FCD I = Focal cortical dysplasia type I. FCD II = Focal cortical dysplasia 
type II. FCD (NOS) = Focal cortical dysplasia (not otherwise specified). MCD = Malformation of cortical development. mMCD 
= minimal MCD. LGNET = Low-grade neuroepithelial tumour.
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Supplementary Table 3 | Multivariable logistic regression with seizure- and AED freedom at 5 years 
after surgery as outcome.

Variable Odds ratio 95% CI p value

Histopathological diagnosis

Tumour 1·00 (ref )

Vascular 0·86 0·58 1·27 0·45

HS 0·68 0·56 0·83 0·0004

MCD 0·54 0·43 0·69 <0·0001

Encephalitis 0·39 0·24 0·64 0·0002

Scar 0·33 0·21 0·53 <0·0001

No lesion 0·32 0·23 0·44 <0·0001

Age at surgery

< 18 years 1·00 (ref )

≥ 18 years 0·56 0·45 0·69 <0·0001

Surgery year 1·00 0·98 1·02 0·99

Location of surgery

Temporal 1·00 (ref )

Frontal 0·77 0·63 0·94 0·01

Hypothalamus 0·42 0·24 0·74 0·003

Multilobar 1·06 0·84 1·34 0·63

Occipital 0·64 0·39 1·03 0·07

Parietal 0·91 0·65 1·28 0·59

Duration of epilepsy 0·97 0·97 0·98 <0·0001

Duration of epilepsy is the time between the first seizure and surgery in years. Surgery year is the year in 
which surgery was performed.
HS = hippocampal sclerosis. MCD = malformation of cortical development.
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Supplementary Figure 3 | Histogram of surgery outcomes per centre. 
For every centre, the proportion of seizure free and seizure-, and drug free patients was 
computed. Seizure freedom data at five years was available for 33 centres, and 31 centres had 
data available regarding seizure-, and drug freedom at five years.
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Supplementary Table 4 | Multivariable logistic regression with seizure-freedom at 2 years after 
surgery as outcome, including an interaction effect between diagnosis and duration of epilepsy.

Variable Odds ratio 95% CI p value p for interaction

Histopathological diagnosis

Tumour 1·00 (ref )

Vascular 0·91 0·71 1·17 0·47

HS 0·85 0·73 0·99 0·04

MCD 0·62 0·53 0·72 <0·0001

Encephalitis 0·58 0·43 0·77 0·0002

Scar 0·52 0·32 0·84 0·007

No lesion 0·39 0·32 0·47 <0·0001

Age at surgery

< 18 years 1·00 (ref )

≥ 18 years 0·80 0·69 0·93 0·003

Surgery year 1·00 0·99 1·02 0·74

Location of surgery

Temporal 1·00 (ref )

Frontal 0·60 0·52 0·70 <0·0001

Hypothalamus 0·27 0·18 0·41 <0·0001

Multilobar 0·77 0·64 0·91 0·003

Occipital 0·61 0·45 0·83 0·001

Parietal 0·68 0·52 0·89 0·005

Duration (for tumour) 0·97 0·96 0·98 <0·0001 Reference

Duration (for vascular) 0·96 0·94 0·98 0·0004 0·33

Duration (for HS) 1·00 0·98 1·01 0·53 0·0001

Duration (for MCD) 1·00 0·99 1·01 0·84 0·0001

Duration (for encephalitis) 0·97 0·95 0·99 0·02 0·99

Duration (for scar) 0·98 0·94 1·02 0·31 0·76

Duration (for no lesion) 0·98 0·97 1·00 0·03 0·17

Duration of epilepsy is the time between the first seizure and surgery in years. Surgery year is the year in 
which surgery was performed. P for interaction: when < 0·05, the conclusion is that the effect of duration 
is significantly different from the effect in the reference category.
HS = hippocampal sclerosis. MCD = malformation of cortical development.
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Supplementary Table 5 | Multivariable regression model with seizure-freedom at 2 years after 
surgery as outcome, using all potential confounders and an interaction between age and 
histopathological diagnosis as independent variables.

Variable Odds ratio 95% CI p value p for interaction

Histopathological diagnosis

Tumour 1·00 (ref )

Vascular 0·67 0·38 1·18 0·17

HS 0·84 0·60 1·17 0·30

MCD 0·48 0·36 0·64 <0·0001

Encephalitis 0·56 0·34 0·92 0·02

Scar 0·72 0·34 1·48 0·37

No lesion 0·45 0·31 0·67 0·0001

Surgery year 1·00 0·99 1·02 0·82

Location of surgery

Temporal 1·00 (ref )

Frontal 0·61 0·52 0·71 <0·0001

Hypothalamus 0·28 0·19 0·43 <0·0001

Multilobar 0·76 0·64 0·91 0·003

Occipital 0·62 0·46 0·84 0·002

Parietal 0·68 0·52 0·90 0·006

Duration (for tumour) 0·97 0·96 0·98 <0·0001 Reference

Duration (for vascular) 0·96 0·93 0·98 0·0004 0·19

Duration (for HS) 1·00 0·98 1·01 0·60 0·0007

Duration (for MCD) 0·99 0·97 1·00 0·16 0·07

Duration (for encephalitis) 0·97 0·94 1·00 0·07 1·00

Duration (for scar) 0·99 0·95 1·04 0·83 0·37

Duration (for no lesion) 0·99 0·97 1·01 0·20 0·10

Adult age at surgery (for tumour) 0·71 0·54 0·94 0·02 Reference

Adult age at surgery (for vascular) 1·05 0·56 1·97 0·88 0·23

Adult age at surgery (for HS) 0·74 0·51 1·08 0·12 0·83

Adult age at surgery (for MCD) 1·14 0·78 1·68 0·50 0·02

Adult age at surgery (for 
encephalitis) 0·73 0·37 1·42 0·35 0·95

Adult age at surgery (for scar) 0·40 0·17 0·95 0·04 0·20

Adult age at surgery (for no lesion) 0·58 0·36 0·91 0·02 0·37

Duration of epilepsy is the time between the first seizure and surgery in years. Surgery year is the year 
in which surgery was performed. P for interaction: when < 0·05, the conclusion is that the effect of x (in 
this case duration, and adult vs. childhood age at surgery) is significantly different from the effect in the 
reference category.
HS = hippocampal sclerosis. MCD = malformation of cortical development.
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Abstract
Background: The goals of intentional curative pediatric epilepsy surgery are to achieve 
seizure-freedom and antiepileptic drug (AED) freedom. Retrospective cohort studies have 
indicated that early postoperative AED withdrawal unmasks incomplete surgical success and 
AED dependency sooner, but not at the cost of long-term seizure outcome. Moreover, AED 
withdrawal seemed to improve cognitive outcome. A randomized trial is needed to confirm 
these findings. We hypothesized that early AED withdrawal in children is not only safe, but also 
beneficial with respect to cognitive functioning.

Design: This is a multi-center pragmatic randomized clinical trial to investigate whether early 
AED withdrawal improves cognitive function, in terms of attention, executive function and 
intelligence, quality of life and behavior, and to confirm safety in terms of eventual seizure 
freedom, seizure recurrences and “seizure and AED freedom.” Patients will be randomly 
allocated in parallel groups (1:1) to either early or late AED withdrawal. Randomization will be 
concealed and stratified for preoperative IQ and medical center. In the early withdrawal arm 
reduction of AEDs will start 4 months after surgery, while in the late withdrawal arm reduction 
starts 12 months after surgery, with intended complete cessation of drugs after 12 and 20 
months respectively. Cognitive outcome measurements will be performed preoperatively, 
and at 1 and 2 years following surgery, and consist of assessment of attention and executive 
functioning using the EpiTrack Junior test and intelligence expressed as IQ (Wechsler 
Intelligence Scales). Seizure outcomes will be assessed at 24 months after surgery, and at 20 
months following start of AED reduction. We aim to randomize 180 patients who underwent 
anticipated curative epilepsy surgery below 16 years of age, were able to perform the EpiTrack 
Junior test preoperatively, and have no predictors of poor postoperative seizure prognosis 
(multifocal magnetic resonance imaging (MRI) abnormalities, incomplete resection of the 
lesion, epileptic postoperative electroencephalogram (EEG) abnormalities, or more than three 
AEDs at the time of surgery).

Discussion: Growing experience with epilepsy surgery has changed the view towards 
postoperative medication policy. In a European collaboration, we designed a multi-center 
pragmatic randomized clinical trial comparing early with late AED withdrawal to investigate 
benefits and safety of early AED withdrawal. The TTS trial is supported by the Dutch Epilepsy 
Fund (NL 08-10) ISRCTN 88423240, 08/05/2013.
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Background
For children with refractory epilepsy, epilepsy surgery is a successful and widely accepted 
therapeutic option with postoperative seizure freedom rates ranging from 41 to 93 % (Spencer 
and Huh 2008; Ryvlin, Cross, and Rheims 2014). In patients who have been operated on and 
who have reached seizure freedom the ultimate goal is to discontinue antiepileptic drug (AED) 
use and to improve developmental capacities (Shields 2000; Cross 2002; Van Schooneveld 
and Braun 2013). AEDs are known to have cognitive side-effects, particularly in children. Most 
affected cognitive functions are attention, vigilance and psychomotor speed (Loring and 
Meador 2004; Meador 2002; Lossius et al. 2008; Skirrow et al. 2011). AED reduction has been 
reported to improve cognitive processing under time pressure (Lossius et al. 2008; Hessen et 
al. 2006), psychomotor speed and alertness (AP Aldenkamp et al. 1993, 1998; Van Schooneveld 
et al. 2013), processing speed (Hallböök et al. 2013), verbal memory (Meekes et al. 2013) and 
Intelligence Quotient (IQ) (Skirrow et al. 2011). The growing body of evidence that cognitive 
functioning improves after AED withdrawal has increased awareness of the possible benefits 
of the earliest possible withdrawal of AEDs after epilepsy surgery. Two recently published 
studies (Boshuisen et al. 2012; Yardi et al. 2014) showed that early withdrawal of drug 
treatment unmasks incomplete surgical success and AED dependency sooner, but not at the 
cost of worse long-term seizure outcome. Thus, early AED withdrawal would discern the few 
that require further AEDs from the many that can safely stop, without changing the chance 
of regaining seizure freedom. A pressing question is whether early AED withdrawal improves 
cognitive outcome measures, as compared to current care with usually later AED withdrawal. 
To answer that question we designed a pragmatic randomized clinical trial to investigate the 
benefits and safety of early AED withdrawal after epilepsy surgery in children. We hypothesize 
that 1) children who discontinue AED’s early have better cognitive scores, behavior and quality 
of life than those who discontinue late, particularly at 1 year after surgery (when 1 group is 
without AEDs and the other is still on AEDs), and maybe persisting from then on, and 2) early 
AED withdrawal is safe and does not cause more recurrences that are unresponsive to restart 
of medication, than late withdrawal.

Study objectives
The primary objective is to investigate whether early AED withdrawal improves cognitive 
function, in terms of attention and executive functions, compared to late AED reduction. 
The secondary objectives are to assess (improvement in) IQ, and safety, in terms of seizure 
recurrences, long-term seizure freedom and “seizure and AED freedom” of early versus late AED 
withdrawal. Seizure freedom will be defined as complete seizure freedom (including auras), 
expressed as Engel 1A or ILAE class 1 for at least 1 year (Engel, Van Ness, et al. 1993; Engel and 
International League Against Epilepsy 2001), and “seizure and AED freedom” as being seizure 
free without medication for at least 1 year. In addition, we will compare behavior, quality of life 
and other neuropsychological outcomes between the two AED withdrawal strategies.
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Methods/Design
Study design
The TimeToStop trial will be a European multicenter pragmatic randomized clinical trial. In the 
Netherlands the trial has been approved by the Medical Ethical Committee of the University 
Medical Center Utrecht, which is the leading ethical committee. Other participating centers 
are in the process of protocol submission and have not yet obtained definite approval. Only 
then, local patient recruitment will start. For every patient who will be included in the trial we 
will obtain informed consent. In the TimeToStop trial, index intervention is early withdrawal: 
AED withdrawal is started 4 months after surgery and completed within 8 months after start 
of withdrawal (thus, at latest 12 months postoperatively). Reference intervention is late AED 
withdrawal: tapering off medication starts at 12 months after surgery and completion should 
be within 20 months after surgery. For both treatment arms, the total tapering period is set 
at 8 months maximum and clinicians may decide which AED they want to taper first and at 
what speed they will reduce each individual drug. A tapering period of 8 months is considered 
reasonable, as from the retrospective TimeToStop (TTS) study (Boshuisen et al. 2012) it could 
be calculated that patients who fulfill the inclusion criteria used on average 1.7 AEDs prior to 
surgery (range 0–3). The late (reference) starting point of AED tapering – i.e. 12 months – is 
based on current practice; the median interval between surgery and drug reduction in our 
retrospective European study was 12.5 months (Boshuisen et al. 2012). The 4 months’ time-point 
in the early withdrawal group is selected mainly because of logistical reasons. First, informing 
parents and recruiting patients needs time. Second, inclusion requires proof of early surgical 
success, which needs a certain time window to discriminate between acute postoperative 
(running-down) seizures and true seizure recurrence. Third, in some children clinicians may 
want to prove completeness of resection by performing a postoperative magnetic resonance 
imaging (MRI), for which a minimum follow-up time of a few months is required. For both 
intervention strategies, the treating physician is allowed to start tapering earlier if patients 
experience unacceptable side effects of prescribed AEDs. Rescue medication that is started 
preoperatively and withdrawn shortly after surgery, can be discontinued according to existing 
local routine practice, and will not be investigated in this study.

