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ABSTRACT 
 

Posterior reversible encephalopathy syndrome (PRES) and other central nervous system 
(CNS) toxicities not only complicate the treatment of acute lymphoblastic leukaemia (ALL) in 
children, but may lead to treatment modifications and long-term effects which increase 
morbidity and even mortality. Although recognition of these complications has improved in 
the last decades thanks to the increased availability of brain magnetic resonance imaging 
(MRI) in clinical practice, data on exact incidence rates, treatment strategies in different 
complications, and impact on outcomes are limited. Cranially irradiated leukaemia survivors 
are at risk of brain tumours, but the incidence rates of brain tumours after long latency 
periods need to be defined. In this thesis, the occurrence and spectrum of CNS symptoms, 
clinical characteristics and impact on prognosis and neurological outcome were determined 
during and after ALL therapy, as well as the significance for neurotoxicity of low dosing of 
folinic acid after high-dose methotrexate. In addition, the risk of secondary brain tumours in 
cranially irradiated leukaemia survivors after long latency periods was defined.  

Data were gathered on 643 children treated in Finland in accordance with the protocols of 
the Nordic Society of Paediatric Haematology and Oncology (NOPHO ALL 1992 and NOPHO 
ALL2000) (Studies I, II). The NOPHO leukaemia registry provided data on patient and 
treatment characteristics. Thorough reviews were performed of all medical records and the 
detailed data on CNS symptoms from all patients: timing, clinical picture, outcome (Studies I, 
II), and treatment modifications (Study II). Data on high-dose methotrexate treatment 
(methotrexate concentrations, folinic acid doses, and timing) were gathered from patients 
treated with NOPHO ALL2000 standard or intermediate risk protocols at Oulu and Kuopio 
University Hospitals (Study III). All cranially irradiated adult leukaemia survivors (with a 
minimum of 10 years after end of therapy) from Oulu University Hospital were invited to a 
follow-up brain MRI, if not recently imaged due to neurologic symptoms. The cohort 
consisted of 60 patients; however, only 49 patients participated in Study IV.  

In the 643 children with ALL, acute CNS symptoms (Study I) occurred in 86 patients (13%) 
during the first two months of the treatment. PRES was the most common CNS 
complication. Cerebrovascular events occurred in 10 patients (1.6%), hypertensive 
encephalopathy in six (1.0%), and methotrexate-related stroke-like syndrome in one (0.2%). 
CNS symptoms due to systemic or unclear conditions, particularly sepsis, were important for 
differential diagnosis, and occurred in thirty-six (5.6%) children. No CNS symptom was 
characteristic for specific CNS complications and diagnosis in most cases required a 
combination of imaging, laboratory tests, and clinical judgement. CNS leukaemia was an 
independent risk factor for defined CNS complications in a multivariable logistic regression 
analysis. Defined CNS complications other than PRES were not associated with lower event-
free or overall survival. Epilepsy was a common sequela. However, a majority of these 
sequelae occurred in patients with PRES.  
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A total of 29 (4.5%) patients developed PRES (Study II), almost exclusively during the 
induction treatment. All patients presented with seizures. Hyponatremia was a common 
finding in patients with PRES, and significant hypertension, constipation, and > 2 weeks of 
alkalinisation hydration was associated with PRES in a multivariable binary logistic regression 
analysis. PRES was associated with long-term neurological morbidity, as one third of the 
patients with PRES developed epilepsy. In addition, relapses were more common in PRES 
group and PRES was associated with lower overall survival.  

In over half (n = 181) of the 351 high-dose methotrexate courses, methotrexate clearance 
was fast, leading to low dosing of folinic acid (Study III). Despite low folinic acid previously 
having been suggested to associate with increased neurotoxicity, no neurotoxicity was seen 
in a cohort of forty-four patients. 

Of 49 leukaemia survivors evaluated through brain MRI, eleven (22%) developed a 
meningioma after an exceptionally long latency period, mean 25 years (range 14–34 years). 
The incidence of meningiomas continued to increase 20 years after the treatment, unlike 
that of gliomas, which typically develop with shorter latency periods. Four patients were 
symptomatic at the time of diagnosis, three had multiple meningiomas, and two had 
recurrent disease. Eight meningiomas were operated on, with a World Health Organization 
(WHO) I histology in seven patients and WHO II (atypical) in one patient. No other brain 
tumours were seen.  

In conclusion, the studies included in this thesis showed that CNS complications are common 
during and after ALL therapy. PRES in particular is a significant complication of the treatment 
associated with long-term morbidity (epilepsy) and poor prognosis. It was not clear whether 
the negative impact on outcome was due to PRES itself or a result of suboptimal therapy. 
The role of hyponatremia in the pathogenesis of PRES requires further studies. Although CNS 
complications can usually be cured, some are life-threatening. Accurate diagnostics of 
symptoms is crucial for proper treatment. In patients with fast clearance, a low dose of 
folinic acid after high-dose methotrexate was sufficient to prevent neurotoxicity. It was 
observed that meningiomas developed with a long latency, which is today a known feature 
of radiation-induced meningiomas.  
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TIIVISTELMÄ 
 

Lapsuusiän akuutti lymfoblastileukemia (ALL) on yleisin lapsilla esiintyvä syöpä. Sen ennuste 

on parantunut niin, että nykyään noin 90% paranee pysyvästi. ALL on 

keskushermostohakuinen syöpä ja sen tehokas hoito edellyttää keskushermostoon 

kohdistettua hoitoa. Aiemmin käytettiin sädehoitoa, mutta se on vähitellen korvattu 

selkäydinnestetilaan ja suurina annoksina verenkiertoon annettavilla lääkkeillä, erityisesti 

metotreksaatilla. Keskushermosto-oireet, kuten päänsärky, näköhäiriöt, tajunnantason 

muutokset, sekavuus ja kouristelu ovat merkittäviä komplikaatioita lapsuusiän hoidon 

aikana. Oireilu voi johtaa muutoksiin leukemiahoidossa tai aiheuttaa pitkäaikaishaittoja, 

jotka voivat lisätä myöhempää sairastavuutta ja lisätä kuolleisuutta. Aiemmin käytetty 

keskushermoston sädehoito lisää riskiä myöhemmin kehittyville aivokasvaimille.  

Tutkimme 643:lla Suomessa vuosina 1992 – 2008 ALL:aan sairastuneilla lapsilla äkillisten 

keskushermosto-oireiden esiintymistä sairauskertomuksista. Oireita esiintyi 86:lla eli 13%:lla 

potilaista. Oireet painottuivat ensimmäisen kahden kuukauden ajalle. 

Keskushermostokomplikaatioista tavallisin oli posteriorinen reversiibeli enkefalopatia 

syndrooma (PRES), jota esiintyi 29 lapsella (4,5 %). Yhtä potilasta lukuun ottamatta oireet 

kehittyivät alkuhoidon aikana, tyypillisimmät oireet olivat kouristelu (100%), näköhäiriöt ja 

vatsakipu. Kouristelua ennakoi usein alentunut veren natriumpitoisuus, kohonnut 

verenpaine ja ummetus, joista kaksi viimeisintä osoittautuivat PRES:n itsenäisiksi 

riskitekijöiksi. Kolmasosalle PRES potilaista kehittyi epilepsia, lisäksi PRES ryhmän potilailla 

leukemia uusiutui merkittävästi useammin kuin verrokeilla, ja elinajan odote oli huonompi.  

Seuraavaksi yleisimmät keskushermoston haittavaikutukset olivat aivoverenvuodot, aivojen 

sinuslaskimoiden tukokset tai muut aivoverenkiertohäiriöt, joita esiintyi kymmenellä 

potilaalla (1.6%). Kohonneeseen verenpaineeseen liittyvä aivo-oireilu ilman PRES diagnoosia 

todettiin kuudella potilaalla (1%). Sen sijaan metotreksaattihoitoon liittyvä keskushermosto-

oireilu oli odotettua harvinaisempi esiintyen vain yhdellä potilaalla. Muita keskushermosto-

oireita liittyi infektioihin ja muihin yleissairauksiin. Keskushermostoleukemia 

diagnoosivaiheessa lisäsi merkitsevästi keskushermostokomplikaatioiden riskiä. 

Korkea-annos metotreksaattihoitoon voi liittyä keskushermoston ja muiden elinten 

haittavaikutuksia. Foliinihappoa käytetään neutraloimaan metotreksaatin vaikutus ja 

suojaamaan terveitä soluja hoidon jälkeen. Tutkimme 44 potilaan aineistossa foliinihapon 

annostelua 351 metotreksaattihoidon yhteydessä. Kun metotreksaatin pitoisuus veressä 

laski hyvin nopeasti, mikä tapahtui 51% hoitokuureista, foliinihapon annos oli vain 1-2 

annosta. Keskushermoston oireilua ei todettu yhdelläkään potilaalla. Foliinihappo voi 

kerääntyä elimistöön ja vähentää myöhempien metotreksaatti hoitojen tehoa, minkä vuoksi 

liiallista annostelua pyritään välttämään.  
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Viimeisenä esittelemme tulokset lapsuusiän leukemiahoidon aikana pään sädehoidon 

saaneiden leukemiasta selviytyneiden aikuisten riskistä saada myöhemmin sädehoitoon 

liittyvä aivokasvain, tavallisimmin meningiooma, yli 10 vuotta sädehoidon jälkeen. Pään 

sädehoidon lapsuusiän leukemiahoidon aikana saaneista 49:stä potilaasta yhdellätoista 

todettiin pään MRI:ssä meningiooma (22%). Meningiooma kehittyi poikkeuksellisen pitkän, 

keskiarvoltaan 25 vuoden (vaihteluväli 14-34 vuotta) latenssiajan jälkeen niin, että 

ilmaantuvuus kasvoi 20 vuotta pään sädehoidon jälkeen. Neljällä potilaista oli oireita 

diagnoosihetkellä, kolmella meningioomia oli useita ja kahdella meningiooma uusiutui. 

Kahdeksalla potilaalla meningiooma operoitiin, ja histologialtaan ne olivat yhtä lukuun 

ottamatta matala-asteisia (WHO luokituksessa luokka I). 
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INTRODUCTION 
 

Acute lymphoblastic leukaemia (ALL) is the most common cancer in children, with 

approximately 50 new cases diagnosed every year in Finland. Introduction of multimodal 

chemotherapy and central nervous system (CNS)-directed treatment have tremendously 

improved the prognosis of this invariably fatal disease, and the 5-year event-free survival is 

now nearly 90% (Pui, Yang et al. 2015, Hunger, Mullighan 2015). CNS-directed treatment 

comprises cranial or craniospinal irradiation, intrathecal medication, and high-dose 

chemotherapy. Unfortunately, cranial radiotherapy (CRT) elevates the risk of CNS tumours, 

growth delay, endocrinopathies, and neurocognitive effects. This has led to the development 

of other CNS-directed therapy modalities.  

In the last three decades, the Nordic protocols have succeeded in replacing irradiation with 

more intensive CNS-directed chemotherapy as the first-line treatment. This now typically 

includes several courses of high-dose (HD) methotrexate (MTX) with intrathecal injections, 

high doses of vincristine during induction, and HD cytarabine for high-risk patients. The 

chemotherapeutic agent itself, cumulative doses due to repeat courses, and the route of 

administration may cause neurotoxicity (Schmiegelow, Forestier et al. 2010). 

However, CNS-directed treatment threatens to cause both acute CNS complications and late 

effects. Acute CNS toxicity may cause considerable morbidity and even mortality. Several 

conditions and complications may cause acute CNS symptoms, including visual disturbances, 

persistent headaches, hallucinations, hemiplegic symptoms, altered level of consciousness 

and seizures. The incidence of acute central nervous system complications varies between 3 

and 13 percent (Parasole, Petruzziello et al. 2010, Baytan, Ozdemir et al. 2010), but the 

patient materials in many previous studies are heterogenous and the incidence rates are not 

always comparable. The most common acute CNS complications during ALL treatment 

include posterior reversible encephalopathy syndrome (PRES), cerebral sinovenous 

thrombosis (CSVT), stroke-like syndrome (SLS), intracranial haemorrhage (ICH) and 

encephalitis. Not only do acute complications challenge ongoing treatment, they may lead to 

long-term complications, such as epilepsy (Maytal, Grossman et al. 1995, Kuskonmaz, Unal 

et al. 2006, Parasole, Petruzziello et al. 2010). 

Survivors of ALL have an estimated 10–20-fold increased risk of secondary cancer (Ishida, 

Maeda et al. 2014), particularly CNS neoplasms (Neglia, Meadows et al. 1991), with 

radiotherapy being the most important risk factor. Unlike gliomas, meningiomas occur after 

long latency periods without a plateau in incidence; even 10 years after end of treatment, 

the incidence continues to increase (Walter, Hancock et al. 1998, Neglia, Robison et al. 

2006). 

The first objective in this thesis was to report the occurrence of acute CNS complications 

during ALL treatment and incidence rates of CNS tumours in survivors of ALL who had cranial 
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irradiation as part of their leukaemia treatment. Second, the author aimed to define the risk 

factors of these complications and, third, to describe the outcome of patients with acute 

CNS complications. 



   17 

REVIEW OF THE LITERATURE 
 

Epidemiology, aetiology and prognosis of ALL 
 

Acute lymphoblastic leukaemia (ALL) is the most common cancer in children, comprising one 

fourth of all childhood cancers (Bhojwani, Yang et al. 2015). Approximately 200 children are 

diagnosed every year in the Nordic countries (Finland, Denmark, Iceland, Norway and 

Sweden) (Heyman, Óskarsson 2019). Children aged 2–5 years are at the greatest risk for ALL, 

and there is a slight male predominance, especially among adolescents. 

In a majority of cases, no clear causative factor can be identified. However, several 

conditions or factors are linked to ALL. The incidence of ALL is higher in identical twins and 

patients with certain chromosomal abnormalities, such as Down’s syndrome, Fanconi’s 

anaemia, ataxia telangiectasia and Klinefelter’s syndrome. Karyotypic abnormalities in 

leukemic cells are common. Immunodeficiency (either inherited disease or secondary 

immunodeficiency due to immunosuppressive medication), environmental factors (i.e., 

exposure to ionising radiation and certain toxic chemicals) and abnormal immune response 

to ordinary infections, such as influenza virus, may predispose susceptible children to 

leukaemia (Kroll, Draper et al. 2006, Inaba, Greaves et al. 2013). Chromosomal 

translocations and rearrangements may initiate events in leukemogenesis, and can be 

present years before clinical leukaemia, even in neonate blood samples (Hunger, Mullighan 

2015). 

