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Abstract
Background: Seizures are common in children with acute lympdmsiiz leukemia (ALL). As
ALL survival rates are improving, the challengarimimize treatment related side effects and
late sequelae rises. Here, we studied the frequénang, etiology and risk factors of
seizures in ALL patients.
Methods. The study included children aged 1-17.9 yearsaagrbsis of B-cell-precursor and
T cell ALL who were treated according to the Nor8iaciety of Pediatric Hematology and
Oncology (NOPHO) ALL2008 protocol between 2008 @0d5. Detailed patient data were
acquired from the NOPHO ALL2008 registry and byiegvof medical records.
Results: Seizures occurred in 81/1464 (5.5%) patients.ctimeulative incidence of seizures
at one months was 1.7% (95% CI: 1.2-2.5) and atyeae 5.3% (95% CI 4.2-6.5%). Patients
aged 10-17.9 years, those with T cell immunophgetZNS involvement, or high-risk
induction with dexamethasone had higher risk faruges in univariable analyses. Only age
remained a risk factor in multivariable analysé® (tumulative incidence of seizures for
patients 10-17.9 years old at one year was 9.0% (G5 6.2-12.9)). Of the 81 patients with
seizures, 43 had posterior reversible encephalgstidrome (PRES), 15 had isolated
seizures, nine had sinus venous thrombosis (SWigethad stroke-like syndrome, and 11
had other neurotoxicities. Epilepsy diagnosis veguorted in totally 11 ALL survivors at last
follow up.
Conclusion: Seizures are relatively common in ALL patients andur most often in patients

with PRES, SVT, or as an isolated symptom. Oldddim have higher risk of seizures.

Keywords: epilepsy, ALL, neurotoxicity
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Abbreviation Meaning

CNS Central Nervous System
ALL Acute Lymphoblastic Leukemia
PRES Posterior Reversible Encephalopathy Syndrome
SVT Sinus Venous Thrombosis
S Stroke-Like Syndrome

SADH Syndrome of Inappropriate Antidiuretic Hormone &#on
BCP B Cell-Precursor

NOPHO Nordic Society of Paediatric Haematology and Ongglo
T Stem Cell Transplantation

ADHD Attention Deficit Hyperactivity Disorder
EEG Electroencephalogram
MRI Magnetic Resonance Imaging
CT Computed Tomography
ICU Intensive Care Unit
ILAE International League Against Epilepsy
AED Antiepileptic Drug

NMDA N-Methyl-d-Aspartate
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1. Introduction

Acute neurological side effects in the central nes/system (CNS) are reported in up to 13%
of children with acute lymphoblastic leukemia (AMY. Seizures occur both as isolated CNS
toxicity and as a symptom of systemic conditfdris® The most frequently described
neurotoxicities or systemic conditions that predsgpatients to seizures are posterior
reversible encephalopathy syndrome (PRES), cersimmad venous thrombosis (SVT),
methotrexate-related stroke-like syndrome (SLS}hoteexate-related leukoencephalopathy,
CNS infections, encephalopathy defined as alteredtah status, and electrolyte disturbances
including the syndrome of inappropriate antidiurdtormone secretion (SIADH)? °®)
Several chemotherapeutic agents used in ALL treattare also associated with
neurotoxicities and seizut€d®. Treatment of seizures is symptomatic but awaeos
possible etiologies, such as PRES, infections oF,%¥/important for timely diagnosis and

optimal treatmenf' *" *® The aim of this study was to explore the freqyetiming, etiology

and risk factors for seizures in children with Ak well as possible long-term effects.

2. Materialsand methods

2.1 Subjects and study design

Children aged 1-17.9 years, diagnosed with B catprsor (BCP) or T cell ALL between
July 1, 2008 and December 31, 2015 in twenty-twaigiec oncology centers in Sweden,
Norway, Denmark, Finland, Iceland, Estonia, andhisinia were included in the study. All of
these centers had a common treatment protocohflmhood ALL, the Nordic Society of
Paediatric Haematology and Oncology (NOPHO) ALL2@e&ocof**?Y. This protocol
included an on-line toxicity registration systenveonng 18 toxicities (including severe