The trial’s primary outcome measure at 1 year after surgery is cognitive functioning, in terms 
of attention and executive functioning, which will be assessed using the EpiTrack Junior (C 
Helmstaedter et al. 2010). As secondary cognitive outcome measure, intelligence will be tested 
with the Wechsler Preschool and Primary Scales, the Wechsler Intelligence Scale for children, or 
the Wechsler Adult Intelligence scale, depending on the children’s age and capabilities; scores 
derived are Verbal (VIQ), Performal (PIQ) and Full-scale IQ, perceptual organization or reasoning 
and information processing speed index scores. We will measure baseline neuropsychological 
status maximum 3 months before surgery (t1), and thereafter at 12 months (±2 months) 
(t2) and 24 months (±2 months) (t3) postoperatively. Patients and/or parents will at all 
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neuropsychological test points complete three types of questionnaires to assess the secondary 
outcome measures: the Child Behavior Checklist (CBCL) and the the Hague Side Effects Scale 
(HASES) (Carpay et al. 2002) will be completed by the parents, and the Pediatric Quality of Life 
InventoryTM (PedsQL™) will be completed by both parents and patients. This design will allow 
us to assess whether cognitive performance is better in the early AED-withdrawal group, with 
patients being AED-free at 1 year following surgery, compared to the group that is still on full 
medication at the first postoperative time point. It will also enable the study of differences at 
a later follow-up time point, when both groups have completely discontinued medication (t3) 
(Fig. 1). Seizure outcome will be assessed at the moment of randomization, as seizure freedom 
is an inclusion criterion, at 24 months after surgery, and at 20 months following start of AED 
withdrawal. This design allows us to assess differences in seizure outcome at equal AED-free 
intervals for both groups, and at 2 years after surgery irrespective of length of AED freedom.

Patients will be allocated to treatment strategy by concealed blocked randomization and 
randomization will be stratified for preoperative IQ score and medical center. The primary 
goal of randomization is to achieve an AED treatment duration contrast. Therefore, physicians 
and patients allocated to an arm will be instructed to comply with that strategy. However, 
these intervention strategies will to a certain extent be in compliance with clinical practice, 
and allow “protocol violations” for the following instances: if patients have seizure recurrences 
in the period before scheduled AED withdrawal, they do not have to start AED withdrawal. 
The same applies to seizure recurrences that occur after start of tapering medication. Patients 
can restart medication and do not have to taper medication again, regardless of planned 
medication status. Notably, whatever “protocol deviations” will occur, patients will be analyzed 
as randomized (intention-to-treat principle).

Inclusion criteria
In order to be eligible a subject must meet all of the following criteria:
• Younger than 16 years at surgery, with focal non-idiopathic epilepsy
• Native speaker in the language in which the neuropsychological tests have to be taken
• Able to perform an EpiTrack Junior (C Helmstaedter et al. 2010) test preoperatively
• Underwent intentionally curative epilepsy surgery
• After surgery, the treating physician considers withdrawal of AEDs, with the intention to 

completely discontinue medication
• The treating physician, the patient (if capable), and the parents agree with randomization 

in either arm of the study
• Postoperative seizure freedom was achieved (with the exception of so-called running 

down seizures not outlasting 2 weeks)
• Written informed consent of children and both parents or caregivers of children older 

than 12 years, and of both parents or caregivers of children below that age
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Exclusion criteria
A subject who meets any of the following criteria will be excluded from participation:
• A contraindication to be randomized to either of the two withdrawal strategies
• The treating physician does not want to discontinue all AEDs within a maximum time 

frame of 8 months as prescribed in the study protocol
• Multifocal MRI abnormalities, known incomplete resection of the anatomical or 

epileptogenic lesion certified before randomization (if considered necessary by the 
treating physician a postoperative MRI may be performed) and, if a postoperative 
electroencephalogram (EEG) is performed before randomization (at the discretion of the 
treating physician), epileptic EEG abnormalities. These are the most important risk factors 
of seizure recurrence or unfavorable long-term seizure outcome (Boshuisen et al. 2012)

• Use of more than three AEDs at the time of surgery. The reason is that clinicians can then 
not be expected to want to wait for 12 months in the late withdrawal arm to reduce the 
first AED in these patients. Furthermore, withdrawing 4 or more AEDs within 8 months 
may be difficult to achieve

• Patients who are on a ketogenic diet or have a vagal nerve stimulator implanted
• If surgery is primarily intended as “tumor surgery” (a growing epileptogenic lesion was the 

indication for surgery) and not as epilepsy surgery

Excluded patients
Participating centers will provide brief anonymized information about all children who are 
operated on, including those who were not in the trial, to document reasons for exclusion and 
the overall proportion of eligible patients, allowing the assessment of generalizability of the 
trial results. We will only report aggregated data of excluded patients.

Statistical analysis
The general approach towards analysis will be on an intention-to-treat basis, so patients 
randomized will be analyzed and accounted for as allocated, independent of later compliance.
For all analyses described below, we will add baseline adjusted analyses using various regression 
techniques (linear regression for continuous and logistic regression for binary outcomes). For 
these adjustments to increase statistical precision, we will use propensity score methods or 
inverse variance weighting methods.
Prior to analyses described below, we will deal with missing values by formal accepted multiple 
imputation methods, for reasons of optimizing statistical precision but more importantly 
because particularly loss to follow-up may be expected not to occur randomly in this trial.
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Figure 1 | Trial design.
Flowchart of trial design; NPA, neuropsychological assessment
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Outcome parameters
Cognitive outcome: differences in EpiTrack scores, IQ scores and other continuous outcome 
measures of neuropsychological assessment will be analyzed using independent samples 
t-tests or other tests depending on distributions. EpiTrack and IQ differences will be assessed 
cross-sectionally to answer the primary research question. Additionally, longitudinal changes 
in EpiTrack measures and IQ compared to preoperatively will be assessed between both 
treatment arms using linear mixed models. We will calculate a number needed to treat, 
expressed as the number of patients required to taper drugs earlier to achieve one more patient 
with improvement in attention. Analyses will be considered statistically significant if 95 % 
confidence intervals for group differences do not include 0, compatible with a 2-sided p < 0.05. 
For chances of eventual seizure freedom and “seizure and AED freedom”; we will calculate a 
relative risk and a risk difference with 95 % confidence intervals. Chances of eventual seizure 
freedom and “seizure and AED freedom” will be compared between the groups at 24 months 
after surgery and at 20 months following start of AED withdrawal; for the early withdrawal arm 
this will be at 24 months and for the late withdrawal arm at 32 months.

Sample size calculation
The study is powered based on the primary neuropsychological measures attention and 
executive function, determined with the EpiTrack Junior. We plan to study a continuous 
response variable from a late withdrawal (control) versus an early withdrawal (experimental) 
group with one control per experimental subject. For the sample size calculation, we used the 
reference values given in the Introduction and first validation of EpiTrack Junior (C Helmstaedter 
et al. 2010), which presents reference values of healthy children and children with epilepsy. The 
mean (SD) EpiTrack Junior score in healthy children was 32.6 (2.40). In children with epilepsy 
the mean (SD) score was 29.5 (4.70). For sample size calculations, we calculated the sample 
size using the SD of the epilepsy patients. Based on numbers of patients operated on per 
year in the participating medical centers and excluding patients with incompletely resected 
lesions, multifocal MRI abnormalities, an epileptic EEG postoperatively and use of a maximum 
of three AEDs at time of surgery (the numbers derived from the previous retrospective study 
(Boshuisen et al. 2012)), we estimated to expect to include at least 90 patients per year. By 
including at least 150 patients in the trial, with 75 patients per arm, we will be able to detect a 
true difference in the mean response of 2.16 points in EpiTrack Junior score (which corresponds 
to a difference of 0.46 SD) with a 2-sided alpha = 0.05 and power (1-beta) = 0.8. This difference is 
considered clinically relevant, as for the EpiTrack a 0.5 SD difference, can reflect a shift towards 
a milder impaired group of epilepsy patients (C Helmstaedter et al. 2010). One interim analysis 
according to O’Brien Fleming is planned after half of the planned number of patients has 
reached their endpoints. For reasons of possible dropout, we will aim to include 180 patients.
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Ethical approval
The multicenter trial will start in the University Medical Center Utrecht, the Netherlands, in 
November 2015. Ethical permission has been obtained from the ethical committee of the 
University Medical Center Utrecht, which is the leading ethical committee. Eight sites: University 
Hospitals of Lyon (HCL), France; University Hospital Strasbourg, France; Epilepsy Center 
Freiburg, Epilepsy Center Kork, University Hospital Heidelberg, Germany; Great Ormond Street 
Hospital for Children NHS Foundation Trust, London, and Young Epilepsy, Lingfield, United 
Kingdom; Western General Hospital Edinburgh, Scotland; Hôpitaux Universitaire de Genève, 
Switzerland, will join the trial shortly thereafter. Other centers, that have adequate experience 
with pediatric epilepsy surgery, are welcome to participate.

Safety monitoring
To minimize the risk for the participants in the proposed trial, we will exclude patients with 
those characteristics that have previously been shown to predict unfavorable outcome 
(Boshuisen et al. 2012). In our retrospective cohort we simulated the prospective randomized 
trial on 478 patients who would be eligible based on their exact inclusion and exclusion 
criteria. In this group, the interval to start of AED reduction was not associated with seizure 
recurrences during or after AED withdrawal (p = 0.155, HR 0.94; CI 0.86–1.02 per 3 months), nor 
with eventual seizure freedom (p = 0.551, HR 0.96; CI 0.85–1.09) or seizure and AED freedom 
(p = 0.516, HR 1.01 CI 0.97–1.06, Cox regression analysis). Based on these analyses, we expect 
an overall comparable percentage of seizure recurrences in both treatments arms, similar to 
the number or recurrences encountered in everyday clinical practice when starting tapering 
of AEDs.

We appointed a Data Safety Monitoring Board (DSMB) that will analyze our data to warrant 
safety and to monitor inclusion rates and assess inclusion feasibility. At 24 months a blinded 
interim-analysis will be performed by the DSMB to investigate superiority of one of the 
treatment arms with regard to the primary outcome measure. If the difference in attention 
between groups is more than 1 SD (age appropriate average reaction time), the DSMB may 
advise to prematurely stop the trial, if early withdrawal shows to be superior, the remaining 
patients in the late withdrawal group who still await start of AED reduction are allowed to 
withdraw medication from that time on. A test result with a 2-sided p < 0.0054 will be declared 
significant.

With regard to safety; due to the design of the trial, an interim safety analysis comparing both 
treatment arms at one moment is not possible. This is because we expect in both arms relapse 
risks to increase particularly once AED withdrawal is started. Thus, in the early withdrawal group 
recurrences probably occur sooner than in the late withdrawal group, although the total risk 
of relapse at the end of follow-up is not expected to differ between groups. This implies that 
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at interim time points, when inherently more patients are under AED reduction (at increased 
risk of relapse) in the early arm, a fair comparison of relapse between both groups is not 
feasible. To deal with this, we will assess safety in each arm separately. The study intervention 
will be considered safe when seizure recurrences occur in less than 40 % of both treatment 
arms. This percentage is chosen based on the general seizure freedom rate after childhood 
epilepsy surgery of 41 to 93 % (Spencer and Huh 2008; Ryvlin, Cross, and Rheims 2014). Based 
on previous identification of risk factors for seizure recurrences, we expect recurrence rates 
in the patients included in the trial to be < 30 %, due to exclusion of patients with identified 
risk factors (Spencer and Huh 2008; Boshuisen et al. 2012; Ryvlin, Cucherat, and Rheims 2011; 
Cossu et al. 2008). We do not expect, however, the seizure status to be better than in normal 
clinical practice. Because of the expected cognitive benefit due to a longer AED-free period, a 
40 % rate of seizure relapse will still be accepted. The DSMB statistician will analyze the number 
of patients with seizure recurrences every 3 months during trial duration, in order to allow 
early awareness of unexpected high numbers of recurrences, exceeding the 40 % limit. In this 
sequential testing safety model (Fig. 2), a 1-sided p value < 0.05 will be considered significant 
for the safety monitoring (Whitehead 1997; MPS Research Unit 2000)” 