The development of ALL therapy is ongoing. The first effective drug was introduced in the 

1940s. Since then, therapy has evolved from single-agent therapy to multimodal therapy 

with synergistic chemotherapeutic agents. Combination chemotherapy in the 1950s and 

early 1960s induced remission in a vast majority of patients (80–90%), but the overall 

survival (OS) remained poor as leukaemia relapsed in most cases. The introduction of CNS-

directed treatment in the 1960s and 1970s, along with multimodal therapy and supportive 

care, was pivotal in the improvement of ALL prognosis. Today, the overall survival in children 

with ALL exceeds 90% (Vora, Goulden et al. 2013, Pieters, de Groot-Kruseman et al. 2016, 

Toft, Birgens et al. 2018). This improvement in OS is also observed in Nordic countries 

(Figure 1). 
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Figure 1. Overall survival among children treated with Nordic Society of Paediatric 

Haematology and Oncology (NOPHO) ALL1992, 2000 and 2008 protocols. Figure modified 

from the NOPHO Annual rapport (Heyman, Óskarsson 2019). 

 

Classification of ALL 
 

Childhood ALL is a heterogenous disorder that can develop in any stage of normal lymphoid 

maturation. In parallel with the development of therapy, the understanding of pathobiology 

of ALL has improved, which makes the characterisation of leukemic blasts and risk 

stratification more accurate. Leukaemia cells can be classified based on morphology, 

immunophenotype, cytogenetics, biochemistry and molecular genetics, with morphologic 

classification having been replaced by newer techniques. The morphologic classification 

system of the French-American-British (FAB) Cooperative Working Group classified cells 

based on cytologic features (cell size, nuclear chromatin, nucleoli, and amount, basophilia 

and vacuolation of cytoplasm) to L1–L3 morphologic groups (Pui, Evans 2013). 

In 1970s, immunologic techniques could use surface markers to differentiate leukemic cells 

into T cells, B cells and non-T/non-B cells, with the latter making up the largest group. Later, 

it turned out that 80% of the cells in this group had a common ALL antigen CD-10 surface 

marker. This, together with cytogenetic changes, often indicates a favourable prognosis. A 

majority, 85%, of childhood ALLs are now known to be in B cell precursors, which express 

different surface antigens depending on the degree of maturation, although none of the 

surface antibodies is absolutely lineage-specific (Figure 2). ALL is classified by 

immunophenotype into T cell, precursor B and B cell (Burkitt) phenotypes, which are further 

divided based on karyotypic abnormalities (Pui, Mullighan et al. 2012).  

 

ALL1992 
ALL2000 

ALL200

8 
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In more recent protocols, analysis of the leukaemia cells’ gene expression profiles completes 
the classification of leukaemia cells. Genetic lesions of leukemic blast cells are increasingly 
recognised and used in risk stratification. Of the biochemical markers, terminal 
deoxynucleotidyl transferase (Tdt) distinguishes ALL from acute myeloid leukaemia (AML) in 
diagnosis, as it is usually present in precursor B cells and T cells, but not in AML. Other 
markers used in diagnostics are elevated serum levels of lactate dehydrogenase and 
glucocorticoid receptors, with a greater number indicating early B lineage ALL.  

 

 

 

 

Figure 2. Surface antigens in B cell maturation. The common ALL surface antigen (CD10) is 
detected in most immature B cell leukaemia. In normal B cell maturation, mature B cells 
transform into activated plasma and memory cells in peripheral lymphoid tissue. The figure 
is based on the B cell maturation diagram at HematologyOutlines.com (Rashidi, Nguyen 
2020). 
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Prognostic factors and risk stratification  
 

Prognostic factors  
 

In ALL, children may present with various features with either favourable or unfavourable 

prognosis. This heterogeneity is taken into account when designing treatment, and risk 

stratification aims to identify an effective treatment with a minimum of unnecessary side 

effects. The clinical characteristics of the patient, immunophenotype, genetics, biological 

features of the leukaemia cells, and response to the treatment are the main prognostic 

factors (Hunger, Mullighan 2015).  

 

Age, white blood cell count, and other clinical features 
Greater age ( 10 years), lower age (< 1 year), and higher white blood cell (WBC) counts ( 

50 x 109/L) are all linked to adverse outcomes. High WBC counts and age are not as relevant 

as predictors in T cell ALL as in B cell lineage ALL (Hunger, Mullighan 2015). The National 

Cancer Institute criteria are a globally used risk stratification system, which divides patients 

into standard risk (SR) or high risk (HR) based on age and WBC count. In SR, patients must 

fulfil both criteria: age 1–9 years and WBC < 50 x 109/L, while in HR they can fulfil either one: 

age < 1 or ≥ 10 years or WBC ≥ 50 x 109/L (Smith, Arthur et al. 1996). 

 

Immunophenotype, and genetic and biological features of leukaemia cells 
B and T cells are further classified based on genetic alterations, which include aneuploidy 

(changes in chromosome number), chromosome rearrangements, deletions and insertions 

of DNA, and DNA sequence mutations (Hunger, Mullighan 2015). B cell ALL generally 

includes a series of such alterations, which can indicate either a good prognosis 

(hyperdiploidy > 59 chromosomes, trisomies 4, 10, 17 or ETV6-RUNX1) or a bad prognosis 

(hypodiploidy < 44 chromosomes, intrachromosomal amplification of chromosome 21, BCR-

ABL1). Common translocations include t(12;21)[ETV6-RUNX1], t(1;19)[TCF3-PBX1] and 

t(9;11)[BCR-ABL1] and the mixed-lineage leukaemia (MLL) gene with several partner fusion 

genes. Translocation t(12;21)[ETV6-RUNX1] is seen in 25% of paediatric ALLs. Thanks to 

advances in therapy and ongoing research, the prognosis of several subtypes, including 

Philadelphia chromosome (encoding BCR-ABL1), has improved and other subtypes, including 

Philadelphia-like ALL, have been recognised. MLL (KMT2A) is closely associated with ALL that 

develops before 1 year of age and has an adverse prognosis (Schultz, Pullen et al. 2007, Pui, 

Evans 2013, Bhojwani, Yang et al. 2015, Pui, Yang et al. 2015). 

Approximately 15% of ALLs are of T cell lineage origin. T cell ALL is often associated with 

additional risk factors, such as male sex, higher age, black ethnicity, higher white blood cell 

counts, mediastinal mass/lymph node and CNS leukaemia. Previously, the prognosis for T 
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cell ALL was poor, but it has improved thanks to modern, more intensive chemotherapy 

(Hunger, Mullighan 2015). 

 

Response to treatment  
The perhaps most important factor determining outcome is the achievement of remission 

state, when no leukemic cells can be detected. The risk of treatment failure is higher in 

patients whose minimal residual disease (MRD) is  0.01% at the end of induction treatment 

versus patients whose levels are < 0.01% (Hunger, Mullighan 2015, Borowitz, Devidas et al. 

2008). 

 

Risk stratification in Nordic protocols 
 

Risk stratification is protocol-specific, and generally differs between protocols from different 

eras (Table 1). Improvements in leukaemia treatment and increased data on prognostic 

factors, especially genetic alterations, impact on risk stratification criteria. From 1981 to 

1991, patients with SR and intermediate risk (IR) were treated with non-uniform Nordic 

protocols. The first common Nordic Society of Paediatric Haematology and Oncology 

(NOPHO) protocol for all risk groups was established in 1992.  

Risk stratification divides patients into SR, IR and HR groups based on demographic and 

clinical features, which describe their probability of relapse and define the intensity of 

leukaemia treatment needed to reduce the risk of relapse. 

  



   22 

Table 1. Risk groups for childhood acute lymphoblastic leukaemia patients treated in Nordic 

countries 1981–2008. The table is modified from protocol data from Gustafsson, Kreuger et 

al. 1998 and Schmiegelow, Forestier et al. 2010. 

Standard risk  
 

Age 2–10 years (< 20 years before July 1984)  
WBC < 10 x 109/L 

No other risk factors 
Good response to initial therapy* 

1981– 

Intermediate risk 
 

Age 1–10 years and WBC 10–50 x 109/L 
OR Age 1–2 years or ≥ 10 years and WBC ≤ 50 

No high risk criteria 

 

High risk, > 1 yrs 
 

Mediastinal mass 
Testicular ALL 

 High-risk chromosomal translocation or other 
cytogenetic alteration** 

 Slow response to therapy *** 
 

Age 1–5 years: WBC 50.1–200 x 109/L, CNS ALL, T 
cell with or without mediastinal mass, 

lymphomatous features 
 

Age > 5 years: WBC 50–100 x 109/L, T cell ALL 
without mediastinal mass 

 
 
 
 
 
 

Addition to risk criteria in 
1992 

Very high / Very intensive, only ≥ 5 years 
 

WBC 100—200 x 109/L 
 CNS ALL 

 T cell leukaemia with med. mass or other high risk 
criteria 

 Lymphomatous features 

Very high 1992– /  
Very intensive 2000 

Extra intensive  
 

WBC > 200 x 109/L 
 Very slow response 

 Age ≥ 10 years and 11q23/MLL**, 
t(9;22)(q34;q11)/BCR-ABL**, hyperhaploidy 

 

2000– 

*day 15 < 25% blasts (= M1 or M2), day 29 < 5% blasts (M1) **Chromosomal translocations 

(4;11), (9;22) and 1992– (22q-) and (8;14), (2;8), (8;22), T1;19 hypodiploidy*, 34–45 

chromosome*, DNA index < 0.95, 2000– 11q23/MLL and age < 10 years. *** day 15 marrow 

M3 (≥ 25% blasts in non-aplastic bone marrow), day 29 marrow M2 (5–25% blast in non-

aplastic bone marrow). 
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ALL therapy 
 

ALL therapy has improved further in every protocol and rapid progress have been made 

since “total therapy” was introduced in 1972 (Pinkel, Simone et al. 1972). Before the 1980s, 

ALL patients in the Nordic countries were treated based on national guidelines or the Berlin-

Frankfurt-Munster (BFM) protocols, which were originally developed by the German 

Pediatric Group (Henze, Langermann et al. 1981). In 1981, the first non-uniform Nordic 

protocols were introduced for SR and IR patients. These protocols comprised induction, 

consolidation and maintenance treatment and were later extended to include early and 

delayed intensification for higher risk groups. This structure is used in leukaemia protocols 

internationally. BFM introduced delayed intensification (DI) in the 1970s, which later proved 

to be beneficial for lower risk groups as well (Hutchinson, Gaynon et al. 2003). The first 

common protocol for all risk groups was established in 1992. ALL therapy was intensified in 

the NOPHO protocol 2000, especially for HR patients, who were classified into the subgroups 

intensive (I), very intensive (VI) and extra intensive (EI) (Schmiegelow, Forestier et al. 2010). 

In 1992, a separate protocol was developed for patients with Philadelphia chromosome 

positive ALL (Gustafsson, Kreuger et al. 1998). 

Induction aims to achieve morphological remission, when normal haematopoiesis is 

recovering and there are fewer than 5% blasts in bone marrow. The response to treatment is 

typically monitored on days 15, 29, and after consolidation. Measurement of MRD in the 

bone marrow using either flow cytometry or polymerase chain reaction (PCR) has become 

the most important stratifying factor. In the NOPHO ALL2008 protocol, MRD of > 0.1% on 

day 29 assigned patients to a higher risk group, and patients with poor response and MRD of 

> 5% on day 29 or > 0.1% on day 79 were assigned to stem cell transplantation.  

 

CNS-directed treatment  
 

Sanctuary sites, such as CNS and testes, are vulnerable to leukaemia relapse. It is widely 

assumed that leukaemia cells hide in these sites, protected by the barriers that prevent the 

penetration of many chemotherapeutic agents (Frishman-Levy, Izraeli 2017). Therefore, 

introduction of CNS-directed treatment was a cornerstone in preventing both CNS and 

subsequent systemic relapses. Addition of first craniospinal, and then cranial irradiation in 

the 1960s and 1970s had a major impact on OS and event-free survival (EFS) (Clarke, Gaynon 

et al. 2003). In chemotherapy, the chemotherapeutic agent itself, its dosing and the route of 

administration determine whether it succeeds in accessing the CNS. CRT is effective in 

treating CNS leukaemia, but is associated with various severe adverse effects. It is known to 

increase the risk of CNS tumours, endocrinopathies, and cognitive problems, and to result in 

delayed growth (Neglia, Meadows et al. 1991, Hunger, Mullighan 2015). The significance of 
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irradiation in CNS control has gradually diminished. First, irradiation was limited from cranio-

spinal to cranial. Next, the dose was decreased, and treating only HR patients with CRT 

finally led to almost all patients being spared from irradiation. Even patients with CNS-

positive leukaemia have been treated without cranial radiotherapy with OS 84.2 ± 8.4% 

(Wilejto, Di Giuseppe et al. 2015). 

To reach comparable survival rates without irradiation, chemotherapeutic agents need to 

have a sufficient systemic effect and penetrate the CNS efficiently. When radiation therapy 

was omitted in the German CCG-105 study in 1993, the EFS was worse in patients treated 

with SR protocols, but did not differ in more intensive treatment protocols (Tubergen, 

Gilchrist et al. 1993). Two meta-analyses reported similar results, where comparable EFS and 

even OS were achieved with long-term intrathecal (i.t.) treatment and radiotherapy. 

Although HD MTX, usually defined as a dose ≥ 500 mg/m2, crossed the blood brain barrier, it 

did not prevent CNS relapses as effectively as CRT. However, HD MTX appeared to be more 

effective in preventing non-CNS relapses and led to better EFS. Higher doses of CRT did not 

alter survival rates (Clarke, Gaynon et al. 2003, Richards, Pui et al. 2013). The same trend 

was noted in a longitudinal study, where the CNS relapse rate decreased from 7.6–15.8% to 

< 2%, despite a reduction in cranial irradiation (Pui, Pei et al. 2010). However, the risk of CNS 

relapse remains to this day and development of effective systemic and CNS-directed 

treatment continues.  

Some clinical characteristics, such as a high leukocyte count at diagnosis, T cell leukaemia, 

and very low age, can increase the risk of CNS leukaemia. Understanding that patients differ 

in their risk of developing CNS leukaemia allows clinicians to individualise CNS preventive 

therapy. In the Nordic treatment protocols during the years 1992–2008, CNS treatment 

included intravenous HD MTX, intravenous cytarabine, i.t. MTX and cranial irradiation for HR 

patients. The intensity and dosing of therapy depended on risk group and age. Triple 

intrathecal therapy (TIT) was not in use in the Nordic countries except in patients with CNS 

leukaemia. In addition to the aforementioned therapies, prednisolone and dexamethasone 

also penetrate into the CNS (Schmiegelow, Forestier et al. 2010). 

 

Chemotherapeutic agents associated with neurotoxicity 
 

Methotrexate 
MTX is an antimetabolite and structural analogue of folic acid. The CNS toxicity of MTX is not 

completely understood. However, it is thought to lie in the alteration of metabolic pathways 

of folic acid, especially disruption of the remethylation of homocysteine to methionine, 

leading to accumulation of homocysteine and its metabolites (Vezmar, Becker et al. 2003). 