neurotoxicity) with a high compliance of 959 Patients treated with other protocols than
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NOPHO ALL2008, such as patients diagnosed witmedge ALL, Philadelphia positive
ALL, and Down syndrome were excluded. Patients witbpected or verified neurotoxicity
were retrospectively identified from the registdetailed data on neurological symptoms,
laboratory parameters within 2 weeks prior to s&guneuroimaging, treatment strategies,
and outcome including epilepsy diagnosis at ldstvisup of the patients with neurotoxicity
was subsequently acquired by a questionnaire caetpby/ the participating centers after
review of medical records. NOPHO-ALL 2008 protopobvides definitions of acute CNS
toxicities including seizures, PRES and methotrexalated neurotoxicity’ >, Further,

Ponte Di Legno criteria classification of CNS tati&s in childhood ALL were applied in this
study®. The questionnaires were reviewed by a child Hegist (SA). Semiology of seizures
was assessed by SA according to current Interradtlorague Against Epilepsy (ILAE)

recommendatior®.

2.2 Ethics

The NOPHO-ALL 2008 study was approved by the nali@ompetent Authority (EudraCT
2008-003235-20 and 2011-000908-18 (Lithuania))thedscientific Ethical Review Boards
and National Medical Products Agencies in the respe countries. The families have
consented to registration of ALL and treatmenttesldoxicities for research purposes. This
study is a sub-study of the ALL2008 protocol and heen approved by the NOPHO

scientific board.

2.3 Statistical analyses
The follow-up period began with the diagnosis ofLAdnd continued until relapse, stem cell
transplantation (SCT), secondary malignancy, deatlast follow-up date, whichever

occurred first. Time to seizure was defined as diays the start of ALL treatment to the day
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of seizure, with censoring for relapse, secondaaignancy, SCT, death, other neurotoxicity,
or last follow-up, whichever occurred first. Cooportional hazards models were used for
evaluating the association between possible ristofa and seizure incidence. Age group,
immunophenotype, sex, CNS status at diagnosistigkgroup at diagnosis were included in
the multivariable model. SPSS Version 25.0 for Véwwd (SPSS Inc., Chicago, IL), and R
version 3.5.0, R Core Team (20%9) were used for all analyses and data processimy. T
method of Gra§y* was used for visualizing and calculating cumukaiivcidence of seizures,
using the functiorruminc from the R packagemprsk. Two-sided p-values below 0.05 were

considered significant.

3. Results

3.1 Patient population

The study group included 1464 children; 1274 wi@Band 190 with T cell ALL. The
median follow-up time for survivors was 5.0 yeaem@e, 0.0-9.3 years, n=1351) with
interquartile range 3.4-6.9 years. Acute severe @iXities were reported in 135/1464
patients (9.4%). PRES, SVT, and isolated seizuge the most common neurotoxicities;
seizures independently of etiology were reportellifi35 with CNS toxicities respectively

81/1464 children with ALL.

3.2 Incidenceand risk factorsfor seizures

The overall incidence of seizures under ALL treatineas 5.5% (81/1464 patients). Two
patients with seizures during ALL treatment had peslious history of febrile seizures: one
patient had had generalized epilepsy but was tezdtiree three years prior to ALL diagnosis
and one patient had been diagnosed with rolandiepsy with no AED treatment four years

prior to ALL diagnosis. The cumulative incidencesefzures was 1.7% (95% CI: 1.2-2.5) at
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one month and 5.3% (95% CI: 4.2-6.5) at one yeanfALL diagnosis. Most seizures
occurred during the first 20 weeks of treatmendiction to delayed intensification) but
sporadic cases occurred throughout treatment péfigdre 1). Isolated seizures without a
clearly defined cause were present in 15 casds3 rases isolated seizures occurred within 3
weeks of intrathecal methotrexate administratibome or combined with intravenous
methotrexate (data missing for one patient) and thight reflect methotrexate toxicity

The underlying causes of seizures in the remai@égatients included PRES, SVT, SLS,
possible PRES (defined as a course of symptoms atiloigpto PRES but lacking respective
neuroimaging findings), CNS infection and systeowaditions with seizures namely
hyponatremia, hypoglycemia, and multiorgan failUree clinical characteristics of all
patients, with and without seizures, in this colaoet shown iTable 1. The seizures were
generalized (n=42), focal (n=21), and focal toteilal tonic-clonic (h=8); data on semiology

of seizures were not available in 10 caskpplementary Table 1).