Adverse event reporting
For this study, recurrent epileptic seizures during AED withdrawal that need hospitalization do 
not necessarily have to be recorded as serious adverse events (SAEs), but are noted in the case 
report form (CRF) as one of the outcome measures, and will be included in the interim safety 
analyses by the DSMB. Epileptic seizures that lead to a potentially life-threatening situation, 
such as status epilepticus, will be reported as SAEs. All SAEs will be reported through the web 
portal “ToetsingOnline,” to the accredited ethical committee that approved the protocol, within 
15 days after the sponsor has first knowledge of the serious adverse reactions. Participating 
centers will inform the sponsor about the SAEs. Reporting of SAEs that result in death or are 
life-threatening should be expedited. The expedited reporting will occur not later than 7 days 
after the responsible investigator has first knowledge of the adverse reaction. This is for a 
preliminary report with another 8 days for completion of the report.
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Figure 2 | Sequential testing safety profile. The plot is based on a likely sample 
size of 75 patients per treatment strategy, a 1-sided α = 0.05, an expected seizure 
recurrence rate ≤ 30 % and a cut-off point for safety, which is a recurrence rate 
of ≥ 40 %. The red boundary represents the safety margin. The following formulas 
will be used to plot data in the graph: Ζ = −(F − n × Pc) (Ζ = number of observed 
seizure recurrences – number of expected seizure recurrences), V = n × Pc 
(1 − Pc) (V is the variance of Z and stands for the amount of information in n 
patients, with n being the number of included patients, Pc the expected seizure 
recurrence risk (i.e., for the selected patient cohort: 0.30) and F the number of 
observed seizure recurrences). The vertical line is the anticipated value for V for 
a sample size of 75 patients.
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Discussion
We present the protocol of a European pragmatic randomized clinical trial, designed to 
investigate the possible benefits and the safety of early AED withdrawal after epilepsy surgery 
in children. We hypothesize that early AED withdrawal is safe, in terms of seizure relapse rates 
and eventual seizure outcomes, and will improve cognitive functioning, behavior and quality of 
life, compared to late withdrawal. We will investigate these hypotheses by randomly allocating 
patients to an early withdrawal group that starts withdrawal of medication 4 months after 
surgery, versus a late withdrawal group, that starts withdrawal of medication after 12 months. 
Justification of this trial needs to be discussed. The non-experimental evidence obtained so 
far on safety of AED withdrawal in relation to seizure outcome seems strong and consistent 
(Boshuisen et al. 2012; Yardi et al. 2014). In analyses that had been elaborately adjusted for 
confounding, there was a slightly increased recurrence risk for earlier withdrawal, but not for 
regain of seizure freedom rates and eventual seizure outcome. Moreover, findings on cognitive 
outcome after AED withdrawal all pointed towards cognitive improvement on several domains 
(Shields 2000; Cross 2002; Van Schooneveld and Braun 2013; Loring and Meador 2004; Meador 
2002; Lossius et al. 2008; Skirrow et al. 2011; Hessen et al. 2006; AP Aldenkamp et al. 1993, 
1998; Van Schooneveld et al. 2013; Hallböök et al. 2013; Meekes et al. 2013). Why then do we 
think that the trial will have important added value? Through randomized allocation the study 
population will be broader than in the non-experimental studies which only pertained to 
patients for whom AED withdrawal had already been decided about. Consequently, results will 
have wider clinical applicability and will apply to all patients who are eligible for withdrawal 
decision- making. A very important asset will be obtaining baseline comparability of treatment 
arms for both known and measurable confounders, but also for unknown or unmeasurable 
confounders. In principle, the non-experimental evidence, although elaborately adjusted 
for known confounders, does leave residual confounding as an explanation. The trial will 
allow for full follow-up of all children randomized and for intention-to-treat analysis. Finally, 
through the above, stronger evidence will contribute to our ultimate goal, implementation 
of evidence-based practice concerning AED withdrawal. Although previous non-experimental 
research does seem to indicate benefits of early AED withdrawal, it is especially the remaining 
uncertainty about residual confounding that leads us to claim that there currently is genuine 
equipoise about timing of withdrawal and, therefore, that random allocation is ethically 
justified. This issue will have to be addressed with regard to trial feasibility. Throughout 
European centers participating in the trial, there are regional preferences concerning AED 
withdrawal timing, and non-experimental evidence has already led to changes in clinical 
practice concerning withdrawal timing. It will be vital for successful completion of the trial 
that participating physicians can and will be convinced that there still is true equipoise, as 
a sufficient basis for studying randomized AED withdrawal timing to the ultimate benefit of 
children who have undergone epilepsy surgery.
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Recruitment of participants for this study might be challenging for three reasons. First, in some 
of the participating countries and centers, AED withdrawal policies are still rather conservative, 
conflicting with the proposed early AED strategy. This may either be due to reluctance 
of parents or patients to risk a seizure relapse, now that seizure freedom has finally been 
achieved following epilepsy surgery, or to fear of the treating neurologist or neurosurgeon 
that seizure control is permanently lost after a post-withdrawal relapse. In addition, in some 
patients treating physicians may require a postoperative MRI to prove complete resection of 
the epileptogenic lesion before considering AED withdrawal. Planning of MRI scanning before 
randomization may not always be feasible in the proposed short time period. Second, in 
many participating centers, AED withdrawal policies already tend to change towards earlier 
reduction, as a consequence of the findings from the previous retrospective observational 
TTS study (Boshuisen et al. 2012). These changing opinions on AED withdrawal policies are 
not only known among physicians, there is also an increasing awareness of safety of early 
withdrawal among parents of children who have been operated on. Therefore, willingness to 
be randomized to the late withdrawal strategy arm may prove difficult in these centers. Third, 
some treating physicians may not want to withdraw AEDs within a set maximum time frame 
of 8 months, or only consider reduction of medication instead of complete discontinuation of 
AEDs, fearing that relatively early, rapid or complete withdrawal may increase the risk of seizure 
relapse. To prevent limited recruitment of patients we will encourage participating physicians 
to counsel parents and patients optimally, based on the available evidence regarding safety 
of AED withdrawal, which can be summarized as follows: although retrospective data 
suggest that early withdrawal is safe and does not compromise eventual seizure outcome or 
treatability of seizure relapse, definite proof of safety in a predefined population of children 
who underwent anticipated curative surgery is still required, justifying randomization to either 
treatment arm. Furthermore, although we anticipate cognitive improvement following AED 
discontinuation, the – possibly enduring – cognitive advantages of early over late withdrawal 
need to established, which is important to enable careful balancing of risks and benefits of 
early AED discontinuation in individual patients in the future.

Trial organization
Steering committee
The steering committee carries the ultimate responsibility for the trial. Specific tasks of the 
steering committee are:
1. Design and final approval of the study protocol 
2. Approval of the amendments to the study protocol
3. Deciding whether or not to continue the trial based on the recommendations of the DSMB
4. Approval of manuscripts and publications of the trial
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The Trial committee is constituted of the principle investigator of each participating center and 
of the members of the Steering committee.
As of 16 March 2015, the members of the Steering Committee are (in alphabetical order): A. 
Arzimanoglou, child neurologist, University Hospitals of Lyon, France, co-principle investigator; 
K. Boshuisen, research physician, University Medical Center Utrecht, the Netherlands; K.P.J 
Braun, child neurologist, University Medical Center Utrecht, the Netherlands, co-principle 
investigator; J.H. Cross, child neurologist, Great Ormond Street Hospital for Children NHS 
Foundation Trust, London, and Young Epilepsy, Lingfield, United Kingdom, co-principle 
investigator; K. Geleijns, child neurologist University Medical Center Utrecht, the Netherlands, 
coordinating investigator; H.J. Lamberink, PhD student, University Medical Center Utrecht, the 
Netherlands; M.M.J. Schooneveld, child neuropsychologist, University Medical Center Utrecht, 
the Netherlands; C.S.P.M Uiterwaal, epidemiologist and statistician, University Medical Center 
Utrecht, the Netherlands.
Principle and coordinating investigators (other than those listed in the steering committee) 
at each site are in alphabetical order: R. Chin, child neurologist, Western General Hospital 
Edinburgh, Scotland; T. Polster, child neurologist, Krankenhaus Mara, Epilepsiezentrum Bethel, 
Bielefeld, Germany; G. Ramantani, child neurologist, Epilepsy Center Freiburg, Epilepsy Center 
Kork, University Hospital Heidelberg, Germany; A. De Saint-Martin, child neurologist, University 
Hospital Strasbourg, France; M. Seeck, epileptologist, Hôpitaux Universitaire de Genève.

Data Safety Monitoring Board
The DMSC analyses the unblinded data on a permanent basis and formulates recommendations 
for the Steering Committee on the continuation of the trial. The Data Monitoring Committee 
may also offer unsolicited recommendations. Members of the Data Monitoring Committee are: 
Prof. Dr. Oebo Brouwer, child neurologist, epileptologist, UMCG; Dr. Ingeborg van der Tweel, 
statistician, UMCU; Prof. Dr. Jaap Kappelle, neurologist, UMCU.

Trial status3

Ethical approval has been obtained for the University Medical Center Utrecht. The other 
participating centers are in the process of obtaining approval. No patients have yet been 
included in the trial.

Abbreviations
AED: antiepileptic drug
CBCL: Child Behavior Checklist
CI: confidence interval
CRF: case report form
DSMB: Data Safety Monitoring Board

3 at the time of publication, 2015
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EEG: electroencephalogram
HASES: The Hague Side Effects Scale
HR: hazard ratio
IQ: Intelligence Quotient
MRI: magnetic resonance imaging
PedsQLTM: Paediatric Quality of Life InventoryTM
SD: standard deviation
PIQ: Performal IQ
SAE: severe adverse event
SD: standard deviation
TTS: TimeToStop
VIQ: Verbal IQ
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Abstract
Following the results of the multicentre European retrospective “TimeToStop” cohort study, we 
initiated a randomised trial to determine cognitive benefits of early postoperative antiepileptic 
drug withdrawal. Unfortunately, the trial failed to recruit and was terminated, as almost all 
parents preferred early drug withdrawal. The objectives of the current survey were to obtain 
insight into current practices regarding drug withdrawal after paediatric epilepsy surgery 
among epileptologists, and better understand the reasons for difficulties in recruitment. 
A survey was sent to three international epilepsy surgery networks, questioning drug 
withdrawal policies. Forty-seven (19%) surveys were returned. For polytherapy, withdrawal 
was started at a median of three and six months by the TimeToStop collaborators and other 
paediatric epileptologists, respectively. Withdrawal was completed at a median of 12 and 20 
months, respectively. For monotherapy, tapering was initiated at five and 11 months in these 
two groups, and ended at a median of seven and 12 months, respectively. Most TimeToStop 
collaborators believed that it was not justified to wait 12 months after surgery before reducing 
AEDs, regardless of the number of AEDs taken. Current AED policies in Europe have changed as 
a consequence of the retrospective TimeToStop results, and this accounts for why recruitment 
in a randomised trial was not feasible.
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On achieving seizure freedom following epilepsy surgery, the ultimate proof of surgical success 
and thus of “cure” is the complete discontinuation of antiepileptic drugs (AEDs). In children, 
AED withdrawal favours, on average, improved psychomotor speed and intelligence (Skirrow 
et al. 2011; Van Schooneveld et al. 2013; Boshuisen, Van Schooneveld, et al. 2015). A multicentre 
European retrospective cohort study strongly suggested that the timing of postoperative AED 
withdrawal does not influence eventual seizure outcomes (Boshuisen et al. 2012); although 
the risk of seizure recurrence was increased with earlier AED withdrawal, there was no 
association with long‐term freedom of seizures or medication status at final follow‐up visits. 
Early withdrawal therefore uncovers incomplete surgical success sooner, while preventing 
overtreatment for the large majority of children in whom surgery has successfully removed the 
epileptogenic zone. To assess the potential cognitive benefits of early versus late withdrawal, 
we initiated the “TimeToStop” randomised controlled trial (EudraCT number 2011–005971–18) 
(Boshuisen, Lamberink, et al. 2015). We aimed to compare cognitive functioning, intelligence, 
and seizure outcome at 12 and 24 months after epilepsy surgery between children who 
were randomised to start withdrawal at four months and those who started withdrawal at 12 
months after surgery. Eight centres in five countries agreed to participate. In November 2015, 
recruitment was started in Utrecht, the Netherlands, and was in preparation in the other centres. 
Up to February 2017, 47 children were screened, of whom 35 were not eligible (supplementary 
table 1). Of the 12 children who were eligible, their parents declined participation; 11 did not 
want to wait until 12 months after surgery before withdrawing medication, and the parents 
of one child considered withdrawal at four months too early. None of the parents or children 
agreed with participation based on randomisation to determine the timing of postoperative 
AED withdrawal. After deliberation with the trial collaborators, it was decided to terminate 
recruitment for reasons of non‐feasibility. 

To gain insight into current practices and better understand the reasons for difficult recruitment 
in the TimeToStop trial, we aimed to describe AED withdrawal policies among paediatric 
epileptologists using a short survey. The survey was based on the following hypotheses:
• current beliefs about safety and benefits of early postoperative AED withdrawal among 

treating physicians justify premature discontinuation of the TTS trial for feasibility issues;
• partners of the original TTS study group and European paediatric epileptologists tend to 

withdraw medication sooner than others;
• the previous retrospective TTS cohort study has changed decision‐making regarding AED 

withdrawal.
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Methods
A survey was created focusing on paediatric neurologists, but also enabling neurologists or 
physicians who treat both children and adults, to respond. The full survey can be found in 
Appendix 1 and contains several items on the timing of postoperative AED withdrawal in 
children who underwent anticipated curative epilepsy surgery, factors influencing timing, and 
personal preferences of participants and parents/children with epilepsy. The survey was widely 
distributed among epilepsy surgery specialists collaborating in three broad networks: (1) the 
U‐Task (European Task Force for Epilepsy Surgery in Children), which meets twice a year to 
discuss surgical cases and collaborative research projects; (2) the E‐PILEPSY consortium, an EU‐
funded pilot reference network of epilepsy surgery centres, aiming to improve access to, and 
outcome of, epilepsy surgery and harmonise (pre‐)surgical approaches across Europe; and (3) 
the mailing list of the International League Against Epilepsy (ILAE) Pediatric Epilepsy Surgery 
Task Force. The mailing lists contained paediatric and adult neurologists, neurosurgeons, and 
other staff involved, with considerable overlap between the three lists. 

When information on the timing of AED withdrawal was given as a range, the average was used 
as input for the analysis. The values were non‐normally distributed, hence summary statistics 
are given as medians and interquartile ranges (IQR), and a Mann‐Whitney U test was used to 
test group differences. Results were compared between respondents who collaborated in 
the retrospective TTS study or prospective TTS trial and all other participants, and between 
European (TTS collaborators and non‐collaborators) and non‐European respondents.

Results
The survey was sent to 251 addresses; 47 (19%) surveys were returned by 32 paediatric 
epileptologists and 15 specialists who treated both children and adults. Nine respondents 
had participated in the previous retrospective TimeToStop study (Boshuisen et al. 2012)or the 
prospective TimeToStop trial (Boshuisen, Lamberink, et al. 2015) described in the introduction. 
There were 38 additional respondents, from Europe (22), Brazil (2), India (2), Japan (5), Mexico 
(1), South Africa (1), Thailand (1), and the United States of America (4). The number of unique 
centres was 39 from 21 countries. 

A comparison of the postoperative timing of AED withdrawal between TTS collaborators and 
other respondents is given in figure 1 and table 1. With regards to both initiating and completely 
discontinuing AEDs, this was earlier for TTS collaborators than the other respondents. For 
children on polytherapy, the median start of withdrawal was three months following surgery for 
the TTS collaborators compared to six months for other respondents (U=258.5; p=0.02). AEDs 
were completely tapered off after a median of 12 months compared to 20 months, respectively 
(U=246; p=0.002). For children on monotherapy at the time of surgery, AEDs were reduced at 
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a median of five months following surgery for the TTS collaborators compared to 11 months 
for other respondents (U=222.5; p=0.08), and completely discontinued at seven months 
compared to 12 months, respectively (U=243; p=0.01). European respondents started and 
discontinued AEDs earlier compared to non‐Europeans in the case of monotherapy (starting 
at a median of six vs. 12 months, and discontinuation at nine vs. 17 months, respectively); for 
polytherapy, the two groups started AED withdrawal at a similar time (a median of five vs. six 
months, respectively), but there were differences in the timing of complete discontinuation 
(16 vs. 24 months, respectively). 
 

Figure 1 | The timing of antiepileptic drug (AED) withdrawal after paediatric epilepsy surgery 
in the case of polytherapy and monotherapy, compared between the two cohorts of TTS 
collaborators and other respondents. The boxes show the median and interquartile range 
(IQR), and the whiskers extend to 1.5*IQR. End: complete discontinuation of last AED; start: 
start of AED withdrawal; TTS: collaborators of the TimeToStop study on safety of early drug 
tapering and/or the TimeToStop trial on the cognitive benefits of early drug tapering. A 
summary of the statistics is provided in table 1.
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Table 1 | Median time corresponding to initiation of AED withdrawal and complete discontinuation 
compared between the three groups.