By substituting folic acid, MTX acts as a competitive inhibitor of dihydrofolate reductase 

(DHFR), an enzyme required in DNA synthesis, which eventually leads to the death of 
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leukemic cells. The reduction of THF (tetrahydrofolate) reduces the synthesis of methionine 

and leads to accumulation of homocysteine. B12 vitamin, also known as cobalamin, acts as a 

catalyser in the conversion of homocysteine to methionine. Nitrous oxide, fluoroquinolone 

antibiotics and proton pump inhibitors can lead to depletion of functional vitamin B12. The 

accumulation of homocysteine in folate metabolic cycle is shown in Figure 3. Elevated levels 

of homocysteine and its metabolites are directly toxic to vascular endothelium. 

Furthermore, the metabolites of homocysteine are NMDA (N-methyl-D-aspartate) receptor 

agonists. Excessive excitation of NMDA receptors can cause neuronal damage (Vezmar, 

Schusseler et al. 2009). MTX also increases adenosine levels, which can dilate cerebral blood 

vessels and act as a CNS depressant by affecting neurotransmitter activity and slowing the 

discharge rate of neurons (Bernini, Fort et al. 1995), possibly accounting for some of the 

neurotoxicity caused by MTX.  

Folinic acid is used to protect normal non-leukemic cells. In addition, adequate hydration is 

important in preventing the neurotoxic effects of MTX. In some case series, aminophylline 

(an antagonist of adenosine) and dextromethorphan (a NMDA receptor antagonist) have 

shown some therapeutic effect in MTX-induced neurotoxicity (Bernini, Fort et al. 1995, 

Drachtman, Cole et al. 2002, Afshar, Birnbaum et al. 2014). 

 

 

DHF  homocysteine  methionine  SAM   myelin   

MTX      DHFR      

 THF   5-MTHF  THF   

for DNA synthesis -> cell death  

      B12  

Vitamin B12, required in the conversion of homocysteine to methionine, decreases 

when using nitrous oxide or fluoroquinolone antibiotics, or in dietary vitamin B12 

deficiency. 

 

Figure 3. Methotrexate leads to reduced tetrahydrofolate (THF) levels, causing accumulation 

of homocysteine, which is assumed to cause neurotoxicity. The figure is based on a figure in 

the article by Vezmar, Schusseler et al. 2009. MTX = methotrexate, DHF = dihydrofolate, THF 

= terahydrofolate, DHFR = dihydrofolate reductase, MTHF = methylene tetrahydrofolate, 

SAM = S-adenosyl-I-methionine. 
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MTX can be administered either in low oral or parenteral doses at 1–2-week intervals, as an 

intrathecal therapy, or as a HD MTX therapy with folinic acid rescue. There is a significant 

diversity in pharmacokinetics, clearance and toxicity among patients. Folinic acid rescue is 

given from hour 36–42 after HD MTX and every sixth hour. Most protocols require a 

minimum of three doses. In the NOPHO ALL2008, for the first time, the minimum number 

was two doses. If the MTX concentration is > 3 umol/L at 36 hours or > 1 umol/L at 42 hours 

or later, the elimination of MTX is defined as delayed, and the folinic acid dose needs to be 

increased (Schmiegelow 2009). 

MTX neurotoxicity is subdivided into acute (symptoms developing within hours of MTX 

administration), subacute (within weeks) and chronic (within months) (Vezmar, Schusseler et 

al. 2009, Vora, Goulden et al. 2013). MTX associates with many toxicities, such as 

myelosuppression, mucositis, nephrotoxicity, hepatotoxicity and neurotoxicity (Inaba, Khan 

et al. 2008). Acute neurotoxicity is usually transient, while chronic neurotoxicity is 

progressive and may reduce neuropsychologic function; it is associated for example with 

ADHD (Dufourg, Landman-Parker et al. 2007). Folinic acid dosing is regarded as especially 

important for preventing myelosuppression, mucositis, and neurotoxicity, but is less 

important for nephrotoxicity caused by precipitation of MTX in the kidneys.  

 

Cytarabine  
Cytarabine, also known as cytosine arabinose, is an S phase-specific anti-metabolite drug 

which is actively taken up by targets cells. In the cell, it is converted into an active 

metabolite, which competitively inhibits DNA polymerase, eventually leading to cell death. 

In plasma, cytarabine is rapidly metabolised into inactive metabolites and because of its 

short half-life, it is administered either via continuous intravenous infusion or in high-dose 

infusions (Reese, Schiller 2013).  

High-dose cytarabine is used to maximise the antileukemic effect of cytarabine. Higher 

dosing may result in improved CNS penetration. In ALL children, HD-cytarabine is used for 

high-risk patients (Reese, Schiller 2013). Cytarabine can also be administered intrathecally 

and is used together with MTX and hydrocortisone as TIT or in a liposomal slow-releasing 

formula (Levinsen, Harila-Saari et al. 2016).  

Neurotoxicity associated with high-dose cytarabine can vary, from somnolence and ataxia to 

seizures and even death (Herzig, Hines et al. 1987, Resar, Phillips et al. 1993). Data on 

neurotoxicity in children are limited. In adults, neurotoxicity can be either reversible or 

permanent, is typically dose-limiting (Lazarus, Herzig et al. 1981) and can develop in up to 

14% of patients who receive high doses of drug (Dotson, Jamil 2018). Neurotoxicity typically 

occurs 6–8 days after HD cytarabine administration. Proposed mechanisms of cytarabine-

related neurotoxicity are increased concentrations of cytarabine metabolites in CSF or renal 

insufficiency due to altered pharmacokinetics (Lazarus, Herzig et al. 1981).  
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Glucocorticoids 
Glucocorticoids are among the oldest drugs used in ALL therapy (PEARSON, ELIEL 1950, 

Inaba, Pui 2010). Their cytotoxic effect is based on binding of glucocorticoid receptors in 

leukaemia cells, eventually inducing cell cycle arrest and apoptosis. Prednisone and 

dexamethasone are widely used in children with ALL and administered during induction 

treatment together with vincristine, anthracycline, asparaginase and intrathecal MTX.  

Half a century ago, early trials reported significantly decreased relapse rates when 

substituting prednisolone with dexamethasone (25.6% -> 14.3%). This led to increased usage 

of dexamethasone. Prednisone and dexamethasone are chemical analogues, differing only 

slightly in their chemical structures. Dexamethasone has a longer half-life and better CNS 

penetration, both of which are good qualities when treating ALL (Inaba, Pui 2010). 

Dexamethasone-induced remission more often effectively diminished isolated CNS relapses 

(2.5–3.7% vs. 5–7.7%) and improved the event-free survival (84.2–85% -> 75.6–77%), 

especially when the prednisolone:dexamethasone ratio was lower than 7 (Bostrom, Sensel 

et al. 2003, Mitchell, Richards et al. 2005). With higher doses and a ratio > 8, EFS rates were 

comparable (Inaba, Pui 2010).  

However, dexamethasone treatment was associated with severe adverse events, such as 

bacterial and fungal infections (Hurwitz, Silverman et al. 2000, Inaba, Pui 2010) and 

osteonecrosis (Mattano, Sather et al. 2000). In 2016, a large randomised trial reported that 

the antileukemic benefits of dexamethasone were at least partially counterbalanced by the 

increase of deaths during dexamethasone treatment. Neurologic complications, such as 

seizures and haemorrhages, occurred more often in the dexamethasone group than in the 

prednisolone group during induction treatment. The 5-year EFS was slightly better in the 

dexamethasone group, but there was no difference in OS (Moricke, Zimmermann et al. 

2016).  

Glucocorticoid use, particularly dexamethasone use, may lead to transient mood swings, 

violence and depression. Reports on neurocognitive late effects are somewhat contradictory 

(Moricke, Zimmermann et al. 2016, Inaba, Pui 2010). From a neurotoxic perspective, notable 

metabolic effects of glucocorticoids are hypertension, fluid and salt retention, 

immunosuppression, hyperglycaemia and thromboembolic complications, which may affect 

the development of neurologic complications.  

 

Vincristine  
Vincristine is among the most commonly used chemotherapeutic agents. It is a vinca-alkaloid 

that inhibits tumour growth by interfering with microtubules and the mitotic spindle. 

Vincristine is associated with various side effects including myelosuppression, alopecia, 

inappropriate antidiuretic hormone secretion and peripheral neuropathy. Autonomic 

polyneuropathy including constipation is common during vincristine treatment. Vincristine-

related peripheral neuropathy is variable and dose-dependent, and it can be graded based 
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on severity, from loss of tendon reflexes and slight paraesthesia to life-threatening 

complications, e.g., vocal cord paralysis (Haggard, Fernbach et al. 1968, Dupuis, King et al. 

1985, Diouf, Crews et al. 2015) 

One study recognised a risk genotype associated with higher incidence and more severe 

forms of peripheral neuropathy, which may enable safer dosing in the future.(Diouf, Crews 

et al. 2015). Genetic factors are also known to be associated with differing vincristine 

pharmacokinetics and low CYP3A5 expressers may develop more severe forms of vincristine-

induced peripheral neuropathy (Diouf, Crews et al. 2015, Dennison, Jones et al. 2007, 

Egbelakin, Ferguson et al. 2011).  

In Nordic protocols, the vincristine schedule is more intensive than in many other protocols 

– a potential cause of higher neurotoxicity in the Nordic countries.  

 

Asparaginase 
Asparaginase acts to cleave asparagine, an amino acid needed in rapidly proliferating 

(tumour) cells, into aspartic acid and ammonia. In contrast to healthy cells, leukemic 

lymphoblasts lack the ability to generate asparagine. Depletion of asparagine serum levels 

leads to reduced protein synthesis and eventual death of leukemic cells. Co-administration 

of asparaginase has an important role in the improvement of remission induction rates and 

survival. Furthermore, discontinuation of asparaginase treatment due to severe toxicities is 

associated with worse outcome (Hijiya, van der Sluis, I M 2016).  

Three different asparaginase preparations have been used in different Nordic protocols: 

bacterium Escherichia coli (E.coli)-derived pegylated asparaginase (Oncaspar ) in ALL2008, 

native E. coli asparaginase in ALL2000, and bacteria Erwinia chrysanthemi-derived Erwinia L-

asparaginase (Erwinase ) in ALL1992 protocols (Schmiegelow, Forestier et al. 2010). These 

asparaginase preparations differ in pharmacokinetics, half-life and toxicities. Hypersensitivity 

is less common with Erwinia asparaginase, which is currently used only in patients who have 

developed allergy against pegylated asparaginase.  

Asparaginase is associated with various clinically well-recognised toxicities, such as 

hypersensitivity, pancreatitis, thrombosis and encephalopathy. Moreover, asparagine is a 

neurotransmitter, and the depletion of asparagine may lead to neuropsychiatric symptoms 

such as hallucinations and depression (Hijiya, van der Sluis, I M 2016). The mechanism of 

asparaginase-related thrombosis is suggested to relate to decrease of plasma proteins 

involved in coagulation and fibrinolysis, especially antithrombin, although the precise 

mechanism is not clear (Truelove, Fielding et al. 2013). However, the development of 

thrombosis can be multifactorial, and co-administration of corticosteroids, or leukaemia 

itself, may catalyse cerebrovascular events (Caruso, Iacoviello et al. 2006). Encephalopathy, 

even PRES, has been seen to occurred in patients who received asparaginase, but it was 

unclear if asparaginase was the causative drug (Morris, Laningham et al. 2007, Norman, 
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Parke et al. 2007). Elevated plasma ammonia levels have sometimes been reported in 

patients with encephalopathy; however, hyperammonia alone does not generally cause 

symptoms (Hijiya, van der Sluis, I M 2016).  

 

Acute central nervous system complications in children 
with ALL 
 

Adverse events in the central nervous system complicate treatment in 3–13% of children 

with acute lymphoblastic leukaemia. Beyond the acute morbidity, these children have an 

increased risk of treatment modifications, long-term sequalae and even death (Parasole, 

Petruzziello et al. 2010, Baytan, Ozdemir et al. 2010). Typical acute CNS toxicities include 

PRES, MTX-related SLS, CSVT, ICH, encephalitis and infection-related CNS symptoms. 

Although the aetiology of many CNS complications is known, the exact pathogenetic 

mechanisms of these complications still remain unclear.  

 

POSTERIOR REVERSIBLE ENCEPHALOPATHY SYNDROME (PRES) 
 

Posterior reversible encephalopathy syndrome (PRES) is a syndrome characterised by 

seizures, headache, visual disturbances and altered mental status (Hinchey, Chaves et al. 

1996). MRI typically reveals bilateral subcortical or cortical oedema in parieto-occipital 

regions, but other regions may also be involved, and lesions are not always posterior. 

Lesions are usually, but not always, reversible (Siebert, Spors et al. 2013, Lucchini, Grioni et 

al. 2008). The typical clinical picture was recognised already in the early 1990s (Pihko, Tyni et 

al. 1993), but PRES was not characterised until 1996 (Hinchey, Chaves et al. 1996). Since 

then, and especially after increased availability of MRI imaging, the recognition of PRES has 

increased. Little is known about clinical risk factors or the outcome of PRES patients. In 

addition, the pathophysiology is still not completely understood and may be multifactorial.  

Epidemiology, aetiology and risk factors 
Many clinical conditions, such as hypertension, cancer, autoimmune disease, eclampsia and 

renal disorders may predispose patients to PRES. In children, haematological malignancies, 

kidney disease and cytotoxic drugs given after organ transplantations increase the risk of 

PRES (Hinchey, Chaves et al. 1996, Garg 2001). The occurrence of PRES in children with ALL 

or other leukaemia varies between 1.6% and 3.95% in four large studies (Parasole, 

Petruzziello et al. 2010, Kim, Im et al. 2012, Baytan, Ozdemir et al. 2010, Khan, Sadighi et al. 

2016). PRES was the most common acute CNS complication in childhood leukaemia patients 

in some studies (Parasole, Petruzziello et al. 2010, Baytan, Ozdemir et al. 2010), while others 

reported no cases of PRES (Millan, Pastrana et al. 2018).  
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Previous studies concerning PRES in childhood leukaemia patients are descriptive. Intensive 

chemotherapy in the early treatment is proposed to increase the risk of PRES. Suspected 

chemotherapeutic agents are corticosteroids, MTX and vincristine (Dicuonzo, Salvati et al. 

2009, Panis, Vlaar et al. 2010). Corticosteroids alone have been reported to cause PRES 

(Appachu, Purohit et al. 2014).  

Pathophysiology 
Although the pathophysiology of PRES remains unclear, the key elements in all of the 

suggested theories lie in endothelial injury, disruption of the blood-brain barrier and 

vasogenic oedema (Figure 4). Whether the mechanism is hypertension and hyperperfusion 

or endothelial dysfunction with hypoperfusion is debatable. According to the prevailing 

theory, rapidly developing hypertension reaches the upper limit of cerebral blood flow 

autoregulation and leads to hyperperfusion and breakdown of the blood-brain barrier, with 

extravasation of plasma and macromolecules in the brain. However, up to one fifth of the 

patients may be normotensive, or even hypotensive, and therefore other or additional 

pathogenetic mechanisms are probable (Legriel, Pico et al. 2011, Fugate, Rabinstein 2015).  