Older age (10-17 years compared to 1-9 years)|lITne@unophenotype, CNS involvement
at diagnosis, and high-risk induction with dexamastine treatment showed higher risk for
seizures in univariable analysdsable 1). Older age remained as risk a factor for segure
after applying multivariable analysebaple 1 and Figure 2). The cumulative incidence of
seizures in the 1-9 years group was 1.5% (95% 0424) at one month and 4.3% (95% CI:
3.2-5.6) at one year. The cumulative incidenceetfises in the 10-17.9 years group was

2.3% (95% CI: 1.1-4.8) at one month and 9.0% (93%62-12.9) at one year.

3.3 Other symptoms and signsin patientswith seizures
Apart from seizures, some patients also displajggisor symptoms of encephalopathy,

headache, paresis, nausea, dysphasia, dyspraual field defects, sensory disturbances,
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psychosis, fever, constipation, abdominal painanous combinations and frequencies. See
Supplementary Figure 1 for the distribution of various symptoms among @eait$ according

to underlying CNS toxicity.

3.4 Work-up

Electroencephalogram (EEG) recordings were perfdnm®&2 patients with seizures and
were pathological in 43/51 cases (EEG data is mgsfir one patient). The EEG findings, as
described, include slow activity with no closerdfieation (n=16), focal epileptiform or
suspect epileptiform activity (n=11), encephalogdth=6), seizure activity including
epilepsia partialis continua (n=3), status epimi(n=3), postictal status (n=1), suspect
generalized epileptiform activity (n=1), and drunghiced abnormal activity (n=1);

pathological EEG result is missing for one patient.

Of the 81 patients with seizures, neuroimaging pexformed at least once in 75 cases. Sixty-
six patients were examined with brain magneticmasce imaging (MRI), median days to
MRI: 1 day (range: 0-20 days, data missing for tlepd abnormalities were observed in 58
cases). Forty-four patients were examined withrbcamputed tomography (CT), median
days to CT: 0 days (range: 0-8 days; abnormakte® observed in 31 cases). Thirty-seven
patients underwent both brain MRI and CT, mediaysda MRI or CT: 0 day (range: 0-16
days; abnormal findings in both examinations weesent in 27 cases, only in MRI in 7
cases and only in CT in O cases). Neuroimagingneagerformed in six patients with
seizures; two of whom had isolated seizures, odehlgponatremia, one had hypoglycemia,
one had possible PRES, and one had multiorgarrd¢aifollow up brain MRI was performed
in 47 patients (data missing for three patient®dian time from neurotoxicity to follow-up

MRI was 5 weeks (range: 0-179 weeks; abnormahtex® observed in 23 cases). Follow up
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brain CT was performed in eight patients (data igsfor four patients); median time to
follow up CT from neurotoxicity was12 weeks (randes2 weeks, data missing for 1 patient;

abnormalities were observed in five cases).

3.5 Treatment

Antiepileptic drugs (AEDs) were administered togatients with seizures, along with other
treatments for the underlying conditions. The nitejuently administered benzodiazepine
was diazepam followed by midazolam, clonazepam céotthzam. The most frequently
administered AED, other than benzodiazepines, axatitacetam followed by phenytoin,
valproate, phenobarbital, topiramate, lamotrigarel oxcarbazepine. The median duration of

treatment with AEDs was 4.4 weeks (range: 0.1-1W&eks), data missing for 34 cases.

For the treatment of underlying neurotoxicities j@dients received antihypertensives, six
patients received dextromethorphan (three with PRESwith SLS and one with isolated
seizures), two patients received intravenous immglatmlins, one patient received
aminophylline, and one patient received magnesRetients with SVT received
anticoagulants and patients with bacterial or virBdctions received respective treatments.
Forty-two patients were admitted to the ICU during course of their seizures and
underlying causes. Modifications of chemotheramjuding postponement of treatment and
dose reduction were reported in 38 patients (megukently methotrexate but also vincristine,
asparaginase, mercaptopurine, high-risk block+tmeat, cyclophosphamide, dexamethasone,

daunorubicin, and cytarabine).