Start of AED withdrawal
Complete discontinuation of 
last AED

Polytherapy TTS 3 (1 - 4) 12 (9 - 12)

Other 6 (3 - 6) 20 (13 - 24)

Mann-Whitney U: 258.5, p=0.02 246, p=0.002

Monotherapy TTS 5 (4 - 6) 7 (6 - 11)

Other 11 (6 - 13) 12 (9 - 18)

Mann-Whitney U 222.5, p=0.08 243, p=0.01

All given values are medians (IQR) corresponding to months after paediatric epilepsy surgery (rounded to 
full months). Data are presented graphically in figure 1.

is it justified to wait with withdrawal 
for 12 months?

is it safe to start withdrawal at 4 months 
in case of monotherapy?

is it safe to start withdrawal at 4 months 
in case of polytherapy?
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Figure 2 | Responses to the three questions, compared between 
TimeToStop (TTS) collaborators and all other respondents.
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Three questions were asked regarding the safety and justification of starting withdrawal 
at either four or 12 months after surgery; the responses are summarised in figure 2. For 
polytherapy, all TTS collaborators deemed initiation of AED withdrawal safe at four months, 
compared to 71% of other respondents. For monotherapy, 67% of TTS collaborators deemed 
AED withdrawal safe at four months, compared to 47% of other respondents. Only 33% of TTS 
collaborators believed it was justified to wait until 12 months after paediatric epilepsy surgery, 
compared to 54% of others. 

Figure 3 illustrates how respondents judged the different clinical factors that may influence 
AED withdrawal timing. Overall, the decision to completely wean off medication is taken 
more cautiously than the decision to start reduction of AEDs. The strongest reasons for not 
completely discontinuing medication were (as outlined in figure 3): incomplete resection of 
the epileptogenic zone (66% of respondents), incomplete resection of the anatomical lesion 
(43%), preoperative multifocal MRI abnormalities (33%), and postoperative epileptic EEG 
abnormalities (30%). 

The combined strongest reasons to start AED withdrawal later or not at all were: incomplete 
resection of the epileptogenic zone (89%) or anatomical lesion (85%), postoperative EEG 
abnormalities (77%), multifocal MRI abnormalities (74%), neurocutaneous aetiology (63%), 
previous epilepsy surgery (60%), and depression as co‐indication for AED treatment (60%). 
Taper duration ranged from 0.5 to 18 months per drug, with a median of 3.0 months (IQR: 
2.5–9).

The median (IQR) taper duration for TTS collaborators and other paediatric epileptologists was 
2.5 months/drug (2.5–2.6) and 5.3 months/drug (3.0–9.8), respectively. Drugs with a longer taper 
period for some of the respondents were phenobarbital (17/37 responses), benzodiazepines 
(14/37), and carbamazepine (7/37) (supplementary table 2). Some respondents reported side 
effects experienced by patients as a reason for initiating withdrawal earlier, especially when 
these were more prominent after successful epilepsy surgery. 
Fifteen physicians were treating both children and adults, which allowed for a comparison of 
withdrawal practices. On average, physicians were more careful regarding early withdrawal for 
their adult patients, and started withdrawal later for both polytherapy (median time difference: 
two months; IQR: 0–5) and monotherapy (median time difference: two months; IQR: 0–9). 
Complete discontinuation was also later in adult cases, with a median time difference of six 
months (IQR: 0–24) and 12 months (IQR: 0–12) in the case of polytherapy and monotherapy, 
respectively. For adults, 50% deemed initiation of AED withdrawal safe at four months in the 
case of polytherapy and 14% in the case of monotherapy, compared to 53% and 46% for 
children, respectively. Sixty percent stated that it was justified to wait for 12 months after adult 
epilepsy surgery, compared to 47% in paediatric care.
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Of all the respondents, 32 (68%) indicated that they would advise mainly in favour of 
withdrawal, four (9%) were in favour of counselling towards continuation of medication, and 
11 (23%) indicated that counselling depends on case‐specific factors. This is reflected by the 
impression of parental preferences in the respondents’ centres: 30/45 (67%) indicated that 
parents would prefer early withdrawal and 5/45 (11%) late withdrawal. For 7/45 (16%), this 
depended on the situation, and for 3/45 (7%) of respondents, most children and parents would 
prefer to reduce the dose but not completely discontinue all AEDs.

The last question addressed whether results from the previous retrospective TimeToStop study 
(Boshuisen et al. 2012) influenced clinical practice. A total of 32/46 (70%) indicated that this 
was the case; 88% of all TTS epileptologists (one indicated that the results did not influence 
his/her clinical practice), compared to 66% of the other paediatric epileptologists. Most 
responded stating that they now consider AED withdrawal earlier as a result of this study. As 
one respondent put it: “no more waiting for the magic two years”. 

Discussion
This study shows that European paediatric epileptologists who participated in the TTS study 
started tapering off AEDs, on average, between three and five months (in the case of polytherapy 
or monotherapy, respectively) after successful epilepsy surgery, which is earlier than the 
median of 6–11 months for the other respondents. In addition, the vast majority of the TTS 
respondents were unable to justify waiting for 12 months at this moment, and half of the other 
respondents shared this opinion. In addition, the majority of respondents indicated that the 
retrospective TTS study influenced their clinical decision‐making towards earlier postoperative 
AED withdrawal. These results, together with the experiences of the coordinating centre of the 
planned TTS trial (UMC Utrecht), where all parents of eligible patients refused randomisation, 
was the rationale for prematurely stopping the trial without having included a single patient.

A comparison of our data with previous surveys on postoperative medication policy is 
problematic for several reasons. The three surveys that were performed in 2007 (Berg et al. 
2007), 2012 (Téllez-zenteno et al. 2012), and 2013 (Swisher and Sinha 2013) were all performed 
in the US and Canada. Furthermore, adult neurologists were only questioned in one survey 
(Berg et al. 2007), and the other two involved mixed answers from paediatric and adult 
neurologists (Téllez-zenteno et al. 2012; Swisher and Sinha 2013). We have shown that when 
an epileptologist treats both children and adults, the timing of AED withdrawal is later for 
adults, especially regarding the timing of complete discontinuation. This may be related to the 
potential consequences regarding, for example, employment and driving. The median time 
to first reduction was 12.5 months in the European TimeToStop study (Boshuisen et al. 2012), 
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Figure 3 | Factors influencing the decision to start reduction of AEDs and complete 
discontinuation of AEDs. The data are based on answers to the question: “In the presence 
of this factor, would you (reduce or discontinue) AEDs (a) as usual, (b) later, or (c) not at all!”.
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which included 766 children who were operated on between 2000 and 2008 (polytherapy 
and monotherapy combined). Relative to this study, and in line with our own experience, the 
current results show a marked shift to earlier AED withdrawal after paediatric epilepsy surgery. 
This survey illustrates current practices, however, there are several limitations. First, the total 
number of responses is low making strong generalizations invalid. However, the response rate 
of 19% is misleadingly low because it was not possible to provide an informative response 
rate in this study; the email lists that were used as a basis for the survey also contained those 
of neurosurgeons and other experts who may not have been directly involved in decisions 
regarding medication. Also, several adult neurologists received the survey and may have 
ignored it because it focused on a paediatric population. Since the survey was directed at the 
caring physician and not at the patient, we have no direct information on the preferences of 
the patient. As for the average timing of postoperative AED withdrawal, the indicated numbers 
are only averages across both low‐ and high‐risk cases. Many respondents indicated a range 
for the timing, for example, starting AED withdrawal in the case of polytherapy 3–12 months 
after surgery. In this case, for the ideal candidate, AEDs would undoubtedly be tapered off at 
three months. However, in this study, the mean of the range, i.e. 7.5 months, would have been 
considered for analysis, which might influence the average. Nevertheless, we can conclude 
that the median time for starting AED withdrawal is well below 12 months after anticipated 
successful epilepsy surgery for the majority of European paediatric epileptologists. Conclusions 
regarding specialists outside Europe cannot be made because of the significant heterogeneity 
between countries. We can only speculate on the reasons for a more conservative AED policy 
outside Europe. If the fear of poor seizure outcome after early withdrawal persists among 
paediatric epileptologists, future comparative studies might be designed to address the safety 
of early withdrawal in specific populations, particularly children with higher‐risk profiles. 



179

Survey on postoperative AED policy

8

Supplementary Table 1 | Eligibility for the TimeToStop trial and reasons for non-eligibility.

Eligibility Number of children

Eligible for inclusion 12

      Objection against late withdrawal       11

      Objection against early withdrawal       1

      Willing to participate       0

Not eligible 35

      Age at surgery > 15 years       8

      Age at surgery < 6 years (too young to perform Epitrack Junior)       10

      No Epitrack Junior performed (not able to take it or not performed)       8

      Postoperative epileptiform discharges on EEG or ECoG       3

      No postoperative seizure-freedom       1

      Vagus nerve stimulator       1

      Not using AEDs before surgery       2

      Only surgery in our centre, follow-up elsewhere       1

      Already started AED withdrawal <4 m because of side-effects       1

Total number of patients who were screened and approached for participation in the TimeToStop trial, 
between 1-11-2015 until 28-2-2017.
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Supplementary Table 2 | Does the type of drug influence timing of AED withdrawal?

Drug name
Longer taper 
period

Later start 
withdrawal 

No complete 
discontinuation 

phenobarbital 17 1 0

benzodiazepines 14 3 0

carbamazepine 7 5 0

phenytoin 4 0 0

vigabatrin 2 2 0

valproic acid 2 1 0

primidone 2 1 0

oxcarbazepine 2 1 0

topiramate 2 0 0

lamotrigine 1 2 0

bromide 1 0 0

zonisamide 1 0 0

levetiracetam 0 3 0

lacosemide 0 1 0

cannabidiol 0 0 1

37/47 answered the question. Six respondents specifically mentioned that no drug influenced the 
decision. No drug was indicated to be related to not starting AED withdrawal.
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Abstract
The objective of this study was to create a clinically useful tool for individualized prediction 
of seizure outcomes following antiepileptic drug withdrawal after pediatric epilepsy 
surgery. We used data from the European retrospective TimeToStop study, which included 
766 children from 15 centers, to perform a proportional hazard regression analysis. The 2 
outcome measures were seizure recurrence and seizure freedom in the last year of follow-
up. Prognostic factors were identified through systematic review of the literature. The 
strongest predictors for each outcome were selected through backward selection, after which 
nomograms were created. The final models included 3 to 5 factors per model. Discrimination 
in terms of adjusted concordance statistic was 0.68 (95% confidence interval [CI] 0.67-
0.69) for predicting seizure recurrence and 0.73 (95% CI 0.72-0.75) for predicting eventual 
seizure freedom. An online prediction tool is provided on www.epilepsypredictiontools. 
info/ttswithdrawal. The presented models can improve counseling of patients and parents 
regarding postoperative antiepileptic drug policies, by estimating individualized risks of 
seizure recurrence and eventual outcome.
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Introduction
After successful pediatric epilepsy surgery, a pressing question for many patients and their 
caretakers is whether and when to reduce antiepileptic drugs (AEDs). Being able to discontinue 
drugs is the ultimate proof of successful epilepsy surgery. Stopping medication will prevent 
further drug adverse effects and may improve cognitive domains, such as psychomotor 
speed, executive functions and IQ (Skirrow et al. 2011; Van Schooneveld et al. 2013; Boshuisen, 
Van Schooneveld, et al. 2015; Christoph Helmstaedter, Elger, and Witt 2016). The decision to 
withdraw AEDs is partially based on an assessment of the risk of seizure recurrence. Predictors 
of seizure recurrence on a group level have been identified in previous publications (Lee et al. 
2008; Boshuisen et al. 2012; Park et al. 2010; Menon et al. 2012; Yardi et al. 2014; Berg et al. 2006)
prognostic factors and proper time of AED withdrawal after surgery for medial temporal lobe 
epilepsy (MTLE, but prediction of relapse is not yet possible for an individual patient.

The TimeToStop study previously showed that early withdrawal unmasks surgical failure but 
is not related to long‐term seizure outcomes (Boshuisen et al. 2012). This conclusion was 
based on multivariable survival analysis but did not yet enable individualized prediction of 
AED withdrawal outcomes. We now use the TimeToStop data to create nomograms and a 
web‐based tool to enable estimation of individual risks, analogous to the recently developed 
prediction models for nonsurgical patients (Lamberink et al. 2017).

Methods
Data of 766 patients were available from the TimeToStop study; for an extensive description of 
data collection and definitions we refer to the earlier report (Boshuisen et al. 2012). In short, 
patients were identified retrospectively within 15 pediatric epilepsy surgery centers in Europe. 
Patients were included if they had epilepsy surgery between 2000 and 2008, were younger 
than 18 years at surgery, had at least 1 year of follow‐up after surgery, and if postoperative 
AED withdrawal was initiated. Data were collected on clinical, surgical, and seizure outcome 
parameters.

Two outcome measures were used: first, seizure recurrence after start of AED withdrawal and 
second, the seizure status at final follow‐up, with favorable outcome being defined as seizure 
freedom (including freedom from auras) for at least 1 year at final follow‐up. We decided not 
to model for ‘cure” (seizure and AED freedom at final follow‐up), which was the third outcome 
measure in the original TimeToStop study, because the decision to completely discontinue 
medication is dependent on the policy of the individual physician, and these policies may 
change over time or may already have changed. A systematic review on risk factors of 
postoperative AED withdrawal previously identified 12 potential factors predictive of outcome 
(Lamberink, Otte, et al. 2015), listed in Supplementary Table 1. These factors were all available 
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in the TimeToStop dataset.

Missing data were analyzed and imputed through multiple imputations using predictive 
mean matching. Heterogeneity between centers was tested, and when present, random‐
effects modeling was used. Assumptions were tested: if the linearity assumption was violated, 
restricted cubic splines with 3 knots were used. Proportional hazard (Cox) regression analysis 
was used to account for different follow‐up duration. For seizure recurrence, censoring time 
was the time to seizure recurrence. For seizure freedom, censoring time was time to seizure 
recurrence, only for those with unfavorable outcome. All patients with favorable outcome were 
censored at maximum follow‐up. To create a useful set of predictors, the Akaike Information 
Criterion was used for backward selection of strongest predictors.