The original theory suggested that vasoconstriction secondary to hypertension led to 

reduced brain perfusion, brain ischaemia and oedema (Bartynski 2008, Legriel, Pico et al. 

2011). It has been questioned whether hypertension is the cause, or rather a consequence 

or reaction to the insufficient brain perfusion caused by systemic toxic effects on the 

endothelium. Activation of the immune system may start a molecular cascade beginning 

from the endothelium and leading to an alteration of the normal homeostasis of the BBB, 

weakening the tight junctions in brain vessel and allowing fluid leakage and oedema (Marra, 

Vargas et al. 2014).  
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Figure 4. The proposed pathogenetic mechanisms of PRES. Data from the articles of Fugate 
et al. and Legriel et al. Dark green colour indicates the four aetiologies that may lead to 
endothelial dysfunction and PRES.  
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Diagnosis 
Diagnosis of PRES is primarily clinical, and there are no specific diagnostic criteria as yet. 
However, Fugate et al. proposed a diagnostic algorithm (Fugate, Rabinstein 2015). Diagnosis 
is based on typical symptoms in a typical clinical context. However, brain imaging is useful 
and even considered essential for diagnosis and differential diagnosis (Figure 5). 

 

 

Figure 5. A diagnostic algorithm of PRES. Figure modified from Fugate et al. 2015. 

 

Typical acute neurologic symptoms include seizures, altered mental status, visual 
disturbances and headache (Hinchey, Chaves et al. 1996, Fugate, Rabinstein 2015). 
Hypertension often either precedes the neurologic symptoms or is present during the onset 
of symptoms and can be considered to be suggestive of PRES (Kim, Im et al. 2012). None of 
these symptoms is specific, meaning that radiological imaging and clinical judgement are 
important for correct diagnosis.  

Seizures usually occur at the onset of neurologic symptoms, they are often multiple and 
even if they begin as focal seizures, there is a tendency for progression to generalised tonic-
clonic seizures (Garg 2001, Lucchini, Grioni et al. 2008, Won, Kwon et al. 2009). Seizure is a 
more common symptom in children than it is in adults (Siebert, Bohner et al. 2014). 
Somnolence, confusion, and headache may precede seizures. Visual disturbances occur 
relatively often, varying from blurred vision to hemianopia, hallucinations and cortical 
blindness (Hinchey, Chaves et al. 1996, Norman, Parke et al. 2007, Khan, Sadighi et al. 2016).  

MRI and CT findings  
PRES is best visualised with MRI and appears hypointense on T1-weighted images and 
hyperintense in T2-weighted images. Newer techniques allow distinguishing between PRES 
and ischaemic events (Garg 2001). In PRES, four imaging patterns are recognised: parieto-
occipital, holohemispheric, superior frontal sulcus and central. The parieto-occipital pattern 
is the most common one, with the MRI showing T2 hyperintense signal abnormalities in 
parieto-occipital white matter, consistent with watershed areas in the posterior circulation. 
MRI may also show additional hyperintense lesions in other areas of the brain. The 
abnormalities are often, but not always, symmetrical and usually reversible (Bartynski 2008, 
Siebert, Bohner et al. 2014, Khan, Sadighi et al. 2016). Haemorrhage is a relatively common 
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complication and occurs in up to 10–25% of adult patients with PRES (Fugate, Rabinstein 

2015). Previously, when MRI was not readily available, CT was used in diagnosis, showing 

hypodensities in typical regions. CT is not as reliable as MRI in showing abnormalities, 

especially smaller lesions, and a normal CT does not rule out PRES (Garg 2001). 

Management of PRES 
Management of PRES is symptom-based. At least earlier, uncertainty existed as to whether 

one should treat hypertension before the diagnosis of PRES was evident. This was likely 

based on the fact that PRES could be mistaken for bilateral posterior cerebral arterial 

territory infarction, where antihypertensive medication could worsen the situation (Garg 

2001). Today, however, control of hypertension with antihypertensives is the cornerstone of 

the treatment. Seizures should be treated in accordance with normal clinical practice, but 

avoiding long-term use of antiepileptics that induce liver metabolism of antileukemic drugs 

and thus increase the risk of relapse (Relling, Pui et al. 2000). There is still no consensus on 

the length of antiepileptic therapy after seizures related to PRES.  

 

HYPERTENSIVE ENCEPHALOPATHY (HE) 
 

Hypertensive encephalopathy (HE) was first described in 1928. It is defined as a typically 

reversible condition, where acute neurologic symptoms are associated with severely 

elevated blood pressure values. The diagnosis of HE overlaps with the diagnosis of PRES, and 

PRES is considered to be one of the aetiologies of HE. Therefore, the assumed 

pathophysiologic mechanisms of HE are reminiscent of those of PRES, where cerebral 

autoregulation is saturated when blood pressure abruptly exceeds the upper limit (Lamy, 

Mas 2016, Miller, Suchdev et al. 2018).  

Diagnosis 
Neither PRES nor HE has specific diagnostic guidelines, but the diagnosis of HE is even more 

unspecific than that of PRES. The diagnosis is often established retrospectively when 

alternative causes have been excluded. Symptoms typically develop sub-acutely during 24 to 

48 hours. Typical symptoms include headache, visual disturbances, altered mental status 

and seizures, although headache cannot be the only neurologic symptom (Lamy, Mas 2016). 

Marked hypertension is crucial for a diagnosis of HE, whereas approximately 20% of PRES 

patients are normotensive (Bartynski 2008). Even in case of hypertension, blood pressure 

levels are typically lower in PRES (Lamy, Mas 2016).  

CT is beneficial for differentiating between hypertensive conditions, where blood pressure is 

elevated as a response to other possible diagnoses, such as subarachnoid haemorrhage, 

intracerebral haemorrhage and ischaemic stroke. Like in the case of PRES, MRI is more 

sensitive than CT in showing hyperintensity or oedema (Miller, Suchdev et al. 2018). 

Although imaging findings can support a HE diagnosis, it can be assessed even without 
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typical imaging findings (Bar 2017). Electroencephalogram findings are not specific and may 

show focal sharp waves, slowing or normal findings (Lamy, Mas 2016). 

Management of hypertensive encephalopathy 
Treatment of HE may be more straightforward than PRES, which may require cytotoxic 

treatment. At least in adults, treatment lies in reduction of blood pressure by 20–25% within 

the first few hours (Miller, Suchdev et al. 2018). More rapid correction would predispose to 

cerebral hypoperfusion. Treatment of seizures with anticonvulsants may be justifiable 

(Lamy, Mas 2016).  

 

METHOTREXATE-RELATED STROKE-LIKE SYNDROME (SLS) 
 

MTX-induced neurotoxicity is called stroke-like syndrome (SLS), when patients present with 

stroke-like symptoms, such as hemiplegia, seizures and slurred speech, typically within 2–14 

days of intravenous or intrathecal MTX administration (Table 2) (Winick, Bowman et al. 

1992, Bond, Hough et al. 2013). The incidence of this subacute toxicity varies around 3.0–

3.8% in ALL patients (Rubnitz, Relling et al. 1998, Bhojwani, Sabin et al. 2014) and 3–15% in 

cancer patients (Inaba, Khan et al. 2008). Timing and intensity of MTX, and co-administration 

of other agents, such as cyclophosphamide and cytarabine, may increase the incidence of 

SLS (Rubnitz, Relling et al. 1998, Dufourg, Landman-Parker et al. 2007). Some studies have 

linked age > 10 years at diagnosis, HR ALL therapy and high MTX:folinic acid ratio (Mahoney, 

Shuster et al. 1998) to increased risk of MTX neurotoxicity (NT), although the reports are not 

unanimous (Packer, Grossman et al. 1983, Bhojwani, Yang et al. 2015, Rubnitz, Relling et al. 

1998). Lower MTX clearance in adolescents could affect the age-related risk (Inaba, Khan et 

al. 2008). A high MTX:folinic acid ratio may be associated with leukoencephalopathy, 

although this did not differ between symptomatic and asymptomatic patients in MRI 

examinations (Bhojwani, Sabin et al. 2014)  

Diagnosis 
Diagnosis of SLS is based on a typical clinical picture with typical timing. Patients present 

with focal neurological deficits and other stroke-like symptoms within 2–3 weeks after MTX 

administration. Symptoms typically fluctuate, wax, wane and resolve in days. Symptoms 

include one paresis or more, movement disorders, bilateral weakness, aphasia or dysarthria, 

altered mental status and seizures (Bond, Hough et al. 2013). The timepoint in therapy is 

usually at consolidation or later phases, although some studies have reported neurotoxicity 

already during induction treatment (Millan, Pastrana et al. 2018)  

MRI findings may involve characteristic bilateral, oval-shaped lesions in subcortical white 

matter or leukoencephalopathy. Imaging findings only support the diagnosis, but are 

important in differential diagnosis (Watanabe, Arakawa et al. 2018). Leukoencephalopathy 

was a common finding in patients with MTX-induced SLS, but was also found in 20% of 



   35 

asymptomatic patients (Bhojwani, Sabin et al. 2014). Restricted diffusion in diffusion-

weighted imaging might show changes in SLS (Inaba, Khan et al. 2008). CT is often normal. 

Management of SLS  
Dextromorphan and aminophylline have been used to treat SLS. Methorexate elevates levels 

of homocysteine, which is toxic for vascular endothelium. Metabolites of homocysteine are 

excitatory agonists of the NMDA receptor, and dextromorphan, being a non-competitive 

NMDA receptor antagonist, is suggested to protect from neurotoxicity. The pharmaco-

mechanism of aminophylline is based on diminishing the effects of adenosine by displacing it 

from its receptor. Both compounds have shown to be effective in small case series, although 

symptoms have a tendency to resolve spontaneously (Bernini, Fort et al. 1995, Drachtman, 

Cole et al. 2002, Afshar, Birnbaum et al. 2014). Continuation of MTX is usually possible when 

all symptoms have resolved. In most cases, continuation did not lead to another event. Even 

in cases where subsequent MTX caused stroke-like symptoms, these symptoms were 

generally milder and resolved faster (Watanabe, Arakawa et al. 2018). 
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Table 2. Studies of SLS in children with leukaemia. Data from the articles by Rubnitz, Relling 

et al. 1998, Inaba, Khan et al. 2008, Dufourg, Landman-Parker et al. 2007, Bhojwani, Sabin et 

al. 2014 and Watanabe, Arakawa et al. 2018. Inaba et al. included leukaemia and lymphoma 

patients, Watanabe et al. included ALL, CML and lymphoma patients. 

 

LE = leukoencephalopathy, NA = not available, i = incidence, o = occurrence, *patients had 

received 1–9 HD MTX doses prior to having SLS symptoms, ** patients had received 2-–8 HD 

or i.t. MTX doses prior to having SLS symptoms   

Study N(cases) 
/ N(total) 

Incidenc
e / 
occurre
nce  

Treatmen
t phase 
 

Symptoms (n) MRI (n) Time 
from 
MTX 

Risk 
factors 

Rubnitz  
1998 

8 / 259 3.1% (i) 
 

early in 
therapy 
(7)* 
 
 

weakness of 
limbs (4) 
arm paresis (1) 
hemiparesis (3) 
slurred speech 
(4) 
headache, 
vomiting, 
somnolence, 
hemiparesis (1) 

normal 
(7) 
 
LE (1) 

5–13 
days 
 

Age > 
10 years 
 
 

Inaba  
2008 

6 / 754 0.8%  
 

NA** 
 
 

bilateral 
weakness (3) 
dysphasia (4) 
confusion (5) 
movement 
disorder(2) 
headache (2) 

diffusion-
weighted 
imaging: 
restricte
d 
diffusion  

2–9 
days 

NA 

Dufourg 
2007 
 

20 / 
1,395 

1.4% 
 

consolidat
ion / 
intensifica
tion / 
maintena
nce 

encephalopathy 
(20) 
hemiplegia  
aphasia  
VI, VII, III 
paralysis 
spasmodic 
laughing and 
crying 
ataxia 
coma  

LE (10) 
 

1–15 
days 
(from 
i.t. MTX) 
 

Age > 
10 years  
 
HD MTX  

Bhojwa
ni 2014 

14 / 369 3.8% 
 

consolidat
ion/ 
continuati
on 

stroke-like 
symptoms (6) 
seizures (7) 
ataxia (1) 

LE (all) 3–11 
days 
 

Age > 
10 years 
Higher 
risk arm  

Watana
be 2018 
 

4 / 4 NA early 
intensifica
tion 

hemiplegia (4) 
speech disorder 
(2) 
disturbed 
consciousness (4) 

Bilateral 
lesions in 
centrum 
ovale (4) 

10–13 
days 
(from 
i.t. MTX) 

NA 
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CEREBRAL SINOVENOUS THROMBOSIS (CSVT) 
 

In general, symptomatic cerebral sinus venous thrombosis (CSVT) is a rare event, occurring 

in 0.56–0.67 children per 100,000 per year, with neonates at higher risk (deVeber, Andrew 

et al. 2001). Often, a minimum of two predisposing factors can be recognised. In children 

with ALL, many factors increase the risk for thromboembolic events: leukemic burden, 

prothrombotic agents, infection and immobilisation (Caruso, Iacoviello et al. 2006, Ranta, 

Tuckuviene et al. 2015). Therefore, the incidence for CSVT is generally higher, and in most 

studies varies from 1.1 to 3.3% (Caruso, Iacoviello et al. 2006, Qureshi, Mitchell et al. 2010, 

Ranta, Tuckuviene et al. 2015, Klaassen, Lauw et al. 2019). A Lebanese study reported an 

incidence of 6.2%, but suggested that their higher incidence was at least partly due to 

treatment- and patient-related factors, especially a higher Factor V Leiden carrier ratio in 

Lebanese population (Ghanem, Dhayni et al. 2017). 

Asparaginase decreases natural coagulation proteins, e.g., antithrombin (AT), protein S and 

protein C (Klaassen, Lauw et al. 2019), and glucocorticoids increase Factor VIII and von 

Willebrand factor by reducing fibrinolysis (Qureshi, Mitchell et al. 2010). These two agents 

are assumed to be the main causative factors, but the risk of thrombosis is likely 

multifactorial (Duarte, Esteves et al. 2016). Assessing risk factors is challenging due to the 

rarity of CSVT. However, higher age (≥ 7 years) and high risk features, especially T cell 

leukaemia, have been reported to increase the risk of venous thromboembolism (Klaassen, 

Lauw et al. 2019), and the same tendency is reported in some CSVT studies as well (Ghanem, 

Dhayni et al. 2017, Musgrave, van Delft et al. 2017). A Portuguese study reported an 

association with obesity and asparaginase formulation (E. coli asparaginase) (Duarte, Esteves 

et al. 2016). A large multi-centre study showed an association between incidence of 

thrombosis and asparaginase dose and duration of the asparaginase treatment (Caruso, 

Iacoviello et al. 2006). 