3.6 Recurrent seizuresduring ALL treatment and outcome at last follow up
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149 At the acute phase of CNS toxicity two patients hadtiple seizures lasting more than one
150 week, seven patients had multiple seizures lastnagto seven days, 33 patients had multiple
151  seizures lasting up to 24 hours and 24 patientsimgdle seizures with various duration (data
152 are missing for 15 patients).

153

154  Seven patients had repeated seizures during Alatntrent after first CNS toxicity episode
155  occurrence (median 6 months; range 2-26 months).dthese patients had ongoing

156  prophylactic AED medication. Recurrence of seizwves related to methotrexate treatment
157 intwo cases and recurrence of PRES in one caseiggering factor was described in four
158 cases. We do not have data for recurrence of ssiafter the end of ALL treatment for all
159  patients.

160

161 At the last follow-up 74/81 patients were alive g@iran 5.1 years; range 1.7-9.2 years).

162  Totally 11 ALL survivors who displayed seizures laadepilepsy diagnosis. Epilepsy

163  diagnosis for these 11 patients was made at abatsepreccurence of seizures or after the
164  end of ALL-treatment (median 12 days; range 0-188¢s). Three patients had ongoing

165 epilepsy diagnosis and AED treatment at last follgpwhereas AED treatment was

166  successfully withdrawn in eight patients after IBronths, median 24 months.

167

168  Nine of the 11 patients with epilepsy were iniffadlvaluated with brain MRI. Seven patients
169  had MRI changes typical of PRES, one patient hadipte PRES with unspecific cortical
170  ischemic lesions in the occipital lobe and in pa@rg] one patient had isolated seizures with
171  discreet increased T2 signal in the right templatad. A follow-up MRI was performed in

172  eight patients and in three of them signal abnadtiealremained all previous PRES cases.

173 Although the majority of patients with epilepsy hatthormal MRI findings and PRES as
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174  underlying neurotoxicity, neither pathological iaitMRI findings, pathological follow-up
175  MRI findings or PRES were statistically significargk factors for epilepsy diagnosis (data

176  not shown).

177  SeeTable 2 for underlying causes, work-up, treatment straggand outcome in patients

178  with seizures.

179

180 4. Discussion

181 In this study, of patients with ALL treated accarglito the NOPHO ALL2008 protocol, 5.5%
182  had seizures, most commonly as a manifestatiofR&3 or SVT or as isolated seizures.

183  Children with ALL treated with various protocolsveahad an incidence of seizures between
184  1.5% and 13%* 2 Epilepsy has previously been described as outafméL patients

185  with seizures, but the reported frequency variesymingly due to different treatment

186  protocols, use of neurotoxic cranial irradiatiorpmevious studies and different length of

187  follow up of patients' 2> 2® Likewise, reports on recurrence of seizures ustlemotherapy
188  after first manifestation of neurotoxicity v&2®. The most common underlying etiologies
189  for seizures reported by now have been leukoentepdidy, cerebral infarction,

190  hypertension, or metabolic disturbarfée$’2®) Here, PRES was the predominating

191  underlying neurotoxicity under childhood ALL treant in patients with seizured 173032
192  which might reflect higher awareness of PRES affctdities in differential diagnoses

193  among neurotoxicities under ALL treatm@&ht®® Interestingly PRES seems to be related to
194  epilepsy diagnosis among ALL patients, as showm @veviousl{*?, even though this

195 relation did not reach statistical significancehis study. Seizures are often related to

196  antileukemic agent& 8 2% 29 3)The NOPHO ALL2008 protocdf*Yincludes

197 dexamethasone in high-risk induction and high do$esethotrexate, vincristine and
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198  asparaginase, which might contribute to the riskeafrotoxicity® > 2° ** 39 |n contrast to an
199  earlier study we did not find that females hadghhir risk for seizurés).