For the purpose of the prognostic models, variables with 3 or 4 items of which only 1 differed 
significantly from the reference category were dichotomized so that the nonsignificant 
categories were collapsed with the reference category. This was done for magnetic resonance 
imaging (MRI; multifocal MRI abnormalities vs focal MRI abnormality and normal MRI), for 
prewithdrawal electroencephalography (EEG; interictal epileptiform discharges vs no such 
discharges or no EEG performed), and for completeness of resection (incomplete resection 
of the anatomical lesion vs complete resection or completeness not determined). Within the 
nomograms, risk calculation of seizure recurrence was enabled for 2 and 5 years after start 
of AED withdrawal, and calculation of eventual seizure freedom was set at 6 years. We chose 
6 years after start of AED withdrawal to model the chance of eventual “long‐term” seizure 
freedom, creating a 1‐year longer interval than the latest calculated 5‐year relapse risk, as this 
intuitively allows for extra time to regain seizure freedom after restart of medication if a late 
recurrence has occurred.

Internal validation was accomplished by determining the concordance statistic for each model, 
corrected for overfitting using 200 bootstrap samples. Plotting of the predicted probabilities 
against observed proportions of the outcomes was done to visually assess calibration of the 
separate models. Internal‐external cross‐validation was performed by iteratively removing 1 of 
the 4 largest centers, refitting the model on the remaining data, and externally validating on 
the excluded dataset.

Analyses were performed with R Statistical software version 3.3.2, using the packages “MICE,” 
“coxme,” and “rms.” Ethics approval was obtained for the original TimeToStop study.
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Results
One percent of data was missing and imputed (Supplementary Table 2). The seizure outcomes 
after AED withdrawal were the following: seizure recurrence in 95/766 patients (12%) and 
seizure freedom in the last year of follow‐up in 733/760 patients (96%). Median follow‐
up after start of AED withdrawal was 39 months (interquartile range [IQR] 21‐67 months) 
(Supplementary Table 3). Univariable relations between potential predictors and outcomes 
are shown in Supplementary Table 4.

One of the parameters, the presence of postoperative seizures (excluding seizures in the 
first 2 postoperative weeks), was not included in the analysis because none of the 13 cases 
experienced seizure recurrence, and consequently no parameters could be estimated. The 
median time to reduction (start tapering of the first drug) for these patients was 24 months 
(IQR 19‐37), compared to 13 months (IQR 6‐24) in the patients without postoperative seizures. 
AED status at final follow‐up was known for 11 of these: 6 patients successfully discontinued 
AEDs and 5 were still using AEDs.

The strongest predictors were selected through backward selection, resulting in 2 models. 
The proportional hazards assumption was not violated. Table 1 shows the outcome of 
multivariable Cox regression of these models. Figure 1 is the visualization of the models in 
the form of nomograms. The predictors for each model and model parameters are listed 
below. Heterogeneity between centers was low, and a regular (fixed‐effects) Cox regression 
was performed. The nomograms were converted to a web‐based tool, accessible at www.
EpilepsyPredictionTools.info/ttswithdrawal. Calibration of the models is visualized in Figures 
1C and D.

Factors predicting seizure recurrence were the following: (higher) age at withdrawal, (shorter) 
time to AED reduction (start tapering of the first AED), multifocal MRI abnormalities, interictal 
epileptiform discharges on EEG, and incomplete resection of the anatomical lesion (Table 
1, Figure 1); these factors combined into a prediction model had an adjusted concordance‐
statistic of 0.68 (95% CI 0.67‐0.69). Internal‐external cross‐validation shows variation of the 
adjusted c‐statistic between 0.61 and 0.69, with wider confidence intervals (Table 2).

Factors predicting seizure freedom at final follow‐up were the following: seizure frequency 
before surgery, (lower) number of AEDs used at time of surgery, and complete resection of 
the anatomical lesion (Table 1, Figure 1); these factors combined into a prediction model had 
an adjusted concordance‐statistic of 0.73 (95% CI 0.72‐0.75). Internal‐external cross‐validation 
shows variation of the adjusted c‐statistic between 0.71 and 0.79 and wider confidence 
intervals (Table 2).
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Table 1 | Predicting the outcome of AED withdrawal in seizure‐free children after epilepsy surgery.

Seizure recurrence Seizure-freedom at last 
follow-up (seizure-free ≥ 
1 year)

HR (95% CI) p-value HR (95% CI) p-value

Time to reduction (months from surgery) * *

MRI

    focal abnormality or normal Reference

    multifocal abnormalities 2.39 (1.36 - 4.22) 0.003

Age at withdrawal (years) 1.06 (1.01 - 1.10) 0.008

Postoperative EEG

    normal or not performed Reference

    interictal epileptiform discharges 1.72 (1.10 - 2.68) 0.02

Complete resection of the anatomical lesion

    complete or not determined Reference Reference

    incomplete 2.46 (1.55 - 3.39) <0.001 0.23 (0.11 - 0.51) <0.001

Seizure frequency (number of seizures per 
day)

* *

Number of AEDs at time of surgery 0.68 (0.46 – 0.99) 0.05

Model performance

Adjusted c-statistic (95% confidence 
interval)

0.68 (0.67-0.69) 0.73 (0.72-0.75)

Percentage optimism adjusted for 2.8% 4.9%

Random effects measure of heterogeneity 1.39 1.25

AED, antiepileptic drug; c‐statistic, concordance‐statistic; CI, confidence interval; EEG, 
electroencephalography; HR, hazard ratio; MRI, magnetic resonance imaging.
Multivariable models with strongest predictors for seizure recurrence and seizure freedom at last follow‐
up. Categorical variables with 3 or 4 items of which only 1 was significantly different from the reference 
category were dichotomized, so that the nonsignificant categories were collapsed with the reference 
category.
The random effects measure of heterogeneity can be interpreted as the hazard rate between 2 equally 
sized prognostic groups from 2 different cohorts. The values indicate relatively low heterogeneity.
* Not linearly modeled, restricted cubic splines used with 3 knots. For the effect size, see Figure 1.
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Table 2 | Internal‐external cross‐validation.

Internal validation (all 
data minus indicated city)

External validation 
(indicated city)

City Adjusted 
c-statistic

95% CI Adjusted 
c-statistic

95% CI

predicting seizure 
recurrence

Bielefeld (n = 114) 0.67 0.58-0.76 0.69 0.60-0.78

Bonn (n = 124) 0.61 0.56-0.66 0.61 0.56-0.66

Milan (n = 131) 0.69 0.61-0.77 0.68 0.64-0.72

Utrecht (n = 87) 0.69 0.63-0.75 0.67 0.60-0.74

predicting long-term 
seizure-freedom

Bielefeld (n = 114) 0.79 0.67-0.91 0.75 0.62-0.88

Bonn (n = 120) 0.71 0.61-0.81 0.72 0.64-0.80

Milan (n = 131) 0.73 0.66-0.80 0.75 0.56-0.94

Utrecht (n = 87) 0.73 0.59-0.87 0.73 0.63-0.83

The 4 largest cohorts within the data were chosen for internal‐external cross‐validation. Data from 1 of the 
indicated cities are temporarily removed, after which the model is refitted (training phase). Based on the 
remaining data, an internal validation is performed. External validation is performed on the removed data 
from one city. Subsequently, the removed data are placed back and the procedure is repeated for the next 
city, and the next, until 4 external validations have been performed.
Adjusted c‐statistic: concordance‐statistic, adjusted for overfitting using 200 bootstrap samples.

Discussion
We developed a prognostic tool to predict the seizure outcome after AED withdrawal in 
children who became seizure‐free through epilepsy surgery, based on preselected factors that 
were identified through systematic review of the literature. The nomograms and the web‐based 
tool, developed on a dataset from 766 children, are clinically useful when considering AED 
withdrawal in an individual patient. The predicted outcomes can serve as a basis to counsel 
children and caregivers when balancing the risks and benefits of AED withdrawal. The selected 
predictors differ between the 2 models. Of interest, 4 predictors of seizure recurrence were 
not predictive of eventual seizure outcome: the timing of AED withdrawal—as revealed in the 
original TimeToStop study report (Boshuisen et al. 2012)—the findings of preoperative MRI, 
the age at withdrawal, and postoperative EEG abnormalities. Two factors were related only to 
eventual seizure outcome: the preoperative seizure frequency had a U‐shaped relation with 
seizure outcome, with the lowest and highest seizure frequencies related to lower chances 
of eventual seizure freedom, and the number of AEDs before surgery, which showed a linear 
relation with the outcome. The only factor predictive of both outcomes was the completeness 
of resection: incomplete resection of the anatomical lesion increased the hazard of seizure 
recurrence by a factor of 2.5 and decreased the hazard of eventual seizure freedom by a factor 
of 4.
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Model performance in terms of discrimination was best for predicting eventual seizure 
freedom, with an adjusted c‐statistic of 0.73. The calibration plot for this model shows that 
it can accurately identify a small proportion with increased risk, where most patients have a 
predicted chance between 95% and 100% of being seizure‐free for at least 1 year at an average 
follow‐up duration of 6 years after start of AED withdrawal. For predicting seizure recurrence, 
the adjusted c‐statistic of 0.68 shows reasonable discriminatory ability of the model.

The current analysis has several limitations. First, although the analysis was performed on a 
Europe‐wide multicenter cohort and bootstrap‐samples were used to correct for overfitting, 
model performance should be tested in an external validation cohort, because the data were 
collected retrospectively. Second, one of the preselected potential predictors, “postoperative 
seizures,” was not tested because none of the patients with this factor experienced seizure 
relapse. Although no parameters could be estimated, none of these 13 patients relapsed and 
6 of 11 patients (55%) were successful at discontinuing AEDs, which is similar to the 48% in 
the complete cohort. Therefore, the current data do not indicate an increased risk for patients 
with postoperative seizures, once it has been decided to withdraw AEDs. However, the time to 
reduction was almost twice as long for these patients, indicating that they had a substantial 
longer period of seizure freedom after the initial postsurgical relapse before reduction of 
AEDs. Finally, it is important to realize that postoperative seizure relapse risk has never been 
compared between patients who do, and those who do not, withdraw medication, in a 
prospective randomized manner. Our data, and all cohort studies reporting on postwithdrawal 
relapse rates, included only a selection of patients for whom the treating physician deemed 
it safe to start AED withdrawal. It cannot be excluded that recurrence rates, predicted by the 
current model, are somewhat higher when applied in a total cohort of unselected children who 
underwent epilepsy surgery. Therefore, the risk predictor is most reliably applied in patients in 
whom physicians already consider withdrawal of medication but want to balance its risks and 
benefits to better counsel the individual patient and his or her caregivers.

In conclusion, 2 prognostic models with moderate to good discriminative performance 
were created and converted to a clinically useful tool to predict the individual risk of seizure 
recurrence, and eventual seizure freedom, for children after epilepsy surgery.
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Supplementary Table 1 | List of potential predictors

Potential predictor References

1 Age at withdrawal 1

2 Time from surgery to reduction 1-3

3 Duration of epilepsy before surgery 3, 4

4 Absence of MRI abnormalities 3

5 Multifocal MRI lesions 2

6 Postoperative EEG interictal epileptiform discharges before AED withdrawal 2, 4, 5, 6

7 Seizure frequency before surgery 6

8 Presence of postoperative seizures (excluding ‘running down’ seizures) 3, 7

9 Type of surgery (hemispherectomy) 2

10 Etiology 5

11 Incomplete resection 2

12 Previous surgery 2
Potential predictors as identified in a systematic review of the literature. Adapted from: Lamberink HJ, 
Otte WM, Geleijns K, Braun KPJ. Antiepileptic drug withdrawal in medically and surgically treated patients: 
a meta-analysis of seizure recurrence and systematic review of its predictors. Epileptic Disorders 2015; 
17(3):211-228 with permission from John Libbey Eurotext. 
AED, antiepileptic drug; EEG, electroencephalography; MRI, magnetic resonance imaging.
References:

1. Lee SY, Lee JY, Kim DW, Lee SK, Chung CK. Factors related to successful antiepileptic drug withdrawal 
after anterior temporal lobectomy for medial temporal lobe epilepsy. Seizure 2008; 17(1): 11-8.

2. Boshuisen K, Arzimanoglou A, Cross JH, et al. Timing of antiepileptic drug withdrawal and long-
term seizure outcome after paediatric epilepsy surgery (TimeToStop): a retrospective observational 
study. Lancet Neurol 2012; 11(9): 784-91.

3. Park KI, Lee SK, Chu K, et al. Withdrawal of antiepileptic drugs after neocortical epilepsy surgery. Ann 
Neurol 2010; 67(2): 230-8.

4. Menon R, Rathore C, Sarma SP, Radhakrishnan K. Feasibility of antiepileptic drug withdrawal follow-
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Supplementary Table 2 | Missing values

Variable Number of missing values

Sex 0

Seizure recurrence 0

Time to seizure recurrence 0

MRI 0

Etiology 0

Completeness of resection 0

Postoperative seizures 0

Age at surgery 1

Follow-up duration after start AED withdrawal 6

Seizures in last year of follow-up 6

Type of surgery 6

Time to AED reduction 6

Number of AEDs before surgery 6

Age at start AED withdrawal 7

Age at onset of epilepsy 8

Seizure frequency 11

EEG after surgery 15

Duration of epilepsy until surgery 17

Previous epilepsy surgery 50

Number of missing values in the original data. Missing values were imputed with multiple imputations 
using chained equations.
AED, antiepileptic drug; EEG, electroencephalography; MRI, magnetic resonance imaging.
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DISCUSSION

The general aim of this thesis is to increase knowledge on the risks and benefits of, and policies 
on, AED withdrawal. Specific objectives were to develop tools to predict individual risks of 
AED withdrawal, explore postoperative medication policies, investigate long-term cognitive 
effects of the use of these drugs in children, and to study potential cognitive benefits of 
postoperative AED withdrawal. This general discussion will start by putting our findings in 
context and exploring the implications of this thesis. Furthermore, some additional practical 
and methodological considerations will be presented. The remaining part will focus on some 
of the remaining questions and important topics for future studies will be highlighted. 

Main findings in context
BOX 1 summarizes the main findings regarding AED withdrawal.

PART I. AED withdrawal in patients without surgery
From the literature review in Chapter 2 it became evident that on average 34% of medically 
treated people who attempt AED withdrawal will have a seizure recurrence in the next four 
years after drug reduction. Although average risks are useful for giving an indication of the 
risk in the entire population, a large drawback of using these pooled relapse rates to counsel  
patients on their individual risk, is that it is based on many different types of populations. 
The risks reported in these populations ranged from 10% to 66% of patients experiencing 
seizure recurrence after withdrawal. Therefore, an individualized approach to risk estimation 
is preferred. 