 

Diagnosis and management of CSVT 
Typical symptoms include headache, weakness, vomiting, drowsiness, 

hemiparesis/hemiplegia or seizure (Ranta, Tuckuviene et al. 2015, Duarte, Esteves et al. 

2016). CSVT typically occurs during the first five months of the treatment, and often earlier 

than other thrombosis events (Ranta, Tuckuviene et al. 2015, Klaassen, Lauw et al. 2019)  

Diagnosis is confirmed with brain MRI, or sometimes with CT and angiography. 

Anticoagulative treatment duration varies from 14 to 119 weeks (median 26 weeks) in 

different studies. CSVT has been associated with a low risk of mortality and neurological 

morbidity. Re-exposure to asparaginase is usually possible with thromboprophylaxis (Ranta, 

Tuckuviene et al. 2015, Klaassen, Lauw et al. 2019, Musgrave, van Delft et al. 2017). 
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Secondary brain tumours  
 

INCIDENCE OF SECONDARY CNS NEOPLASMS  
 

As the number of childhood cancer and acute lymphoblastic leukaemia survivors increases, 

this raises concerns regarding late effects of treatment. Early studies reported an increased 

incidence of secondary malignancies decades ago (Neglia, Meadows et al. 1991, Kimball 

Dalton, Gelber et al. 1998, Pui, Dodge et al. 1991), with cumulative risks of secondary 

neoplasms from 2.9% to 3.3% (Nygaard, Garwicz et al. 1991, Löning, Zimmermann et al. 

2000). As the follow-up times have grown longer, knowledge of the spectrum of both 

malignant and benign neoplasm has gradually increased. In a large childhood cancer survivor 

study encompassing 14,363 cancer survivors, the calculated 30-year cumulative incidence of 

all subsequent neoplasms in cancer survivors was 20.5% (Friedman, Whitton et al. 2010), 

and a study of 4,806 ALL survivors reported a 4-fold increased risk of subsequent malignancy 

in childhood leukaemia survivors (Perkins, Dewees et al. 2013). 

The risk of secondary CNS tumours in leukaemia and brain tumour survivors is well-

recognised (Morris, Gajjar et. Al 2007, Meadows, Friedman et al. 2009, Taylor, Frobisher et 

al. 2009). The Children’s Cancer Study Group observed a 22-fold excess of brain tumours in 

9,720 leukaemia survivors with a median of 4.7 years’ follow-up times (Neglia, Meadows et 

al. 1991). In a study of 643 ALL survivors from 18 collaborative studies, the secondary 

haematological cancers were the largest group of second malignant neoplasms, followed by 

non-meningioma brain tumours. Meningiomas affected 3% (n = 22) of the patients, although 

different screening strategies and follow-up times may have led to underestimation of the 

actual incidences of low-grade tumours with long latency periods (Schmiegelow, Levinsen et 

al. 2013). 

For decades, meningiomas were considered relatively rare events in childhood cancer or 

leukaemia survivors (Neglia, Meadows et al. 1991, Löning, Zimmermann et al. 2000). Many 

earlier studies did not take benign brain tumours into account (Bowers, Nathan et al. 2013). 

With increasing follow-up times, these incidence rates have been questioned, as survivors 

have developed tumours after long latency periods. The first reports of increased incidence 

meningiomas were published in 2006–2009 and increasing incidence rate and long latency 

periods have become evident over time. In more recent studies, the 30-year cumulative 

incidence of meningiomas was 3.1% in all cancer survivors and 6.2% in ALL survivors 

(Friedman, Whitton et al. 2010). 

Radiotherapy has widely been recognised as the most important risk factor for almost all 

secondary malignancies (Pui, Cheng et al. 2003). Ionizing irradiation increases the risk of 

brain tumours in both the general population and cancer survivors. The risk of CNS 

neoplasms is 8.1–52.3 times higher in childhood cancer survivors compared with the general 
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population and is strongly associated with previous radiation therapy (Bowers, Nathan et al. 

2013). A few large studies have found a correlation between higher doses of irradiation and 

development of meningiomas and high-grade gliomas (Neglia, Robison et al. 2006, Taylor, 

Little et al. 2010). Elimination of radiotherapy from the treatment has diminished the 

development of secondary neoplasms. In a large longitudinal cohort of 23,604 childhood 

cancer survivors, rates of subsequent neoplasms were reduced as a function of time, with 

the decline particularly closely linked to reduction of therapeutic radiation (Turcotte, Liu et 

al. 2017).  

 

SECONDARY BRAIN TUMOURS IN ALL SURVIVORS 
 

The most common secondary brain tumours are meningiomas and high-grade gliomas, 

followed by medulloblastoma and sarcoma in childhood cancer survivors (Bowers, Nathan et 

al. 2013). Prophylactic cranial irradiation therapy (CRT) in particular is assumed to be the 

main causative factor of second primary brain tumours. Some studies have suggested that 

intensive intrathecal chemotherapy or synergistic action of chemotherapeutic agents and 

CRT may increase the incidence of brain tumours (Yamanaka, Hayano et al. 2017, Relling, 

Rubnitz et al. 1999), but no clear evidence for this exists. Traditionally, gliomas have been 

considered to develop during the first ten years after the treatment, but more recent studies 

have shown that they may occur during the second decade post-treatment as well (Bowers, 

Nathan et al. 2013). Meningiomas occur after long latency periods; the incidence does not 

show a plateau and continues to increase even more than 10 years after treatment (Walter, 

Hancock et al. 1998, Hijiya, Hudson et al. 2007). 

 

MENINGIOMAS 
 

Meningiomas are the most common primary brain tumours, with an overall incidence of 

8.3/100,000 (Buerki, Horbinski et al. 2018). Meningiomas are more common in females and 

the incidence increases with age. Although they are considered as benign, the location, size 

or recurrence of tumours may increase the morbidity of patients and significantly lower 

quality of life. The most important risk factor for development of meningiomas is 

radiotherapy, and although even low doses are known to predispose to meningiomas, the 

risk is significantly higher after high-dose cranial irradiation (Apra, Peyre et al. 2018, Buerki, 

Horbinski et al. 2018). Meningiomas which occur as a secondary primary neoplasms at least 

five years after cranial radiotherapy are called radiation-induced meningiomas (RIMs) 

(Godlewski, Drummond et al. 2012). The knowledge on RIMs has increased significantly in 

recent years. In some studies, they are reported to differ from spontaneous meningiomas in 

several ways: they are often more aggressive, have higher recurrence rates, patients with 
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radiation-induced meningiomas are typically younger, and multiple meningiomas are more 

frequent (Morgenstern, Shah et al. 2016). 

 

Aetiology and risk factors 

Radiotherapy 
Radiotherapy is widely recognised as a risk factor for meningiomas and other secondary 

neoplasms. Ionising radiation is assumed to cause DNA damage indirectly by leading to 

formation of hydroxyl radicals when interacting with water molecules. In addition, it may 

damage DNA directly (Musa, Pople et al. 1995, Godlewski, Drummond et al. 2012). High 

doses of irradiation (> 10 Gy) were most often part of cranial radiotherapy, particularly in 

treatment of leukaemia and brain tumours, while low doses (< 10 Gy) were typically given in 

case of benign lesions (Benjamin, Shah et al. 2020). 

Sex 
Female sex is recognised as a risk factor for spontaneous meningiomas; the female:male 

ratio is 2–4:1 (Apra, Peyre et al. 2018). However, data on this female predominance remain 

contradictory for RIMs. In two large cohort studies, female sex was found to increase the risk 

of meningiomas and some other secondary cancers in childhood cancer survivors (Friedman, 

Whitton et al. 2010, Turcotte, Liu et al. 2017), while other studies have not reported any 

clear association (Strojan, Popovic et al. 2000, Goshen, Stark et al. 2007, Ishida, Maeda et al. 

2014). 

Age 
Spontaneous meningiomas have traditionally been considered to be brain tumours of 

adulthood and commonly occur during the fifth and sixth decades of life (Godlewski, 

Drummond et al. 2012). RIMs, on the other hand, are reported to develop earlier. Younger 

children with developing central nervous system may be more vulnerable to ionising 

radiation and neoplastic induction (Cantini, Giorgetti et al. 1989). Low age at diagnosis 

seems to increase the risk of meningiomas and other brain tumours (Friedman, Whitton et 

al. 2010), and low age at the time of irradiation may lead to the development of a 

meningioma within shorter time (Strojan, Popovic et al. 2000, Muller, Gebhardt et al. 2012). 

Genetics 
The genetic basis of radiation-induced meningiomas is not fully understood, but there is 

likely a genetic tendency for developing cancer. Studies on the genetic characterisation of 

radiation-induced meningiomas are ongoing, but unlike in the case of sporadic 

meningiomas, data on mutations are limited. It is possible that the mutations are distinct 

from those seen in sporadic meningiomas (Agnihotri, Suppiah et al. 2017). 
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Diagnosis, histology and treatment 

Diagnosis and histology 
Whether or not meningiomas cause symptoms depends on their location and size. 

Symptoms may involve focal neurological deficits, seizures, or may lead to elevated 

intracranial pressure manifesting as headache, nausea, vomiting and visual changes. 

Diagnosis is primarily based on MRI imaging or contrast-enhanced CT. Radiologically, RIMs 

do not differ from spontaneous meningiomas (Godlewski, Drummond et al. 2012). 

Meningiomas are graded based on the World Health Organization (WHO) classification 

(Table 3) and are typically grade I and rarely grade II or III. Tumours within each grade are 

heterogenous and the proportion of grade II tumours in the current grading has increased, 

according to a recent review article (Apra, Peyre et al. 2018). Some studies have suggested 

that radiation-induced meningiomas are more often aggressive compared with spontaneous 

meningiomas and even grade I meningiomas have shown more aggressive behaviour 

(Benjamin, Shah et al. 2020). In a small study of radiation-induced meningiomas in cranially 

irradiated cancer survivors, 43% of the meningiomas were graded as WHO grade II, i.e., 

atypical tumours (Morgenstern, Shah et al. 2016). 

 

Table 3. Meningioma grading based on the WHO criteria, modified from Buerki, Horbinski et 

al. 2018. 

WHO Grade 

 

Description 

I benign low mitotic rate, no brain invasion, 9 

histologic subtypes 

II atypical increased mitotic rate or brain invasion, 3–5 

specific histologies or a minimum of three 

minor criteria 

III anaplastic (malignant) high mitotic rate or specific histologies 

 

Treatment 
Treatment options for meningiomas are observation (“wait and see strategy”), symptom-

based treatment, surgery and adjuvant treatment. Observation with regular follow-up using 

MRI is an option for asymptomatic patients with small (< 2.5 cm diameter) meningiomas. 

Symptom-based treatment includes steroids, for example before surgery, and antiepileptics 

in case of epileptic seizures. Surgery depends on the location of tumour, and invasion into 

the surroundings and brain parenchyma. Radiotherapy can be given as first-line treatment in 

some instances when surgery is not feasible or as adjuvant therapy if indicated, especially 

for grade II–III patients (Apra, Peyre et al. 2018). 
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Outcome and follow-up 
The prognosis of meningiomas is generally good. In a large study, assembling data from over 

50,000 ALL children from different continents, the 5-year survival of patients with 

meningiomas exceeded 90%, while the survival remained poor for patients with non-

meningioma brain tumours (Schmiegelow, Levinsen et al. 2013). Recurrence rates for 

radiation-induced meningiomas are reported to be higher than for sporadic meningiomas. In 

a recent review of radiation-induced meningiomas, Yamanaka et al. (2017) reported RIM 

recurrence rate of 18.3%. Shah et al. (2018) reported that 50% of the radiation-associated 

meningiomas in their study recurred compared with 5% of sporadic meningiomas, and 

multiple meningiomas were more common in irradiated patients.  

There is no clear consensus on screening for meningiomas in cranially irradiated survivors of 

childhood leukaemia. For now, there are no clear guidelines on a screening MRI of the brain 

in irradiated childhood ALL survivors. Since cranially irradiated survivors are known to have a 

significantly increased risk for CNS tumours, they may benefit from MRI screening at 

intervals of a few years (Bowers, Nathan et al. 2013). 

 

GLIOMAS  
 

Aetiology and diagnosis  
Gliomas are tumours of glial origin (or stem cells that develop glial characteristics), and 

constitute a heterogeneous group of tumours. Gliomas are traditionally classified according 

to histologic type and malignancy grade, although in the recent WHO classification (2016), 

molecular findings have increased the accuracy of classification. The diagnosis may be 

challenging, as the histology is often complex. Clinical characteristics and radiologic images 

provide important information for diagnosis. More frequent neoplasms include diffuse 

gliomas, pilocytic astrocytomas and ependymal tumours (Perry, Wesseling, 2016) 

In a recent review of 296 radiation-induced gliomas, haematological malignancies comprised 

one third of primary tumours. Most gliomas were grade III (30%) or IV (58%), while only one 

patient had a grade I tumour. In childhood leukaemia survivors, the most common gliomas 

are high-grade neoplasms including glioblastomas and malignant astrocytomas (Bien, 

Stachowicz-Stencel et al. 2009). 

Risk factors 
As in the case of meningiomas, the most important risk factor is cranial radiotherapy. The 

latency period from ALL treatment or cranial irradiation for development of gliomas is often 

reported to be shorter than in meningiomas, although latencies exceeding ten years from 

CRT have been reported in studies with longer follow-up times (Bowers, Nathan et al. 2013). 

In a cohort of 1,612 ALL patients, ten patients developed high-grade gliomas, one a low-
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grade glioma and eleven meningiomas. The latency period for gliomas was 9 years, while it 

was 19 years for meningiomas (Walter, Hancock et al. 1998).  

Low age at the time of irradiation is recognised to increase the risk of gliomas (Bien, 

Stachowicz-Stencel et al. 2009, Loning, Zimmermann et al. 2000, Walter, Hancock et al. 

1998), and patients with radiation-induced gliomas were younger than patients with 

spontaneous gliomas. In previous studies, there was no significant association between sex 

and development of radiation-induced gliomas (Yamanaka, Hayano et al. 2017). 

Outcome 
Unlike in the case of meningiomas, the outcome of patients with radiation induced gliomas 

is poor. In a review of 98 ALL glioma survivors, median survival was 23 months (95% 

confidence interval 12–27 months). The 2-year survival rate was 45% in patients treated with 

a combination of surgery, chemotherapy and radiation therapy, and even poorer in patients 

with just one treatment modality (Yamanaka, Hayano et al. 2017). 
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AIMS OF THE THESIS 
 

 

To describe and classify the spectrum of acute central nervous symptoms during 

the treatment of ALL and determine risk factors for and outcome of defined CNS 

complications compared with in patients without complications. (I) 

 

To determine the occurrence, clinical picture and predisposing factors of 

posterior reversible encephalopathy syndrome (PRES) in children with ALL, as 

well as to define long-term neurological effects and assess PRES as a risk factor 

for relapse. (II) 

 

To evaluate the impact on neurotoxicity of decreased dosing of folinic acid after 

high-dose methotrexate. (III) 

 

To define the incidence, latency periods, patient characteristics, and treatment-

related risk factors of secondary brain tumours in cranially irradiated leukaemia 

survivors. (IV)  
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PATIENTS AND METHODS 
 

This thesis project was carried out at all five Finnish University Hospitals (I, II), at Oulu and 

Kuopio University Hospitals (III), and at Oulu University Hospital (IV). The Ministry of Social 

Affairs and Health and the ethics committee of Helsinki University Hospital approved Studies 

I–III; Study IV was approved by the ethics committee of Oulu University Hospital.  