200

201  Older age as risk factor for seizures in ALL petltgpatients was not a surprising result as
202  older age has previously been related to a highlerfar further toxicities including

203 thrombosis, pancreatitis, and osteonecfsi8. Adolescents with ALL have worse overall
204  outcomes, which could be due to a higher frequehdycell leukemia, KMT2A

205 rearrangement in leukemic cells, and higher padtiétion minimal residual dised¥e®” T-
206  cell leukemia, CNS involvement at diagnosis andiation with dexamethasone showed

207  higher risk for seizures in univariate analysesrmitin multivariable analyses. Another

208  previous study on pediatric ALL and seizures showéend for association between more
209 intensive ALL treatment and seizures without reagtstatistical significan¢®.

210

211 The association of chemotherapeutic agents witindtsneurotoxicities should be considered
212 in differential diagnoses. PRES was the most comamaterlying syndrome in patients with
213 seizures in our study and is more frequent in tdPNO protocols compared to other reports,
214  possibly due to the high intensity of vincristimeatment during the first three months of

215 treatmerit®?Y. SLS is related to and occurs within three wedkadministration of

216  methotrexaté® “°. Most isolated seizures occurred within 3 weeksrahethotrexate

217  administration and could be attributed to methcﬁteXoxicit)@). Methotrexate is

218 administrated at least every three weeks duringitstemonths of NOPHO ALL2008

219 treatment. Asparaginase and glucocorticosteroielsedated to thromboses, including S¥T
220 “Y. Electrolyte disturbances, hypoglycemia, CNS itifers, and multiorgan failure should
221  also be considered at the onset of seizures. MfREisnost important diagnostic examination

222 and modern MRI techniques can be beneficial irecéfftiating SLS and PRES**)
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Administration of AEDs and supporting of vital biydiunctions are the cornerstones for
treatment of seizures. AEDs are used in the tredtofgorolonged or relapsing seizures
regardless of underlying etiolo%). According to the present study, use of enzymadirdy
AEDs phenytoin, phenobarbital and oxcarbazepinecsasmon in ALL patients. However
clinicians should be aware that concomitant udevef enzyme inducers and chemotherapy
should be discouraged due to diverse interactiodstzerefore alternative AEDs should be
recommendéed®. The decision to use prophylactic AED treatmeisth be grounded on the
presence of risk factors for relapse, namely ababE&G findings and abnormal
neuroimaging findindée). According to guidelines on withdrawal of AEDsapilepsy,
discontinuation of AEDs should be considered dftseizure-free years as soon as seizures
are controlled with respect to clinical developmand possible persistence of abnormalities
in EEGs or other documented etiol8§gy There are no closer established guidelines fer th
patient group, but it is reasonable to considehavawal of AEDs earlier than 2 seizures-free
years in cases where the triggering factors ar@vedhand the patients show good recovery
clinically and radiologically. Furthermore, it isportant to treat the underlying cause of

neurological sympton{®).

The retrospective nature of this study, missingdaick of neuroimaging and EEG reviews
and unclear proportion of child neurologist evaluaf seizures and details on how epilepsy
diagnosis was established are limitations of oudysthat might have unclear impact on
classification of seizures and epilepsy diagndidl, the results reflect the clinical praxis and
should encourage cooperation between child oncstognd child neurologists for optimal

assessment of seizures and follow up of epilepsy.
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5. Conclusions

Seizures are a common adverse effect during taentent of ALL. Older pediatric patients
have higher risk of seizures. Seizures are mosha#ported in patients with PRES during
ALL treatment. Epilepsy diagnosis after seizures lbeen reported in more than every tenth

ALL survivors but the frequency of long-term epggrhas been lower.
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Figurelegends

Figure 1. Distribution of seizures according to underlyirapise during the treatment period.
PRES=posterior reversible encephalopathy syndr@&v&=sinus venous thrombosis,
SLS=stroke like syndrome. “Other” includes possiPRES, hyponatremia, hypoglycemia,

central nervous system infection, and multiorgalurfe.

Figure 2. Cumulative incidence of seizures.

Supplementary Figure 1. Clinical symptoms of underlying causes of seizumgsediatric

ALL patients. PRES=posterior reversible encephdlopayndrome, SVT=sinus venous

thrombosis, SLS=stroke like syndrome.



Table 1. Clinical characteristics of patients with seizures and risk factors for seizures.