For those seizure free on AED treatment alone, Chapter 4 offered a tool which answers the 
following question: if a person with epilepsy stops AED treatment, what is the risk that seizures 
return within the following two and five years, and what is the chance that this person is 
still (or again) seizure free ten years after medication cessation? In Chapter 4 we report on 
nomograms which were created using an individual participant data (IPD) meta-analysis, to 
answer these questions for the individual patient. An easy way to compute these risks is to go 
to the website www.epilepsypredictiontools.info/aedwithdrawal, which is a direct translation 
of the prediction tools in Chapter 4. The impact of this prediction model is illustrated by the 
commentaries that were written in response to its publication (French 2017; Brigo 2017), the 
extent to which it is discussed in a recent review on the topic (Schachter 2018), and the over 
12,000 visits to the prediction tool website between May 2017 and May 2019 (not counting 
visits to the other prediction tools on the website).
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Chapter 3 adds another item to the list of reasons to consider AED withdrawal in children: it 
revealed a potential link between cumulative effects of AED treatment in children on their 
eventual IQ. We found a negative association between AED treatment and intelligence. This 
association remained after correction for many potential confounding variables. The more 
drugs, and the longer they are taken, the stronger the effect. The average patient in that study 
had around five drug-years, which would mean an average IQ decrease of six points according 
to the results. However, since this is the first study to show such long-term effects and the study 
design has its limitations, it is very important that the results are replicated in a prospective 
study. Potential side-effects should not be discussed out of context without regarding the 
benefits, because it is well known that epilepsy itself, and continuing seizures, are also related 
to cognitive problems (Braun 2017), and treatment is often necessary also to reduce the risk 
of complications of seizures itself and even the risk on mortality (Mohanraj et al. 2006). This 
context is paramount when interpreting the results of the study.

The results from Chapter 4 highlight some other important aspects of AED withdrawal, for 
example regarding the timing of tapering. Previous studies, in particular randomized trials, 
compared early withdrawal, usually defined as after a remission period of less than two years, 
with late withdrawal. These studies are summarized in a recent Cochrane meta-analysis 
(Strozzi et al. 2015) and the conclusion is that the risk of recurrence is 1.3 times higher after 
early withdrawal. This is proven for children with partial seizures only, because there are no 
randomized trials in adults, or in children with generalized seizures. What our study shows is 
that this dichotomy between early and late withdrawal does not portray the true extent of 
the relation between timing and risk. Instead, the message is: every additional year of seizure 
freedom reduces the risk of recurrence. What is regarded as an unacceptable risk after two 
years of seizure freedom by an individual might be seen as acceptable after five years of seizure 
freedom. Another important finding regards previous unsuccessful withdrawal attempts: even 
when a previous attempt failed – i.e. seizures recurred and AEDs were restarted – this will not 
affect the chances of successful AED withdrawal in the future. 
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BOX 1 | Clinically relevant main findings

Meta-analysis shows that the average cumulative seizure relapse risk is approximately 34% 
percent for patients who became seizure free after AED treatment, and 24% in surgical 
cohorts (Chapter 2).

Cumulative drug-load of AEDs in children with epilepsy is negatively associated with their 
eventual intellectual functioning (Chapter 3).

By combining data from 10 cohorts and 1769 patients in an IPD meta-analysis, we have 
developed a reliable individualized prediction model and online calculation tool to help 
counseling patients who consider withdrawing AEDs after having reached seizure-freedom 
(Chapter 4).

Although numbers and complexity of paediatric epilepsy surgery cases have increased 
over the last two decades in our single-center nation-wide cohort, seizure-freedom re-
mained high, with 74% at two and 65% at five years, and the proportion of children who 
successfully withdrew AEDs doubled over time (Chapter 5).

From an unprecedentedly large European epilepsy surgery cohort we have learned that 
seizure-outcomes largely differ between aetiologies, epilepsy duration negatively affects 
outcome, and children significantly more often become seizure- and medication-free than 
adults (Chapter 6).

Postoperative medication withdrawal policies in children have changed drastically over the 
last years, leading to premature discontinuation of a prospective randomized control trial 
to compare cognitive outcomes of children who withdrew AEDs early versus late after sur-
gery (Chapter 7); patients and doctors consider late withdrawal not justified (Chapter 8).

We developed an individualized prediction tool to calculate seizure relapse risks after post-
operative AED withdrawal in children (Chapter 9).
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PART II. AED withdrawal after epilepsy surgery
The studies described in this section taught us several important aspects about the policies 
that are employed regarding postoperative AED withdrawal, and ended with a prediction 
tool for postoperative AED withdrawal in children. Epilepsy surgery renders 66% of patients 
seizure free (Chapter 6), and for these patients it should be decided whether and when to 
start AED withdrawal. Most chapters contain retrospective studies in which we observe which 
medication policies were used in the past. In Chapter 5 for example, an important shift was 
demonstrated in medication policy over time. Where before the year 2000 only 14% of children 
were AED free two years after surgery, this number more than doubled for the years 2001-2011. 
Despite an increase in complexity of paediatric surgical cases and more rapid AED withdrawal, 
seizure outcomes remained excellent. The proportion of AED-free children is expected to have 
increased further in recent years, because in 2012 the retrospective TimeToStop study was 
published, which showed for the first time that in children early withdrawal is not correlated 
with long-term seizure outcome (Boshuisen et al. 2012). As a logical sequel  to that study, 
we initiated a prospective randomized trial to compare the cognitive outcome of children 
after early (4 months after surgery) versus late (12 months after surgery) withdrawal, and to 
unambiguously confirm safety of early withdrawal (Chapter 7). The preliminary termination of 
this trial reflects an even stronger recent shift in AED policies and patient and parent perception 
after the results of the TimeToStop retrospective study became known: none of the eligible 
patients were included, because almost all parents demanded early withdrawal and refused to 
be randomized into a treatment arm that required continuing AEDs for an entire year (Chapter 
8). The survey in Chapter 8 furthermore highlights that also most paediatric epileptologists 
did not think waiting for 12 months after successful epilepsy surgery before AED withdrawal 
is justified. The average answer distilled from the responses in the survey would say: if early 
withdrawal is safe, then we should not wait for one, or even two years before the patient is 
liberated from AEDs. Combining this information leads to the conclusion that current practice 
in paediatric epilepsy surgery is to start early with AED withdrawal, provided there are no 
important predictors of surgical failure. 

Another observation regarding medication policy is the large difference between  adults 
and children. Chapter 6 compared seizure and medication outcomes in large multicenter 
European cohorts of operated children and adults in this regard, and children were more likely 
to be medication free five years after surgery. Children had a higher relative chance of seizure 
freedom compared to adults, and their chance of reaching AED freedom was even higher. 
The same pattern was also shown in an international survey among neurologists: paediatric 
neurologists more often recommended drug tapering and would taper early in children with 
a low expected recurrence risk. In addition, physicians with over ten years experience more 
often recommended AED withdrawal (Bartolini, Majidi, and Koubeissi 2018).



208

GENERAL DISCUSSION | CHAPTER 10

10

In Chapter 6, data from 37 centres across Europe not only revealed that epilepsy aetiology 
largely determines seizure outcomes over time and that epilepsy duration is an important 
independent predictor of seizure outcome, it also demonstrated that there is no consensus 
regarding the timing of postoperative AED withdrawal, with a wide range of policies between 
centres. Although the proportions of seizure free patients per centre were symmetrically 
distributed around the average of 60-70%, the number of seizure- and drug-free patients 
at five years varied from 0% to 70% for the participating centres. This indicates that in some 
centres AEDs were tapered in almost all seizure free patients, whereas in others this was 
attempted in none. The international survey in Chapter 8 confirms that there are worldwide 
geographical differences in policy. In contrast to European paediatric epilepsy specialists, non-
European physicians start later with AED withdrawal for children on monotherapy as well as 
on polytherapy. It thus seems that the timing of AED withdrawal is as much dependent on 
country, centre or physician as on clinical factors related to the epilepsy. 

As discussed in Part I, average risks are only to a limited extent informative for the individual 
patient, and the same counts for the average of 24% recurrences after epilepsy surgery 
(Chapter 2). With Chapter 9 we have provided a practical tool to define this risk in more 
detail for the individual patient, in the setting of paediatric epilepsy surgery. This model still 
requires external validation. A recent review on postoperative management of AEDs stated 
the following: “several important pieces of information are still missing to rationally guide 
the post-surgical management of the antiepileptic treatment: in fact, criteria to identify the 
best candidates in whom AEDs can be discontinued or to predict a high risk of relapse after 
tapering AEDs are lacking” (Rubboli et al. 2017). Our prediction tool is another step toward 
rationally counselling patients and their parents on the decision when or whether to withdraw 
medication.  

Counselling the individual patient
Understanding risks
When using a prediction tool to counsel a patient, the physician should be aware of several 
aspects. First, understanding risks can be quite difficult, especially when calculated for a binary 
event; in this case, seizures will recur or not. A hypothetical risk of 15% is easily interpreted as 
‘it will probably not happen’. A great danger in this intuitive approach is that the consequences 
of an eventual seizure recurrence are not discussed thoroughly. There are several aspects that, 
in my opinion, should be laid out in every discussion regarding potential AED withdrawal with 
patient. These are mentioned in BOX 2. 
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BOX 2 | Questions to ask your patient when discussing AED withdrawal.

Did you ever consider stopping AEDs? 
What were your reasons to (not) consider? 

If you would experience a seizure again, how would that affect your life?  
Think of the following aspects:
• occupation
• drivers’ license
• self-esteem
• impact on friends and family
• emotional impact

Imagine yourself without medication and without seizures. What are the major advantages 
for you?

If the risk of seizure recurrence would be 20%, would you accept that risk for these advan-
tages? And what if the risk was 50%? Or 80%?

No matter how low the risk of seizure recurrence, the consequences of seizure recurrence 
should be discussed. Vice versa, no matter how high the risk of recurrence is, it should be 
discussed what the patient would gain by stopping AEDs. Failing to address either may lead to 
regret afterward – because of an unexpected seizure recurrence in the case of low predicted 
risk, or because they feel they do not need the medication anymore but fail to discuss this with 
their doctor. The latter is beautifully illustrated in a series of interviews, in which Ross (aged 10 
years) tells that he stopped his medication because he thought the drugs had cured him: 

“I[nterviewer]: Did you think you were going to have seizures again when you stopped 
taking it or did you think they’d gone away?
Ross: I hadn’t had one for about a year and a half so I thought ‘OK, that’s close enough’.

Although Ross thought his medication had cured his epilepsy, he went on to have another 
seizure and admitted to his mum that he had been putting his medicine down the sink.” 
(Webster 2017)

Framing and choice
Almost forty years ago, Tversky and Kahneman (the latter is author of the enlightening book 
‘Thinking, Fast and Slow’) have described the so-called framing effect, which is the effect of 
presenting risks positively (e.g. 85% chance) or negatively (e.g. 15% risk) on the choice made 
afterward (Tversky and Kahneman 1981). Because deciding on AED withdrawal is ultimately 
the patient’s choice, such a framing effect would have an impact on their decision. Gong and 
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colleagues have performed a review of medical literature, to investigate whether such an 
effect also exists in medical decision-making, but unfortunately were unable to find a definite 
answer (Gong et al. 2013). Another study addressed the framing effect in the specific context 
of AED withdrawal: Jacoby and colleagues asked 62 patients about their preference on AED 
withdrawal, before and after they spoke with their physician about their individualized seizure 
recurrence risk (Jacoby et al. 1993) as computed with a prediction tool presented by the MRC 
AED withdrawal study group (Medical Research Council 1993). The counselling was framed 
either negatively or positively, and patients were classified as wishing to withdraw, to continue 
or to be uncertain, before and after counselling (Table 1). Because of the small difference 
between the (small) groups, a conclusion regarding framing could not be drawn (left part of 
Table 1). What is more striking in these results is that most patients who were beforehand 
inclined to start AED withdrawal, and those who were not certain yet, decided on a more 
conservative approach to continue AED treatment after being presented a personalized actual 
risk percentage, as calculated by a risk calculation tool (right part of Table 1).

Table 1 | AED withdrawal risk counselling and framing – results from (Jacoby et al. 1993)

Preference afterward Regardless of framing

Preference 
beforehand

Framing 
strategy

Withdraw Continue Preference for AED 
continuation before 
counselling

Preference for  AED 
continuation after 
counselling

Withdraw Positive 1 3 0/62 11/62 (18%)

Negative 4 8

Continue Positive1 1 8 18/62 (29%) 17/62 (27%)

Negative1 0 9

Uncertain Positive 5 12 0/62 22/62 (35%)

Negative 1 10

TOTAL 12 50 18/62 (29%) 50/62 (81%)
1These two rows may have been switched because of incomplete information: “Before counselling, 18 
patients wanted to continue AEDs, of whom equal numbers received positively and negatively framed risk 
information. After counselling, all but one of them still wanted to continue.” (Jacoby et al. 1993)

Adjusting to the new normal life
Adjusting to the ‘’new normal” life without medication after AED withdrawal (Chiu et al. 2014) 
can be a challenge in itself. Restrictions in life-style can have a large impact on the person with 
epilepsy and their close surrounding. Although stopping treatment only temporarily increases 
the risk of relapse, the effect of epilepsy may linger for a longer period of time. For parents of 
children with epilepsy for example, stress levels are high, but they go down in the years after 
successful AED withdrawal (Operto et al. 2019). The parental stress levels did not normalize, 
however - they stayed elevated (Operto et al. 2019). This indicates that even when most of the 
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risk of seizures is reduced, their child’s condition has not disappeared from the parents minds. 
For adolescents with epilepsy AED withdrawal does give them a sense of liberation (Chiu et 
al. 2014). In a series of interviews with 11 children, subjects experienced a freedom from the 
constraints connected to antiepileptic therapy (Chiu et al. 2014). The interviewed adolescents 
described now being able to join the activities of their friends without any restrictions and 
feeling free (Chiu et al. 2014). Of course, these results only apply to children who have become 
seizure free, as the study did not interview adolescents who had experienced a relapse due to 
AED withdrawal. 