 

Patients 
 

The hypotheses were that (I) as a result of intensive CNS-directed treatment in NOPHO 

protocols, acute CNS complications, particularly PRES and SLS, would be more frequent in 

ALL patients and (II) that PRES would not cause long-term morbidity or have an effect on 

outcomes. In Study III, the hypothesis was that fewer folinic acid doses would increase 

neurotoxicity. In Study IV, the research group studied whether cranial irradiation 

predisposed ALL survivors to brain tumours after a long latency period. 

Studies I–III were retrospective population-based cohort studies of childhood ALL patients 

investigating risk factors for CNS complications (I), particularly for PRES (II), which were the 

main dependent variables. The researchers studied if patient demographics (I, II), clinical 

characteristics (I, II), clinical symptoms (II), or treatment-related factors (II) increased the risk 

of PRES and CNS complications. In addition, the researchers evaluated PRES as a risk factor 

for leukaemia relapse (II) and defined the outcome of patients with CNS complications (I-II). 

Study III focused on whether low doses of folinic acid were associated with neurotoxicity.  

In Study IV, cranially irradiated leukaemia survivors were invited to a follow-up brain MRI 

and the risk factors for secondary tumours were analysed. Patient characteristics and data 

on treatment and outcome were received the from Nordic NOPHO registry for all of the sub-

studies. The NOPHO registry has collected data on patient demographics, clinical 

characteristics, treatments and outcomes since 1981 (Gustafsson, Kreuger et al. 1998). Study 

populations and methods of Studies I—IV are summarized in Table 4.  
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STUDIES I–II 
 

Studies I–II identified a total of 649 eligible children with ALL. These children, aged 1–17 

years at diagnosis, were treated with the NOPHO ALL1992 and NOPHOALL 2000 treatment 

protocols in Finland during the years 1992–2008. Despite efforts made, the medical records 

of six patients were not available; thus, the records of 643 patients were analysed. Exclusion 

criteria are shown in Table 4.  

 

STUDY III 
 

In Study III, 50 ALL children, aged 1–17 years at diagnosis, who were treated with the 

NOPHO ALL2000 SR or IR protocol during the years 2000–2007 at Oulu and Kuopio 

University Hospitals were identified. Data were available for 44 patients. Only patients who 

had received HD MTX were included. Exclusion criteria were the same as in Studies I–II.  

 

STUDY IV 
 

The Department of Paediatrics in Oulu University Hospital conducted a large research 

project on late effects after childhood leukaemia. These patients have been followed, 

although not systematically, since 1991. In Study IV, these survivors were followed up with 

brain MRI during the years 2002–2008. Study IV included two patients whose meningiomas 

were the subject of a study in 1994 and were monitored by MRI afterwards.  

In Study IV, patients whose leukaemia treatment had included prophylactic cranial 

irradiation, who had been in remission for a minimum of 10 years and who were over 18 

years at the time of invitation, were included. Of a total of 60 eligible patients, 49 underwent 

brain MRI imaging during the years 2002–2008. (Of the 11 patients who were not evaluated 

by MRI, four were lost to follow-up, five were unwilling to participate in the study, and two 

were unable to participate.)  
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Table 4. Summary of study populations and methods of Studies I–IV.  

 

Factor 
 

Studies I + II Study III Study IV 

    
Population 649  50 60  
Data available 643 44 49 
Age at inclusion 
(years) 

1–17  1–16 (mean 6 yrs) 18– 

Sex F/M 295/348 17/27 30/19 
Exclusion criteria Down’s syndrome 

(n = 21), other 
cognitive disability 
syndrome (n = 4) 

Down, Sturge 
Weber, treatment 
modifications, 
relapse during 
treatment 

Remission < 10 yrs 

Treatment during 
years 

1992–2008 2002–2007 1971–1997 

Treatment protocols NOPHO ALL92 and 
ALL2000 

NOPHO ALL2000 various/local 

University Hospital Helsinki, Kuopio, 
Oulu, Tampere, 
Turku 

Kuopio, Oulu Oulu 

Data collected 
Medical records 
MRI  
CT 
Lab. parameters 
Alkalinisation 
HD MTX 
Irrad. schedule 
Histology 

 
+  
+ 
+ 
+  
+ (n = 222) (I) 
- 
- 
- 

 
+ 
+ 
- 
+ 
- 
+ 
- 
- 

 
+ 
+ 
- 
- 
- 
- 
+ 
+ 

Statistical methods SPSS 22 (II) and 25 
(I) 

SPSS 24 SPSS 13  
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Methods 
 

STUDIES I–II 
 

The research groups received demographic data, clinical characteristics and data on 

leukaemia treatment and outcome from the Nordic NOPHO registry. The medical records for 

all 643 patients, from diagnosis until the end of treatment or relapse, were thoroughly 

reviewed. In case of CNS symptoms, data on neurological outcomes were retrieved. Data 

relating to CNS symptoms (Studies I–II) were also gathered: clinical picture (CNS symptoms, 

hypertension, obstipation, and abdominal pain), recurrence of symptoms, treatment of 

seizures, laboratory test results (one day before through one day after neurologic 

symptoms) and brain imaging findings. In Study II, data on treatment modifications made 

due to PRES, and length of alkalinisation during the induction treatment were also gathered. 

The data are presented in Table 5.  

Neuroradiologist Maarit Palomäki analysed MRI images of the brain without knowledge of 

each patient’s history. In PRES, MRI findings revealed hypointensities in T1 imaging and 

hyperintensities in T2 imaging, and CT showed low attenuation changes mostly in typical 

occipital and parieto-occipital watershed areas, but in some cases atypical or other areas 

(such as cerebellum, basal ganglia, thalamus or frontal and temporal lobes) were involved. 

CSVT, cerebral ischaemia, ICH and SLS were also confirmed based on the typical clinical 

picture and imaging finding. Electroencephalography results were reviewed for patients with 

encephalitis; these had been interpreted by a clinical neurophysiologist at the time of 

convulsion (Study I).  
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Table 5. Recorded data for Studies I–II. An asterisk (*) indicates data received from NOPHO-

ALL leukaemia registry. Other data were collected from medical archives.  

 

  

  

*Demographic information sex, age, weight and height at diagnosis (gathered if 

missing) 

*Leukemic characterisation at 

diagnosis 

immunophenotype, karyotype, white blood cell level, 

treatment group, NOPHO ALL92 and NOPHO ALL2000 

protocols 

CNS symptoms focal or generalised seizures, absence, altered mental 

status, visual disturbances, hemiplegic symptoms, 

persistent headache, flaccidity, hallucinations 

length and recurrence of neurologic symptoms 

Clinical data  hypertensive blood pressure values (blood pressure 

exceeding 95th percentile for age, sex and height), 

abdominal pain (mentioned in patient files and requiring 

analgesics), obstipation (≥ 3 days despite the use of 

laxatives)  

Clinical symptoms and findings 

or other data related to 

treatment 

blood pressure 

length of alkalinisation (Study II) 

Laboratory parameters  

 

sodium, calcium, magnesium, C-reactive protein, 

leukocytes,  

electroencephalography (Study II) 

Imaging data MRI or CT, location of lesions, haemorrhages, other 

findings 

Management of neurologic 

symptoms 

anticonvulsants, length of anticonvulsant treatment (Study 

II) 

Treatment delays  treatment delays or omission of treatment from patient 

(Study II) 

*Outcome data relapses, survival 

Neurological outcome  epilepsy, other 
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CLASSIFICATION OF CNS SYMPTOMS IN STUDIES I–II 
 

The research group thoroughly reviewed all CNS symptoms, laboratory results and imaging 

findings, and aimed at correcting and harmonising the diagnosis if needed.  

PRES 

For a diagnosis of PRES, the diagnostic algorithm of Fugate et al. and Schmiegelow et al., 

which included typical acute CNS symptoms and typical imaging findings, was used (Fugate, 

Rabinstein et al. 2015, Schmiegelow, Attarbaschi et al. 2016). Imaging findings included 

hypo- or hyperintense changes in T1 and T2 MRI imaging, or low attenuation changes in CT, 

typically located in the occipital and parieto-occipital watershed areas of the brain. In the 

case when imaging findings were not typical, the diagnosis could not be made solely based 

on MRI findings, but required a typical clinical picture as well (Fugate, Rabinstein et al. 2015, 

Brady, Parikh et al. 2018). Typical symptoms included persistent headache, visual 

disturbances, hallucinations, altered mental status or seizures. Hypertension exceeding the 

95th percentile for age, sex and height, constipation and abdominal pain supported the 

diagnosis. 

HE  

The diagnosis of HE was based on one or more acute CNS symptoms or encephalopathy with 

concurrent hypertension. Although the imaging findings are reminiscent of those for PRES, 

the diagnosis does not require brain imaging. The diagnoses of PRES and HE overlap in the 

cases when PRES patients are hypertensive (Lamy, Mas 2016). In Study I, a diagnosis of 

hypertensive encephalopathy was made retrospectively for patients who presented with 

seizures or encephalopathy and had concurrent hypertension, but were either not evaluated 

in confirming imaging studies or had normal CT findings. 

SLS 

The diagnosis of SLS was based on typical stroke-like symptoms and focal neurological 

deficits, occurring within 3 weeks after methotrexate treatment. A typical clinical picture, 

fluctuation of symptoms and spontaneous recovery in days supported the diagnosis. 

Diagnosis did not require brain imaging, but bilateral white matter lesions or 

leukoencephalopathy supported the diagnosis. The research group made the diagnosis of 

SLS for patients who had hemiplegic symptoms with bilateral changes in brain MRI within 

two weeks of methotrexate administration in the consolidation phase. 

CSVT 

The diagnosis was made based on typical symptoms, such as headache, vomiting, 

drowsiness, hemiparesis/hemiplegia or seizure, and thrombotic findings in cerebral sinuses 

in MRI or CT images.  
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Patients with acute CNS symptoms were broadly classified in two categories: defined CNS 

symptoms and systemic or unclear conditions with CNS symptoms. Defined CNS symptoms 

included PRES, hypertensive encephalopathy, SLS, cerebrovascular complications (including 

CSVT, ICH and ischaemia) and encephalitis. Systemic or unclear conditions included CNS 

symptoms, which are likely connected to infection or metabolic disturbances, and other 

unclear symptoms with probable multifactorial aetiology. 

 

STUDY III 
 

In the MTX study, the patient files of the children treated with NOPHO ALL2000 SR and IR 

treatment protocols in the years 2000–2007 at Oulu and Kuopio University Hospitals were 

reviewed. Data on the treatments, including MTX concentrations, folinic acid doses, dates 

and times, were gathered. The highest value of alanine aminotransferase (ALAT) during the 

HD MTX treatment was collected to measure other toxicities.  

In both protocols, consolidation and maintenance therapy included courses of HD MTX (5 

g/m2/24 h): three during consolidation and five during maintenance treatment. Intravenous 

hydration began at least 12 hours before and patients received i.t. MTX right before MTX 

infusion. The first 10% of the MTX was given during the first hour and the remaining 90% of 

the dose during the following 23 hours. Plasma MTX was determined at 23, 36, 42 and 48 

hours until the concentration was at least < 0.2 umol/L. Folinic acid  rescue started 42 hours 

after the MTX infusion. Recommendations of LV rescue varied from a minimum of three 

doses to a standard dose (15 mg/m2) of LV every 6 hours until the plasma MTX 

concentrations were < 0.2 umol/L. 

 

STUDY IV 
 

The meningioma study is a part of a larger study that was conducted at Oulu University 

Hospital during the years 2002–2008. Due to other research projects, these patients had 

been followed with brain MRIs since 1991, although not always systematically. The children 

were treated during the years 1971–1997 for ALL. This study included patients who were at 

least 18 years old and had been in remission for at least 10 years. Sixty long-term survivors 

were eligible for the study, and for 49 (82%) patients, brain MRI was performed. 

The MRI findings were evaluated by neuro-radiologist Eija Pääkkö. The research group 

assessed the significance of possible risk factors, such as individual characteristics, 

chemotherapeutic agents and detailed information on the radiotherapy received. The 

histology of meningiomas (if operated on) was analysed by pathologist Riitta Herva. 
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Statistical methods 
 

The statistical software SPSS (SPSS Inc., Chicago, IL, USA) version 22.0 (Study I), 25.0 (Study 

II), 24.0 (Study III) and 13.0 (Study IV) was used in the analyses. A figure for Study II was 

constructed with R (Figure 2). 

Chi-squared tests (Studies I, II, IV) were used to evaluate categorical variables in two discrete 

groups, while the analysis of continuous variables was accomplished using independent 

samples t-tests (Study IV). Multivariable analyses were performed using binary logistic 

regression model for categorical covariates (Study II) and Cox proportional hazard model in 

time-dependent analyses (Studies I, II). Covariates with < 0.05 significance in univariable 

analyses were included in age- and sex-adjusted multivariable analyses. Binary logistic 

regression models were used to calculate odds ratios (ORs) and 95% confidence intervals 

(95% CIs) for tested covariates and Cox models produced hazard ratios (HRs) and 95% CIs. 

The Kaplan Meier (KM) method and log-rank test were used to evaluate the estimates for 

survival (Studies I, II, IV), which were shown with KM survival curves (Studies I, II, IV). A two-

tailed p value < 0.05 was considered statistically significant in all studies.  
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RESULTS & DISCUSSION 
 

Acute CNS symptoms (Studies I, II) 

 

OCCURRENCE (STUDIES I, II)  
 

In Study I, all CNS symptoms occurring during ALL treatment were gathered. It was noted 

that acute CNS complications during ALL treatment were relatively common and mainly 

occurred during the intensive (early) phases of the treatment. A total of 13% of the children 

developed acute CNS symptoms during ALL treatment in the years 1992–2008 in Finland (I). 

Of the 643 children in the study population, 4.5% developed PRES (II), which was the single 

most common CNS complication. In Study I, PRES constituted one third of all CNS symptoms; 

a circumstance also noted in the past (Parasole, Petruzziello et al. 2010, Baytan, Ozdemir et 

al. 2010).  

Among other CNS complications in Study I, the occurrence of CSVT was in line with previous 

studies, or even slightly lower (Qureshi, Mitchell et al. 2010, Ranta, Tuckuviene et al. 2015), 

while SLS was more rare (Parasole, Petruzziello et al. 2010, Baytan, Ozdemir et al. 2010, 

Bhojwani, Sabin et al. 2014), although diagnostic criteria did not differ in most studies 

(Bhojwani, Sabin et. al 2014). It was observed that although PRES and other cerebrovascular 

symptoms constituted 40% of CNS symptoms, systemic conditions with CNS symptoms 

occurred in 42% of patients. CNS symptoms related to infections were especially important 

for differential diagnosis, occurring in 15% of the 86 symptomatic patients. 