Controls (n=1383)

Seizure (n=81)

Univariable HR (95% CI; p)

Multivariable HR (95% ClI; p)**

Agein years(median, IQR, range)

Agegroup, n (%)
1-9 years
10-17 years, n (%)

Female
Male
Immunophenotype, n (%)
BCPALL
Tcell ALL
CNS status*, n (%)
CNS1
CNS2or3
Induction therapy, n (%)
Prednisolone
Dexamethasone

45 (2.8-8.3; 1.0-18.0)

1111 (80.3)
272 (19.7)

632 (45.7)
751 (54.3)

1213 (87.7)
170 (12.3)

1205 (87.1)
174 (12.6)

1120 (81.0)
251 (18.1)

78 (4.4-11.3; 1.7-17.0)

53 (65.4)
328 (34.6)

40 (49.4)
41 (50.6)

61(75.3)
20 (24.7)

64 (79.0)
17 (21.0)

56 (69.1)
25 (30.9)

1.09 (1.04 - 1.13; <0.001)

Ref
2.15(1.36 - 3.41; 0.001)

Ref
0.86 (0.56 - 1.33; 0.50)

Ref
2.35 (1.42 - 3.90; <0.001)

Ref
1.83 (1.07 - 3.13; 0.03)

Ref
2.00 (1.25 - 3.21; <0.001)

Ref
1.95(1.21 - 3.13; 0.01)

Ref
0.78 (0.50 - 1.22; 0.28)

Ref
1.60 (0.64 - 4.05; 0.32)

Ref
1.62 (0.93 - 2.781; 0.09)

Ref
1.09 (0.45 - 2.65; 0.85)

*4 missing values for the controls ** Including Age group, sex, immunophenotype, CNS status, induction therapy. HR=hazart ratio,
Cl=confidence interval, IQR= interquartile range, CNS=central nervous system.



Table 2. Underlying causes to seizures, work up, treatment strategies and outcome in patients
with seizures.

Underlying CNStoxicity Number of patients (%)
PRES 43/81 (53.0)
SVT 9/81 (11.1)
Isolated seizures 15/81 (18.5)
SLS 3/81 (3.7)
Possible PRES 3/81(3.7)
Hyponatremia 3/81 (3.7)
Hypoglycemia 2/81 (2.5)
CNSinfection 2/81 (2.5)
Multiorgan failure 1/81(1.2)

Neuroimaging studies
Brain-MRI performed 66/79 (83.5)
Abnormal brain-MRI 58/66 (87.9)
Brain-CT performed 44179 (55.7)
Abnormal brain-CT 31/44 (70.5)
Both brain-MRI and brain-CT performed 37/79 (46.8)
Both brain-MRI and brain-CT abnormal 27137 (73.0)

EEG
EEG performed 52/77 (67.5)
Abnormal EEG 43/51 (84.3)

Treatment strategies
Anticonvul sants/antiepileptics 57/73 (78.1)
ICU support 42/78 (53.8)
Temporary adjustment of chemotherapy 38/78 (48.7)
Antihypertensives 34/73 (46.6)
Steroids 18/71 (25.4)
Intravenous immunoglobulin 2[73 (2.7)
Magnesium 1/68 (1.5)
Aminophylline 1/67 (1.5)

Outcome
Survivors 74/81 (91.4)
Epilepsy 11/70 (15.7)

Denominator <81 indicates that data were not available for all patients regarding the respective title.
CNS=central nervous system, PRES=posterior reversible encephalopathy syndrome, SV T=sinus venous
thrombosis, SL S=stroke like syndrome, M RI=magnetic resonance imaging, CT=computed tomography,
EEG=electroencephal ographem, |CU=intensive care unit.
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Seizures are common in pediatric acute |lymphoblastic leukemia (ALL) patients.
Particularly posterior reversible encephal opathy syndrome (PRES), but also sinus
venous thrombosis, methotrexate related stroke-like syndrome, methotrexate,
vincristine and diverse cytostatica toxicity, central nervous system infections,
electrol yte disturbances were underlying causes of seizuresin ALL.

Older age was an independent risk factor for seizuresin pediatric ALL.

Epilepsy was common sequel ae after seizures and was most common in ALL patients
having displayed PRES.
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