Methodological considerations in the presentation of prediction tools
A recent article in the British Medical Journal described the advantages and disadvantages of 
different ways of presenting a prediction tool (Bonnett et al. 2019). A nomogram, for example, 
does not require a computer or phone. Furthermore, in contrast to simplifying a model into 
a simple risk score, it retains continuous variables without categorization, and allows for risk 
estimation at multiple time points. A potential difficulty is that proper understanding of a 
nomogram and performing the risk calculation may take some time. Lastly, addition errors 
may be made since the calculation is performed manually. Bonnett and colleagues (Bonnett et 
al. 2019) state that web-based tools such as those on www.epilepsypredictiontools.info can be 
an easy way to compute multiple risks at the same time, but also stress that easy access may 
also mean that such a tool could be used by people for whom it is not intended, potentially 
leading to misinterpretation. Although we developed the prediction tools for use by the 
neurologist, people with epilepsy could also use the tool from home. Before making the tool 
available online we have discussed this possibility in our research team and it was decided 
to keep the website open without restrictions, to maximize its reach and applicability. The 
website indicates that the tool is developed for medical professionals only, and it does not 
advocate any treatment decisions; it only provides an estimation of the risk. By presenting both 
nomograms and translating the model into a web-tool, we have made use of the advantages 
of both methods. 

Directions for future research
The content of this thesis has given some answers to clinical questions, expanded the 
knowledge on the context of AED withdrawal, and provided new tools for the clinician to 
better inform patients. Nevertheless, many questions remain, and new questions may actually 
have arisen to offer guidance for future research. Also, some of the studies had limitations 
that might be overcome by different study designs. In this section I offer my personal view on 
important steps to take in future research. 

Two chapters in this thesis were dedicated mainly to cognitive side effects of AEDs, and much 
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remains unclear. Most of the research on the cognitive side-effect profile of AEDs was done 
ten to forty years ago, when the profile of prescribed drugs was very different from now 
(Chen et al. 2018). Newer classes of AEDs seem to have less side-effects, but most evidence 
is circumstantial or of low quality. Another complicating factor in this type of research is that 
there are many potential confounding effects of epilepsy itself on cognitive performance. 
Prospective and longitudinal studies, that measure potential side effects before and during 
administration of AEDs, are needed to get a better insight in the effect of the medication for 
an individual. Comparably, the side effects could be measured before and after stopping AEDs. 
Cumulative long-term effects of AEDs are extremely difficult to discern from cumulative long-
term effects of epilepsy, or the condition from which epilepsy arose. The best evidence would 
come from placebo-controlled randomized and blinded trials, which for an indication such 
as epilepsy would not be ethical since continued seizures are associated with considerable 
risks. AEDs, however, are prescribed for other conditions beside epilepsy, for example in many 
psychiatric disorders they are thought to have beneficial effects (Ovsiew 2004). However, these 
disorders also come with (temporary) cognitive problems, making them less suitable for the 
proposed study. Migraine is another condition for which AEDs are indicated as second-line 
treatment (Bagnato and Good 2016). A randomized clinical trial using AEDs for migraine may 
be useful to give information on the cognitive side effects. 

Where the studies in this thesis looked at AED withdrawal in the context of seizure freedom 
and potentially ‘resolved’ epilepsy, there is another field of research that is interested in AED 
withdrawal. Within the context of epilepsy surgery, AED withdrawal can be used to provoke 
seizures, and therefore serve as a diagnostic tool to gather information on the seizure onset 
zone. This is usually done during admission to an epilepsy monitoring unit, in which there is a 
continuous recording of combined EEG and video images, so clinical features can be correlated 
to neurophysiological patterns (Rheims and Ryvlin 2014). The goal of this procedure is to 
capture seizures and interictal EEG patterns that can guide epilepsy surgery. However, concerns 
have been raised about the safety of AED withdrawal in the monitoring unit, regarding the 
risk of seizure clusters, status epilepticus, and injuries due to falling, for example. (Di Gennaro 
et al. 2012; Dobesberger et al. 2011; Ryvlin et al. 2013; Rubboli et al. 2015), and few centers 
have a protocol in place on how to withdraw AEDs for this purpose (Kobulashvili et al. 2016). 
Practices vary, to an extent that some centers start tapering medication in the week(s) before 
admission to the monitoring unit, and some only start during the video-EEG registration. To 
study the effect of the timing and speed of AED withdrawal in this setting in relation to the 
occurrence of complications and successful monitoring, we launched the NeedToStop study 
in 2017 (Netherlands Trial Registry number NL6445, https://www.trialregister.nl/trial/6445), a 
European observational prospective study.  

There is much to gain from future prognostic studies regarding outcomes of AED withdrawal. 
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Many studies in the past tried to identify predictors of outcome based on a small sample of 
patients, but these small studies are of limited value when assessing risk factors individually 
(see also Chapter 2). The multitude of studies did allow an IPD meta-analysis, but the simple 
approach of assessing the predictive value of a combination of basic clinical variables in small 
single-center cohorts has been repeated many times, and more of these studies will probably 
not gain new knowledge. Still, at least eight studies have been published on the topic since 
2017, when our IPD-meta-analysis became available (Choi et al. 2019; Syvertsen et al. 2019; 
Healy et al. 2018; Kerkhof et al. 2019; Rathore et al. 2018; Tang et al. 2017; Zhang et al. 2018; Ou 
et al. 2018). Some of these publications provide new and potentially useful data, for instance 
because the population studied is essentially different from the ones studied before, including 
people with glioma (Kerkhof et al. 2019) and with Juvenile Myoclonic Epilepsy (Syvertsen et al. 
2019; Healy et al. 2018). However, some of the research seems to be driven by the availability of 
data, instead of the need for answers. The right question to ask today is not ‘what are predictors 
of seizure recurrence after AED withdrawal?’, rather we should be searching for factors that 
could improve prognostic accuracy. 

Prediction of AED withdrawal outcomes can be improved on multiple levels. First, the 
prediction tool from Chapter 4 is based mainly on data from the 1990’s. Definitions of epilepsy 
and aetiology were different, and great technological advances have been made since. This 
provides ample room for improvement of the prediction model, especially because the 
c-statistic of 0.64 indicates a moderate performance. When updating the existing prediction 
model, special attention should be given to the added value of modern imaging techniques, 
to the current definition of aetiologies, and the advances that have been made in the field 
of epilepsy genetics. When assessing the predictive value of imaging, previous studies (as 
discussed in Chapters 2 and 4) mainly looked at a dichotomous value of the presence or 
absence of MRI abnormalities. This is a great simplification of the potential of MRI diagnoses, 
which might underutilize its predictive capacities. As for aetiology, an early meta-analysis 
already found that the diagnosis of ‘remote symptomatic etiology’ was related to a higher risk 
of seizure recurrence (Berg and Shinnar 1994). However, this classification is outdated, and 
future studies should classify it according to the 2017 ILAE definition into structural, genetic, 
infectious, metabolic, immune, and unknown aetiology (Scheffer et al. 2017). This is where 
MRI, genetic and metabolic laboratory tests can be utilized in sync to define the aetiology as 
a possible predictor in future research. Two other factors of interest would be the type of AED 
and the dosage before withdrawal. Lastly, the advances made in genetics should be taken into 
account in future predictive studies, as already attempted for the prediction of AED treatment 
response (Silva-Alves et al. 2017). Potentially, predictive factor finding studies could focus 
on identifying specific gene alleles that are associated with the outcome of AED withdrawal, 
although it may be difficult to grasp a complex factor as genetics and fruitfully implement this 
into a prediction model.
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The complexity of many questions, in combination with the scarcity of data, makes international 
collaboration essential for real progress in the future. Pooling multiple small-scale datasets into 
one larger IPD meta-analysis such as in Chapter 4 is a first step. International collaboration 
on gathering retrospective data in a uniform manner at a large scale such as in Chapter 6 is 
another. The most difficult but crucial step will be to define the core research questions in 
an international context, and gather data for this prospectively. Even though gathering 
prospective data is costly and time-consuming, only well-designed studies will ultimately 
improve clinical practice. 

In conclusion, AED withdrawal – whether in the context of seizure freedom on medication only 
or after epilepsy surgery – is a topic on which opinions and practices differ, and an approach 
tailored to the individual patient is needed. The scientific community can improve prognostic 
validity of prediction tools, identify the best timing of postoperative AED withdrawal, and work 
toward drugs with less side effects. The final decision regarding stopping or continuing AED 
treatment however will always be for the person with epilepsy: are the gains of stopping AED 
treatment worth the risk of a seizure recurrence? That is a question science can never answer 
in their stead.
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Summary

SUMMARY

Epilepsy is a disorder characterized by recurrent epileptic seizures. Medications, so called 
antiepileptic drugs (AEDs), are successful in preventing seizures for the majority of patients. 
The introduction of this book, Chapter 1, describes the general aspects of epilepsy and its 
treatment, to continue with the context of this thesis: AED withdrawal. When a person with 
epilepsy is seizure free, antiepileptic medications can be stopped in some cases without 
seizures returning. Because of the side-effects profile of most AEDs, the benefits of AED 
withdrawal are clear, but these are opposed by the risk of seizure recurrence its consequences. 
This thesis discusses two different patient populations. In Part I, patients who were seizure free 
on AED treatment alone are discussed, after which Part II focuses on those who were seizure 
free after epilepsy surgery. 

PART I. AED withdrawal in patients without surgery.

Chapter 2 presents a systematic review with two aims: (1) to meta-analyze the risk of seizure 
recurrence after AED withdrawal based on all available literature, for both medically treated 
and surgically treated patients; and (2) to systematically gather information on predictors of 
seizure recurrence after AED withdrawal. Based on nearly 3700 patients from 26 publications, 
the average seizure recurrence risk 3-4 years after AED withdrawal was 34% (95% confidence 
interval 28-40%) for those seizure free on AEDs patients. For patients seizure free after epilepsy 
surgery, the average recurrence risk in the first 3-4 years was 24% (95% confidence interval 
13-42%), based on 1025 patients from 5 studies. The number of predictors reported in the 
literature of outcome after AED withdrawal was 25 for medication-only, and 12 for after 
epilepsy surgery. Because of the heterogeneity between study designs it was not possible to 
state which predictors were most important.

In Chapter 3 we investigated the potential cumulative effects of AEDs on the intelligence 
quotient (IQ) of children. Fifty nine children with focal epilepsy were included. These children 
had an MRI and neuropsychological investigations available between the ages of 5 and 12. 
Linear regression analysis revealed a negative association between the cumulative drug 
load and IQ. Drug load was defined in drug-years until neuropsychological investigation. 
After correcting for confounders in multivariable linear regression, the negative association 
remained with a regression coefficient of -1.2 IQ-points per drug-year (95% confidence interval: 
-2.1 to -0.3). There are limitations to the study design, so causal inferences are not possible. 
These findings do highlight the need for further studies on this topic.
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After the systematic review of predictors in Chapter 2 we conducted an independent 
participant data meta-analysis in Chapter 4. With this analysis we wanted to determine which 
predictors are strongest to assess the risks, and to combine these into a prediction model. 
Ten datasets from previously published cohorts were combined to form one large cohort of 
1769 patients. These were analyzed with proportional hazards regression resulting in two 
prediction models. The first predicts the risk of seizure recurrence after two and five years, and 
included the following eight predictors: the duration of epilepsy before remission, the seizure-
free interval before initiating AED withdrawal, the age at onset of seizures, a history of febrile 
seizures, the number of seizures before remission, the absence of an epilepsy syndrome with a 
benign course (childhood absence epilepsy, Rolandic epilepsy or Panayiotopoulos syndrome), 
developmental delay, and epileptiform abnormalities on an EEG prior to AED withdrawal. The 
second prediction model predicts the presence of seizures at 10 years after withdrawal. The 
model contains the following eight predictors: the duration of epilepsy before remission, the 
seizure-free interval before initiating AED withdrawal, the number of AEDs before withdrawal, 
female sex, a family history of epilepsy, the number of seizures before remission, the presence 
of focal seizures, and epileptiform abnormalities on an EEG prior to AED withdrawal.

PART II. AED withdrawal after epilepsy surgery.

Epilepsy surgery mainly focusses on completely removing the source of epileptic seizures, 
and by doing so curing the patient from epilepsy. When this is not possible, palliative surgery 
focusses on relief from symptoms, which is not the focus of this thesis. After successful curative 
surgery people usually continue with AED treatment for some time, until it is deemed safe to 
withdraw the medication. The policies and practices regarding the timing of AED withdrawal 
have changed over time, as this part of the thesis will show.
 
In 1990 a national program was started in the Netherlands for epilepsy surgery in children. 
Chapter 5 presents outcomes of the first two decades of pediatric epilepsy surgery in the 
Netherlands. Between 1990 and 2011, 234 children underwent epilepsy surgery with curative 
intent. Two years after epilepsy surgery, 74% of patients were completely seizure free. When 
comparing the outcomes of 1990-2000 and 2001-2011, there was no statistical difference 
regarding seizure outcome between these epochs. In the second epoch (2001-2011), however, 
the amount of children who had completely stopped antiepileptic drug treatment more than 
doubled: 32% in 2001-2011 versus 13% in 1990-2000. 

Chapter 6 investigated epilepsy surgery outcome on a larger scale. We summarized outcomes 
in relation to histopathological diagnosis in a European cohort of 9147 adults and children 
operated between 2000 and 2012. There was a difference in seizure outcomes between different 
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classes of histopathology, with seizure freedom at two years in 72-76% of patients with a tumor, 
vascular malformation or hippocampal sclerosis, and 54-60% of those with malformation 
of cortical development, encephalitis, glial scar, and those with no histopathological lesion. 
Medication freedom increased between one and five years after surgery, from 3-9% of patients 
(depending on histopathology) to 17-43%. There was a large difference between the centers 
regarding the proportion of medication free patients. Lastly, children were more often free 
from medication at five years post-surgery (45%) than adults (28%).

To study the cognitive benefits of early postoperative AED withdrawal in children, the 
TimeToStop trial was designed, of which Chapter 7 contains the study protocol. This randomized 
clinical trial was designed to allocate children to early withdrawal at four months after surgery, 
or late withdrawal at twelve months. Primary outcome was cognitive performance, especially 
executive functions as measured with the EpiTrack Junior, at one and two years after surgery. 
A secondary objective was to confirm safety of early withdrawal. The study was designed as a 
multicenter, international trial to be executed in the UK, Germany, France, Switzerland and the 
Netherlands. 

The TimeToStop trial was unsuccessful in recruiting patients, because almost all parents 
demanded early withdrawal. This was the motivation to start a survey among pediatric 
epileptologists to uncover current practices of AED withdrawal. The results of this survey are 
described in Chapter 8. AED withdrawal was started between three and six months on average 
in case of poly, and between five and eleven months in case of monotherapy. In addition, 46-
67% of respondents stated it was not justified to wait twelve months before starting AED 
withdrawal. These results confirmed what we suspected: medication is withdrawn early as 
standard practice in many places already, late withdrawal is not accepted anymore as good 
option, and therefore the TimeToStop trial was justifiably terminated. 