The first reports on acute neurotoxicity were published decades ago. However, the aetiology 

of seizures remains unclear (Ochs, Bowman et al. 1984). The reported occurrence of acute 

neurotoxicity has varied from 3% to 18%, with this broad range likely resulting from differing 

inclusion criteria and capturing systems. The occurrence rates in Study I are comparable with 

those of more recent studies (Table 6).  
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Table 6. CNS symptoms and adverse events occurring in childhood leukaemia patients over 

the decades. The table includes the data from Study II and data from previous studies: Ochs, 

Bowman et al. 1998, Dimario, Packer 1990, Maytal, Grossman et al. 1995, Mahoney, Shuster 

et al. 1998, Kuskonmaz, Unal et al. 2006, Parasole, Petruzziello et al. 2010, Vora, Goulden et 

al. 2013, Baytan, Evim et al. 2015, Millan, Pastrana et al. 2018. 

 

Year 
 

Author 
 
 

Patien
ts (N) 

NT 
N (%) 

Classification of CNS events 
 N (%) 

During 
induct
ion  

N (%) 
 

Outcome 
related 
to NT (N) 

1984 Ochs J. * 
1984 

1,218 132 
(10%) 

Seizures                                           96 (7.8%) 

Infection-related or encephalitis 13 (1.1%) 

ICH                                                    11 (0.9%) 

Metabolic (cell lysis)                       9 (0.7%) 

CSVT                                                     3 (0.2%) 

NA NA 

1990 DiMario 
F. 
 
 

224 31 
(14%) 

Seizures                                           19 (8.5%) 

Encephalopathy                               8 (3.6%) 

Stroke                                                4 (1.8%) 

13 
(42%) 

NA 

1995 Maytal J. 
* 

127 17 
(13%) 

Suspected MTX toxicity                  8 (6.3%) 

Cerebrovascular (infarction)          5 (3.9%) 

CSVT                                                   1 (0.8%) 

Sepsis                                                 1 (0.8%) 

Unclear                                              2 (1.6%) 

5 
(29%) 

Epilepsy 
2 
Neurologi
cal 
abnormal
ity 2  

1998 Mahoney 
D. 
 
 

1,218 95 
(8%) 

Seizures                                            78 (6.4%) 

Other: Transient paraesthesia, focal 

weakness with or without seizures, 

debilitating headache, aphasia, ataxia, 

dysarthria, severe arachnoiditis, 

choreoathetosis 

NA NA 

2006 Kuskonm
az B.  
 

203 
 

20 
(10%) 

Infection-related meningitis            6 (3.0%) 

CSVT or cerebral infarct                    5 (2.5%) 

ICH                                                        2 (1.0%) 

Fungal meningoencephalitis            2 (1.0%) 

Peripheral neuropathy                      2 (1.0%) 

Gliosis                                                   1 (0.5%) 

Arachnoiditis                                       1 (0.5%) 

Brain abscess                                      1 (0.5%) 

Cortical atrophy                                  1 (0.5%) 

Leukomalacia                                      1 (0.5%) 

8 
(40%) 

Epilepsy 
5 
Death 6 



   55 

2010 Parasole 
R. 
 

253 27  
(11%) 

PRES                                                 10 (4.0%) 

Cerebrovascular                               5 (2.0%) 

SLS                                                      2 (0.8%) 

Other/unclassified                         10 (4.0%) 

10 
(37%) 

NA 

2013 Vora A.  
 

3,126 295 
(9%) 

Seizure                                              135 (4.3%) 

Other encephalopathy                   110 (3.5%) 

Vincristine neurotoxicity                 65 (2.1%) 

CNS thrombosis                                 50 (1.6%) 

NA Death 5 
(other 
outcome 
not 
reported) 

2015 Baytan B. 
 

323 23  
(7%) 

PRES                                                    6 (1.9%) 

Cerebrovascular                                5 (1.5%) 

Fungal abscess                                   5 (1.5%) 

SLS                                                        3 (0.9%) 

SIADH                                                   4 (1.2%) 

13 
(57%) 

Death 3 
Epilepsy 
7 
Mental 
retardati
on 3 

2018 Millan 1,379 49 
(4%) 
 
 

SLS                                                       17 (1.2%) 

CSVT                                                    13 (0.9%) 

TIA                                                        7 (0.5%) 

Pseudotumor cerebri                        1 (0.1%) 

Other MTX toxicity                            8 (0.6%) 

Peripheral neuropathy                     10 (0.7%) 

26 
(55%) 

Death 1 

2019 Banerjee 
J. 
(Study I) 

643 86 
(13%) 

PRES                                                    29 (4.5%) 

Hypertensive encephalopathy        6 (0.9%) 

Cerebrovascular complications     10 (1.6%) 

Sinovenous thrombosis                     5 (0.8%) 

ICH                                                         2 (0.3%) 

Ischaemic Injury                                    2 

(0.3%) 

Unclear perfusion defect                   1 (0.2%) 

SLS                                                         1 (0.2%) 

Encephalitis                                         4 (0.6%) 

Systemic or unclear conditions with CNS 

symptoms 

Sepsis or infection                            13 (2.0%) 

Hyponatremia                                      1 (0.2%) 

Hypoglycaemia                                    2 (0.3%) 

CNS relapse                                         1 (0.2%) 

Mechanical airway obstruction       1 (0.2%)  

Unclear under chemotherapy        7 (1.1%)* 

Other/unclear                               11 (1.7%)** 

 

55 
(64%) 

Death 3 
Epilepsy 
15 
Dev. 
disorder 
1 

*Low-dose cytarabine (n = 3), adriamycin (n = 1), cyclophosphamide (n = 1), intrathecal methotrexate 

(n = 1), asparaginase (n = 1), **Atypical epileptic seizure (n = 3), unclear collapse (n = 3), unclear 

seizure (n = 3), unclear somnolence/ataxia (n = 1), unclear absence (n = 1). NA = Not available, NT = 

neurotoxicity  
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MTX-related SLS occurred in only one patient during HD MTX treatment and was rare 

compared with in most other reports (Bhojwani, Sabin et al. 2014, Millan, Pastrana et al. 

2018). Millan et al. (2018) defined all patients with seizures (within two weeks after MTX 

administration) as methotrexate toxicity. They reported methotrexate leukoencephalopathy 

as their most common neurologic complication, while they did not describe any PRES 

patients. Although it is possible that the researchers in the study described in this thesis 

classified SLS patients into another category due to overlapping symptoms, this is considered 

unlikely, as two people thoroughly reviewed the medical files. In addition, alkalinisation and 

hydration began the evening before HD MTX treatment in the Finnish treatment practice, 

which might lead to faster clearance of MTX and therefore explain the rarity of this 

complication. 

Occurrence of PRES and HE 
Radiologically confirmed PRES occurred in 29 patients. The 4.5% occurrence of PRES in 

Studies I–II was slightly higher than the 1.6–4.0% incidence rates previously reported in four 

larger studies of PRES (Table 7) (Parasole, Petruzziello et al. 2010, Kim, Im et al. 2012, 

Baytan, Evim et al. 2015, Khan, Sadighi et al. 2016). In a large study of 5,217 childhood 

cancer patients, PRES was the most common sequela in leukaemia patients (Khan, Sadighi et 

al. 2016). In Study I, six patients developed hypertension and seizures, but CT imaging 

findings were either normal or no imaging was performed. Hypertensive encephalopathy 

overlaps with PRES diagnosis, or rather includes hypertensive patients with PRES. These six 

patients comprised a group of hypertensive encephalopathies, although it remains unclear 

whether these patient in fact had PRES.  

 

Table 7. Studies reporting on proportions of leukaemia patients with PRES including Study II. 

The data are based on the following articles: Parasole, Petruzziello et al. 2010, Kim, Im et al. 

2012, Baytan, Evim et al. 2015, Khan, Sadighi et al. 2016. 

Author 
(year) 

Study population N 
(total) 

N (PRES)  
 

PRES % 95% CI  

Parasole et 
al. (2010) 

ALL 253 10  3.95% 1.55–6.35% 

Kim et al. 
(2012) 

ALL 
(incl. 8 patients 
with stem cell 
transplant) 

648 19  2.93% 1.63–4.23% 

Baytan et al. 
(2015) 

ALL 323 6  1.86% 0.39–3.33% 

Khan et al. 
(2016) 

Leukaemia  
(all cancers) 

1414 
(5217) 

37  2.62% 1.78–3.45% 

Banerjee et 
al. (2018) 

ALL 643 29  4.51% 2.91–6.11% 
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The chemotherapeutic agents MTX, asparaginase, corticosteroids, and vincristine have been 
suggested to cause PRES. More intensive vincristine schedule during the induction phase, 
use of itraconazole as fungal prophylaxis in eight patients, and a more than two-week 
duration of alkalinisation may all have contributed to the increased incidence in Study II. 
Itraconazole is known to enhance the toxic effects of vincristine (Gillies, Hung et al. 1998, 
Mariyama, Henning et al. 2012). In addition, long alkalinisation with hyperhydration, which 
was routinely given to all leukaemia patients in Study II, may have led to neurological 
complications, possibly by causing hypervolemic hyponatremia. These possible predisposing 
factors are summarised in Figure 6. 

 

Figure 6. Factors suggested to predispose ALL patients to PRES.  

  

 

TIMING (STUDIES I, II) 
 

It was observed that acute CNS complications accumulated in early treatment, as over half 
of the complications occurred during the first two months of the therapy. PRES and 
hypertensive encephalopathy almost invariably occurred during the induction with 5-drug 
therapy (prednisolone, vincristine, adriamycin/doxorubicin, i.t. MTX, asparaginase). Only one 
patient developed PRES, and another HE, during reinduction treatment. CSVT occurred in all 
patients during asparaginase treatment, but mostly later in treatment than PRES. Such 
accumulation in the first months of therapy has been noted in several previous studies 
(Baytan, Evim et al. 2015, Maytal, Grossman et al. 1995, Millan, Pastrana et al. 2018). Early 
timing likely relates to intensive chemotherapy, immunosuppression or direct effects of 
leukaemia. CRT (if indicated) was scheduled late in the protocols, and only one patient 
received CRT before developing CNS symptoms. Thus, CRT did not impact on acute 
neurotoxicity in the patients in Studies I–II.  

Intensive vcr 
scheduling

(+ itraconazole)

VINCRISTINE 
TOXICITY? 

(hypertension, 
hyponatremia, 
constipation)

PRES? 

Long 
alkalinisation + 
hyperhydration

Hypervolemic 
hyponatremia?

PRES?

Other 
chemotherapeut
ic agents (e.g., 
corticosteroids, 
asparaginase)

hypertension? PRES?
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CLINICAL CHARACTERISTICS (STUDIES I, II)  
 

In Study I, the most common CNS symptoms observed were seizures, followed by visual 

disturbances and altered state of consciousness (Table 8). Seizures occurred in all patients 

with PRES and HE, in four patients with cerebrovascular complications (40%), two patients 

with encephalitis (50%) and in twenty-two patients who had systemic or unclear conditions 

with CNS symptoms (61%). As shown in other studies (Lucchini, Grioni et al. 2008, Siebert, 

Spors 2013), none of the symptoms were highly specific for any one complication. In Study I, 

however, hemiplegia occurred only in cerebrovascular complications (including CSVT) and 

MTX-related stroke like syndrome, and thus was not typical for PRES.  

CNS symptoms related to sepsis or infection occurred in 13 patients, of whom four had 

positive blood cultures and ten developed symptoms during the induction period. One 

patient had candida sepsis, which led to death during induction treatment. Infection-related 

CNS complications have been reported in only a few older studies (Ochs, Bowman et al. 

1984, Kuskonmaz, Unal et al. 2006). Intracranial aspergillosis was the second most common 

diagnosis for CNS complication in a Turkish study (Baytan, Evim et al. 2015), but only one 

patient had a fungal infection in Studies I and II. Prompt addition of antifungal medicine in 

case of poor response to antibiotics, as well as a cold climate may have had an impact on 

low incidence of fungal infections in this patient group. 

 

Table 8. Spectrum of CNS symptoms in all symptomatic patients and in PRES patients 

(Studies I–II).  

CNS COMPLICATIONS (N = 86) CNS SYMPTOMS PRES (N = 29) 
 

63 (73%) Seizures 
 

29 (100%) 

24 (28%) Visual disturbances 
 

13 (45%) 

23 (27%) Altered mental status 
 

4 (14%) 

10 (12%) Headache 
 

5 (17%) 

8 (9%) Absence 
 

2 (7%) 

7 (8%) Hallucinations / confusion 
 

4 (14%) 

6 (7%) Hemiplegia 
 

- 
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Clinical picture of PRES (Study II) 
In Study II, CNS symptoms occurred over the course of several hours to days. Several 

patients with PRES presented with a triad of preceding symptoms: hypertension, 

constipation and hyponatremia. In all 23 patients whose blood pressure values were 

available, hypertension exceeded the 99th percentile for age, sex and height. Hypertension 

preceded the seizures in fourteen patients, and fluctuation of blood pressure was common 

even in hypertensive patients. Serum sodium was ≤ 130 mmol/L in eleven patients, missing 

in three and normal in three patients (Table 9). Only a few previous studies have reported 

hyponatremia in PRES patients (Aulakh, Fatakhov et al. 2013, Lee, Lee et al. 2013, Jeon, Park 

et al. 2014), particularly seldom in children with leukaemia (Ozyurek, Oguz et al. 2005). The 

significance of hyponatremia in pathophysiology of PRES is far from clear, although it has 

been suggested that impaired energy-dependent mechanisms of the cell in hyponatremia, 

and increased levels of vasopressin, may endanger cell volume control and lead to swelling 

of glial cells (Ayus, Achinger et al. 2008). 

In Study II, all patients with PRES presented with seizures, eight patients had status 

epilepticus and eighteen patients had recurrent seizures within a week. Nearly half of the 

patients had visual symptoms varying from blurring of vision and diplopia to hemianopsia, 

apraxia and temporary blindness. Three patients presented with visual hallucinations. Visual 

disturbances are often reported as typical symptoms of PRES (Hinchey, Chaves et al. 1996, 

Kim, Im et al. 2012) and is presumed to stem from oedema in parieto-occipital watershed 

areas of brain.  
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Table 9. Clinical characteristics of patients with PRES (n = 29) and not PRES (n = 614) (Study 

II). 