Chapter 9 showcases the development of another prediction tool; this time predicting seizure 
outcomes after AED withdrawal in the context of pediatric epilepsy surgery. Based on a cohort 
of 766 European children, prediction models were created analogous to those in Chapter 
4. These predict the risk of seizure recurrence at two and five years after the start of AED 
withdrawal, and the chance of seizure freedom at six years. Factors included in the first model 
were the age at AED withdrawal, the time to starting AED withdrawal in months since surgery, 
the presence of multifocal lesions on preoperative MRI, interictal epileptiform discharges on 
a postoperative EEG, and incomplete resection of the anatomical lesion. Three factors were 
related to long-term seizure freedom (at six years) and were included in the second model: the 
average seizure frequency before surgery, the number of AEDs before surgery, and incomplete 
resection of the anatomical lesion. 
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Finally, the general discussion in Chapter 10 places the main findings in context of the 
literature. To summarize the findings: for seizure-free patients on medication, and for children 
after epilepsy surgery, prediction models are presented. These models allow for individual 
estimation of seizure recurrence risk after AED withdrawal. The models are used in practice to 
counsel patients, and available on www.epilepsypredictiontools.info. Also in this thesis, the 
relation between AED treatment in children and their intelligence quotient was studied: AEDs 
may have a negative impact on cognitive development of children. Finally, we learned several 
aspects about postoperative medication policy: in the Netherlands, children stopped with 
medication earlier in later years; children more often stop AEDs after surgery than adults; there 
is large variation between centers regarding policy; and the average pedicatric epileptologist 
starts postoperative AED withdrawal within the first year after surgery.
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Epilepsie is een aandoening gekenmerkt door epileptische aanvallen. Medicatie, zogenaamde 
anti-epileptica (antiepileptic drugs, AEDs), kunnen bij veel mensen de aanvallen voorkomen. De 
introductie, Hoofdstuk 1, beschrijft de algemene aspecten van epilepsie en de behandeling, 
en daarna de context van dit proefschrift: het stoppen van AEDs. Na een tijd zonder aanvallen 
is het namelijk de vraag of deze medicatie nog nodig is; soms kan deze gestopt worden zonder 
dat de aanvallen terug komen. AEDs hebben veel bijwerkingen, zo kunnen ze bijvoorbeeld 
iemand slaperig of minder alert maken en kunnen ze voor geboortedefecten zorgen. Het 
voordeel van het staken van de medicamenteuze behandeling is duidelijk, maar het risico dat 
de aanvallen terugkomen met alle gevolgen van dien blijft. 
In dit proefschrift worden twee verschillende groepen mensen besproken. DEEL I kijkt naar 
mensen die onder behandeling van deze medicatie aanvalsvrij zijn geworden. In DEEL II wordt 
gekeken naar mensen die dankzij een speciale hersenoperatie geen aanvallen meer hebben: 
epilepsiechirurgie. 

DEEL I. Het staken van AEDs bij patiënten die geen epilepsiechirurgie hebben gehad.

Hoofdstuk 2 heeft alle gepubliceerde artikelen over het staken van AEDs onderzocht met twee 
doelen: (1) het gemiddelde risico op een aanvalsrecidief te berekenen na het staken van AEDs, 
zowel voor medicamenteus als chirurgisch behandelde mensen; en (2) op een systematische 
wijze informatie te verzamelen over mogelijke voorspellers van een aanvalsrecidief na het 
staken van AEDs. De gemiddelde kans dat aanvallen in de eerste 3-4 jaar terugkomen was 
34% (95% betrouwbaarheidsinterval 28-40%) in het geval van medicamenteuze behandeling, 
gebaseerd op bijna 3700 patiënten uit 26 verschillende artikelen. was. In het geval van 
epilepsiechirurgie was de gemiddelde kans dat de aanvallen terug kwamen na het staken 
van AEDs 24% (95% betrouwbaarheidsinterval 13-42%), gebaseerd op 1025 patiënten 
uit 5 studies. Er werden 25 verschillende voorspellers gevonden in de literatuur die een 
aanvalsrecidief zouden voorspellen na het staken van AEDs. In het geval van aanvalsvrijheid 
na epilepsiechirurgie waren dat er nog eens 12. Er waren echter te veel verschillen tussen 
de onderzoeksmethoden, het formaat van de studies en de kwaliteit, dat er niet gezegd kon 
worden welke van deze voorspellers het belangrijkst zijn.

In Hoofdstuk 3 hebben we gekeken naar de mogelijke effecten van AEDs op de intelligentie 
quotiënt (IQ) van kinderen. Gegevens waren beschikbaar van 57 kinderen, met onder andere 
een MRI en een neuropsychologisch onderzoek tussen de leeftijden 5 en 12 jaar. Lineaire 



244

ADDENDUM

regressie toonde een negatieve associatie aan tussen cumulatieve AED load en IQ. Cumulatieve 
AED load wil zeggen, hoe langer en hoe meer medicijnen, des te zwaarder de AED load, en hoe 
lager het IQ. Na correctie voor confounders bleef deze negatieve associatie met een regressie 
coëfficiënt van -1.2 IQ punten per AED jaar (95% betrouwbaarheidsinterval: -2.1 tot -0.3). Er 
zijn beperkingen aan deze studie, dus er kan geen causaal verband worden aangetoond. Wel 
zetten deze bevindingen aan tot meer onderzoek op dit onderwerp.

Na het systematisch onderzoek van de literatuur in Hoofdstuk 2 hebben we een independent 
participant data meta-analyse uitgevoerd in Hoofdstuk 4. Hiermee wilden we bepalen welke 
voorspellers het belangrijkst zijn om risico’s in te schatten, om deze vervolgens te combineren 
in een voorspelmodel. We konden tien datasets van eerder uitgevoerd onderzoek combineren 
tot een grote dataset van 1769 patiënten. Deze gegevens hebben we geanalyseerd met 
proportional hazards regressie om twee voorspelmodellen te maken. 
Het eerste model voorspelt het risico dat de aanvallen terugkomen binnen twee en vijf jaar. 
Het bevat acht voorspellers: de duur van epilepsie voordat de persoon aanvalsvrij werd, 
het aanvalsvrije interval tot aan het staken van medicatie, de leeftijd van de eerste aanval, 
een voorgeschiedenis van koortsconvulsies, het totaal aantal aanvallen voor remissie, 
de afwezigheid van een epilepsiesyndroom met een bekend gunstig beloop (absence 
epilepsie op de kinderleeftijd, benigne Rolandische epilepsie, Panayiotopoulos syndroom), 
ontwikkelingsachterstand, en epileptiforme afwijkingen op een EEG (hersenfilmpje) 
voorafgaand aan het staken van AEDs. 
Het tweede model voorspelt de aanwezigheid van aanvallen 10 jaar na het staken. Het 
model bevat acht voorspellers: de duur van epilepsie voordat de persoon aanvalsvrij werd, 
het aanvalsvrije interval tot aan het staken van medicatie, het aantal AEDs voorafgaand aan 
AED withdrawal, vrouwelijk geslacht, een familiegeschiedenis van epilepsie, het totaal aantal 
aanvallen voor remissie, de aanwezigheid van focale aanvallen, en epileptiforme afwijkingen 
op een EEG (hersenfilmpje) voorafgaand aan het staken van AEDs.

DEEL II. Het staken van AEDs na epilepsiechirurgie.

Epilepsiechirurgie heeft als grootste doel om de oorzaak van epileptische aanvallen volledig 
weg te nemen, en dus de epilepsie te genezen. Dit is niet altijd mogelijk, in dat geval wordt er 
gesproken over palliatieve chirurgie (het verlichten van symptomen), wat verder niet ter sprake 
komt in dit proefschrift. Na een succesvolle –in opzet curatieve- operatie blijven mensen voor 
een tijd medicatie gebruiken, totdat het veilig wordt geacht om deze te staken. Het beleid met 
betrekking tot de timing hiervan is onderhevig aan veranderingen naarmate er meer ervaring 
en data beschikbaar is, zoals uit onderstaande hoofdstukken ook duidelijk wordt. 
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In 1990 is men in Nederland begonnen met epilepsiechirurgie voor kinderen. Hoofdstuk 5 
presenteert de uitkomsten van de eerste 22 jaar epilepsiechirurgie bij kinderen in Nederland. 
Tussen 1990 en 2011 zijn er 234 kinderen geopereerd met curatieve opzet. Twee jaar na 
de operatie waren 74% van de patiënten compleet aanvalsvrij. Een vergelijking tussen de 
kinderen geopereerd in 1990-2000 en 2001-2011 liet zien dat er geen verandering was in de 
aanvalsvrijheid. Wel werd de medicatie in het tweede tijdvak vaker gestaakt in de eerste twee 
jaar: 32% nam geen medicatie meer, in vergelijking met 13% in de 1990-2000 groep. 

Hoofdstuk 6 heeft naar de uitkomsten van epilepsiechirurgie gekeken op een grotere schaal. 
We hebben de uitkomsten samengevat in relatie tot de histopathologische diagnoses, in een 
Europees cohort van 9147 volwassenen en kinderen die tussen 2000 en 2012 geopereerd 
zijn. De verschillende pathologische diagnosen hadden verschillende uitkomsten van de 
operatie, met 72%-76% aanvalsvrijheid voor mensen met een tumor, vasculaire malformatie of 
hippocampale sclerose, en 54-60% voor mensen met een aanlegstoornis van de hersenschors, 
encefalitis, een gliaal litteken, en degenen waarbij er geen histopathologische diagnose 
gesteld werd vanwege normaal weefsel. Afhankelijk van de histopathologische diagnose was 
er een klein verschil (3-9%) of groter verschil (17-43%) in het aantal patiënten welke medicatie 
stopte tussen één en vijf jaar na de operatie. Er waren grote verschillen tussen de centra met 
betrekking tot het percentage patiënten zonder AEDs na vijf jaar. Kinderen waren vaker zonder 
medicatie op vijf jaar na chirurgie (45%) dan volwassenen (28%).

Om te kijken naar de mogelijke cognitieve voordelen van vroeg staken van AEDs na 
epilepsiechirurgie bij kinderen, hebben we de TimeToStop trial ontworpen. Hoofdstuk 7 
toont hier het studieprotocol van. Deze gerandomiseerde studie was ontworpen zodat een 
vergelijking gemaakt kon worden tussen kinderen die vroeg, vier maanden na de operatie, 
of laat, twaalf maanden na operatie, zouden beginnen met het verminderen van medicatie. 
De primaire uitkomst zou gemeten worden één en twee jaar na operatie, aan de hand van 
cognitieve prestaties gemeten met EpiTrack Junior. Daarnaast wilden we ook de veiligheid 
van vroege medicatie onttrekking bevestigen. Deze trial was ontworpen als een multicenter, 
internationale trial voor het Verenigd Koninkrijk, Duitsland, Frankrijk, Switzerland en Nederland.

De TimeToStop trial is voortijdig gestaakt omdat geen van de ouders mee wilden doen: ze 
wensten bijna allemaal vroeg na de operatie te stoppen met de medicatie. Dit was voor ons 
de aanleiding om een enquête te houden onder kinderepileptologen en hen te vragen naar 
hun huidig beleid ten opzichte van postoperatief medicatiegebruik. De resultaten van deze 
enquête zijn beschreven in Hoofdstuk 8. Deze experts gaven aan gemiddeld na drie tot zes 
maanden te beginnen met het verlagen van de AED dosis als de patiënt meerdere middelen 
gebruikt. In het geval van één middel was dit na vijf tot elf maanden. Daarnaast zei ook 46-
67% van de experts dat het niet gerechtvaardigd was om twaalf maanden lang door te gaan 
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met de medicatie. Deze resultaten bevestigden wat we reeds vermoedden: medicatie wordt 
tegenwoordig standaard vroeg na de operatie verminderd, laat staken wordt gezien als minder 
gunstig, en de TimeToStop trial is dus terecht gestaakt.

Hoofdstuk 9 beschrijft de ontwikkeling van een tweede predictiemodel voor de uitkomsten 
van het staken van AEDs; deze keer in de context van epilepsiechirurgie bij kinderen. Op basis 
van een cohort van 766 kinderen uit Europa zijn er twee modellen gemaakt vergelijkbaar 
met de modellen in Hoofdstuk 4. Ze voorspellen het risico op een aanvalsrecidief op twee 
en vijf jaar na de start van medicatievermindering, en de kans op aanvalsvrijheid na zes jaar. 
De voorspellers in het eerste model waren: leeftijd waarop AEDs worden verminderd, de 
tijd tussen operatie en het starten van AED vermindering, de aanwezigheid van multifocale 
afwijkingen op het preoperatief MRI, interictale afwijkingen op een postoperatief EEG, en 
incomplete resectie van de anatomische lesie. Drie factoren waren gerelateerd aan lange-
termijn aanvalsvrijheid (op zes jaar) en zijn in het tweede model opgenomen: het gemiddeld 
aantal aanvallen voor de operatie, het aantal AEDs voor de operatie, en incomplete resectie 
van de anatomische lesie. 

Tot slot, in de algemene discussie van Hoofdstuk 10 zijn de hoofdbevindingen van de 
voorgaande hoofdstukken in de context van literatuur geplaatst. Samengevat: dit proefschrift 
presenteert voorspelmodellen voor mensen die met AEDs aanvalsvrij zijn geworden, en voor 
kinderen die epilepsiechirurgie hebben ondergaan. Deze modellen maken het mogelijk om 
voor de individuele patiënt te berekenen wat het risico is dat de aanvallen terug zullen keren. 
De modellen worden in de praktijk gebruikt om patiënten voor te lichten, en zijn beschikbaar 
op www.epilepsypredictiontools.info. Een hoofdstuk heeft gekeken naar de relatie tussen 
AED gebruik bij kinderen en hun intelligentie quotiënt: AEDs hebben mogelijk een negatieve 
impact op cognitieve ontwikkeling bij kinderen. Als laatste zijn er meerdere conclusies 
te trekken met betrekking tot postoperatief medicatiebeleid: kinderen die in latere jaren 
geopereerd waren stopten eerder met medicatie; kinderartsen beginnen meestal in het eerste 
jaar met het onttrekken van AEDs; in Europa stoppen kinderen vaker dan volwassenen, en is er 
ook een grote variatie in beleid tussen de centra.
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