 

Clinical and patient 

characteristics  

 

 

N (%) PRES 

 

N(%) No PRES 

Age > 10 years 9 (31%) 120 (20%) 

Sex: male 17 (59%) 331 (54%) 

T cell leukaemia 5 (17%) 37 (6%) 

CNS leukaemia 3 (10%) 8 (1.3%) 

Hypertension 23 (79%) 36 (6%)** 

Antihypertensive medication 14 (48%) - 

Preceded symptoms 14 (48%) - 

Hypertension during/after 

seizure 

7 (24%) - 

Fluctuation of BP  1 (3%) - 

Abdominal pain 21 (72%) - 

Constipation  23 (79%) 218 (37.2%)*** 

Hyponatremia (S-Na ≤ 135) 23 (79%) - 

Alkalinisation   

> 14 days 20 (69%) 169 (27.5%) 

Missing 2 251 

Seizure 29 (100%) - 

Generalised tonic-clonic 21 (72%) - 

Focal seizure 6 (21%) - 

Focal with impaired awareness 1 (3%) - 

Generalised absence 1 (3%) - 

Status epilepticus 8 (28%) - 

Prolonged unconsciousness or 

altered mental status* 

4 (14%) - 

Recurrent seizures (< 1 week) 18 (62%) - 

Abdominal pain 21 (72%) - 

Visual disturbances 13 (44%) - 

Persistent headache 5 (17%) - 

* for several hours (n = 3) and partial status epilepticus for 1–2 days (n = 1) ** missing data 

from 35 patients in Not PRES group, *** missing data from 28 patients in Not PRES group. 
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RISK FACTORS (STUDIES I, II) 
 

In Study I, CNS leukaemia [HzR 6.00 (2.16–16.70), p = 0.001] and T cell leukaemia [HzR 3.05 

(1.43–6.50), p = 0.004] were associated with all defined CNS complications in univariable 

analyses. Additionally, the HR group [p = 0.037, very high risk vs. SR HzR 3.00 (1.38–6.53), p = 

0.006,] and karyotype [p = 0.024, T cell vs. TEL/AML1, HzR 2.65 (1.11–6.31), p = 0.028] 

proved statistically significant when analysed separately. In previous studies, higher risk 

protocols were associated with increased risk of toxicities in general (Vora, Goulden et al. 

2013). However, only CNS leukaemia in Study I maintained its significance as an independent 

risk factor in the multivariable analysis [HzR 4.03 (1.62–10.03), p = 0.003] (Table 10). The lack 

of common risk factors in defined CNS complications reflects the heterogeneity of different 

complications. At the same time, the significance of CNS leukaemia as a risk factor highlights 

how large an impact the infiltration of leukaemia cells in CNS has on morbidity.  

The five patients with CSVT were < 10 years old at diagnosis and therefore, in this series, 

higher age seemed not to have an impact on increased risk of CSVT. In previous studies, the 

data on the significance of age as a risk factor have been contradictory (Ranta, Tuckuviene et 

al. 2015, Klaassen, Lauw et al. 2019).  

In Study II, T cell leukaemia [OR 3.25 (1.17–9.00), p = 0.023], CNS leukaemia [OR 8.74 (2.19–

34.87), p = 0.002], medicated hypertension [OR 7.69 (3.24–18.25), p ≤ 0.0001], constipation 

[OR 6.47 (2.59–16.14), p ≤ 0.0001], and long alkalinisation > 14 days [OR 3.28 (1.35–7.94), p 

= 0.009] were associated with the risk of PRES in univariable analysis. Of these, only 

hypertension, constipation, and long alkalinisation reached statistical significance in 

multivariable analysis. Age, sex or initial white blood cell count did not indicate higher risk 

for PRES or other CNS complications (Studies I, II). Long alkalinisation, as discussed earlier, 

may impact on electrolyte balance and predispose to neurologic complications. 

Hypertension is a widely recognised symptom in PRES patients (Morris, Laningham et al. 

2007, Panis, Vlaar et al. 2010, Tang, Tian et al. 2016) and is linked to several 

chemotherapeutic agents, including vincristine and glucocorticoids (Norman, Parke et al. 

2007, Kim, Im et al. 2012). However, the significance of hypertension as a risk factor is not 

relevant in case hypertension is part of the clinical picture of PRES. Although hypertension is 

not one of the diagnostic criteria of PRES, elevated blood pressure values often support the 

diagnosis.  
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Table 10. Multivariable analysis of risk factors for PRES in binary logistic regression model 

and CNS symptoms Cox regression analysis. Table modified from Study I (Table 3) and Study 

II (Table 1).  

Risk factor PRES 

 

Multivariable  

OR (95% CI) 

 

 

 

P 

Acute CNS 

symptoms  

 

Multivariable  

HzR (95% CI) 

 

 

P 

Age: ≥ 10 yrs vs. < 10 yrs 2.59 (0.91–7.38) .075 0.88 (0.42–1.85) .737 

Sex: male vs. female 1.35 (0.58–3.16) .492 0.78 (0.44–1.39) .396 

T cell leukaemia 2.61 (0.75–9.09) .132 1.67 (0.03–85.10) .799 

CNS leukaemia 

 

6.05 (0.78–46.80) .085 4.21 (1.33–13.34) .015 

Risk group - -  .584 

intermediate vs. standard - - 1.50 (0.68–3.33) .317 

high risk vs. standard - - 1.32 (0.52–3.34) .563 

very high risk vs. standard 

 

- - 1.98 (0.73–5.39) .182 

Karyotype - -  .880 

Ph, MLL or hypodiploid vs. 

hyperdiploid/TEL/AML 

- - 1.06 (0.02–62.87) .979 

T cell versus 

hyperdiploid/TEL/AML 

- - 0.72 (0.20–2.54) .607 

B cell (other) vs. 

hyperdiploid/TEL/AML 

 

- - 0.91 (0.24–3.42) .888 

Medicated hypertension 4.10 (1.50–11.25) .006 - - 

Constipation 5.60 (2.02–15.52) .001 - - 

Alkalinisation  3.27 (1.23–8.68) .017 - - 

Missing: data of 

alkalinisation n = 222 

  - - 

Figures in bold indicate statistical significance. 
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MANAGEMENT OF CNS SYMPTOMS (STUDIES I, II) 
 

Treatment approaches of CNS symptoms are mainly symptom-based. However, in some 

respects, recognition of aetiology is important. Patients with SLS may benefit from NMDA 

receptor antagonists, which were not used in patients treated with the NOPHO ALL1992 and 

NOPHO ALL2000 protocols. Patients with CSVT are treated with anticoagulation.  

Currently, the cornerstone of PRES treatment lies in treatment of hypertension, seizures and 

other supportive care. Fourteen of 29 PRES patients in Study I were treated with 

antihypertensives during the treatment era 1992–2008. Since then, treatment with 

antihypertensives has become a routine practice in newer protocols.  

Seizures were treated based on general clinical guidelines. Fourteen patients with PRES 

received phenytoin as an anticonvulsant, which has been associated with faster antileukemic 

drug liver metabolism and a higher risk of relapse (Relling, Pui et al. 2000). Eight of the PRES 

patients relapsed. Main features of acute CNS complications are summarized in Table 13.  

 

What should be taken into account in leukaemia treatment? (Study II) 
Avoiding excessive hydration during induction treatment is likely important in preventing 

electrolyte disturbances and possibly CNS symptoms. In Study II, long alkalinisation and 

hyperhydration associated with the risk of PRES. 

CNS symptoms, severe constipation or hypertension may lead to treatment modifications, 

and substituting the missing doses (or otherwise intensifying the treatment) should be 

considered after symptoms have resolved. In Study II, leukaemia treatment needed to be 

modified in 15 out of 29 patients with PRES, omission of a dose of chemotherapy, delayed 

treatment and reduction of the dose being the most common modifications (Table 11).  

Interactions and effects on pharmacodynamics or pharmacokinetics should also been taken 

into account. In the ALL1992 protocol, some patients received itraconazole as antifungal 

prophylaxis, which likely potentiated the toxic effect of vincristine. Itraconazole is no longer 

used in patients with ALL. 

Several chemotherapeutic agents are suggested to cause PRES and especially if patients 

show pre-symptoms (hyponatremia, hypertension), postponing vincristine should be 

considered. In Study II, it was suspected that vincristine and, possibly, corticosteroids were 

the drugs predisposing patients to PRES. As discussed earlier, the vincristine schedule is 

more intensive in Nordic protocols compared with in international protocols.  
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Table 11. Modifications in leukaemia treatment in 15 of 29 patients with PRES.  

Modification N %  

Omission of an injection 7 24% 

Reduction of the dose  6 21% 

Replacement of one or several chemotherapeutic drugs 2 7% 

Delay in treatment  
(≥ 1 week during the induction and ≥ 2 weeks during later 
phases) 

8 28% 

Protocol changed from intermediate to high risk* 1 3% 

*change was made due to misinterpretation of the MRI findings of PRES as CNS leukaemia. 

 

OUTCOME (STUDIES I, II) 
 

Outcome of patients with CNS complications (Study I) 
Three of 86 patients died after development of CNS symptoms. However, in KM survival 

analysis, defined CNS complications were not associated with worse relapse-free (p = 0.487), 

event-free (p = 0.729) or overall survival one year after the end of therapy (p = 0.335). A 

total of 16 patients (19%) developed epilepsy either immediately or after a delay. Epilepsy 

was associated with defined CNS complications (p = 0.005) and especially with PRES, as nine 

patients with PRES developed epilepsy. Outcomes are presented in Table 12. 

 

Outcome of patients with PRES (Study II) 
The 5-year OS was estimated with KM survival analysis, and OS was poorer in patients with 

PRES [75.9% (60.3–91.4%) vs. 88.4% (85.5–90.9%), p = 0.04]. Analogously, the KM curve 

showing cumulative incidence of relapses was significantly elevated in patients with PRES, as 

46.3% (27.8–64.8%) had relapse compared with 20.2% (16.9–23.4%) of patients without 

PRES (p = 0.001). The fraction of CNS relapses was higher in PRES patients (p = 0.006). Of the 

fourteen PRES patients who received antiepileptics associated with hepatic microsomal 

enzyme induction, eight had relapses.  

The significance of risk factors for relapse was assessed using Cox regression analysis. In 

multivariable analysis, PRES [HzR 2.07 (1.13–3.80), p= 0.019], WBC ≥ 50 x 109/L at diagnosis 

[HzR 3.18 (2.19–4.62)], p < 0.0001], and male sex [HzR 1.51 (1.06–2.14), p=0.023] were 

independent risk factors, while age (≥ 10 years) and T cell leukaemia were non-significant. 

Whether the increase of relapses was explained by therapy-related factors (such as 

phenytoin or modifications in leukaemia treatment) or by an intrinsic tendency of PRES 
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patients to relapse was not clear, and was a new finding in Study II. On the other hand, the 

higher fraction of CNS relapses may have been due to CNS leukaemia at diagnosis, which 

was more common in PRES patients. Instead, defined CNS complications were not associated 

with an increased risk of relapse, which may be due to the heterogeneity of CNS symptoms. 

In this study, details on leukaemia treatment from other CNS complications than PRES were 

not gathered and thus it is unknown whether patients with PRES had more treatment 

modifications.  

Nine of 29 PRES patients developed epilepsy and three had significant neuropsychological 

problems. Some previous studies have reported on the risk of epilepsy in PRES patients 

(Morris, Laningham et al. 2007, Lucchini, Grioni et al. 2008, Khan, Sadighi et al. 2016). 

 

Table 12. Neurological outcomes and relapses of ALL for defined CNS complications and 

systemic or unclear conditions with CNS symptoms. 

CNS symptom  N Epilepsy Relapse Death after 

presenting with CNS 

symptom 

PRES  29 9 13 - 

HE 6 2 1 - 

Cerebrovascular 10 2 1 2 

MTX-related 

SLS 

1 - - - 

Systemic or 

unclear 

conditions with 

CNS symptoms 

or encephalitis 

40 3 7 1 

Total 86 16 22 3 
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Table 13. Summary of key features of acute neurotoxic events in children with ALL during 

primary treatment according to data from Studies I–II, previous studies (Baytan, Evim et al. 

2015, Parasole, Petruzziello et al. 2010, Lamy, Mas 2016, Rubnitz, Relling et al. 1998, 

Bhojwani, Sabin et al. 2014, Ranta, Tuckuviene et al. 2015, Qureshi, Mitchell et al. 2010) and 

the NOPHO ALLTogether protocol. 

 

 Occurrence Timing Aetiology Typical symptoms Treatment 
 

PRES 1.6–4.5%  often 
within 2 
mos 

intensive 
treatment 
(in 
induction) 
 
possibly vcr 
& steroids < 
1 week  
 
 

seizures 
 
headache 
 
visual disturbances 
 
altered mental status 
 
often hypertension 
 

antihypertensives 
 
anticonvulsants  
 
supportive 
 
alterations in 
leukaemia 
treatment? 

HE NA intensive 
treatment 
phases? 
 

same as 
PRES? 

always hypertension 
 
otherwise same as in 
PRES 

antihypertensive 
 
anticonvulsants 
 
supportive 

SLS 0.2–3.8% often 
consolidat
ion 

HD MTX or 
i.t. MTX < 2 
weeks 

stroke-like symptoms: 
hemiparesis, slurred 
speech 

spontaneous 
recovery 
 
dextrometorphan
e 
 
aminophylline 
 

CSVT 0.8–3% 
  

asparagin
ase  

leukemic 
burden 
 
asparaginas
e  
 
corticostero
ids 
 
 

headache 
 
seizures 
 
 

anticoagulation 
 
withdrawal of 
asparaginase? 
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Impact of low-dose administration of folinic acid on 
neurotoxicity (III) 
 

 

The patients in Study III were a smaller subgroup of the study population in Studies I–II. A 

total of 351 HD MTX courses were given to 44 patients. In 58 courses, the MTX 

concentration was < 0.2 umol/L at 42 hours after start of infusion, indicating only one dose 

of folinic acid given, and in 181 courses, it was below the threshold at hour 48, indicating 

two doses of folinic acid. This would mean that only one or two doses of folinic acid were 

given in over half of the HD MTX courses.  

Folinic acid is suggested to protect against haematological and gastrointestinal toxicity and 

neurotoxicity in particular by neutralising the effect of MTX in healthy cells. Despite the 

fewer doses of LV, occurrence of severe toxicity did not differ between the courses with or 

without fast clearance (Study III). None of the patients in Study III developed acute or 

subacute neurotoxicity, and even in the larger Study II, of 643 patients, only one patient 

developed subacute neurotoxicity (MTX-related SLS).  

Previously, lower doses and early timing of folinic acid have been proposed to explain the 

reduction of neurotoxicity (Cohen 2013). However, clearance of MTX may be more 

important for neurotoxicity. In accordance with national practice, all patients received 

extended hydration with sodium bicarbonate over 12 hours, which alkalinises the urine and 

is known to be important for MTX clearance (Howard, McCormick et al. 2016). Alkalinisation 

may partly explain the faster clearance of MTX, although not all previous studies have found 

an association between longer pre-hydration and alkalinisation (Mikkelsen, Mamoudou et al. 

2014).  

Higher MTX: folinic acid ratios are reported to be associated with the risk of 

leukoencephalopathy (Bhojwani, Sabin et al. 2014). However, in Study III, none of the 22 

patients who were evaluated by MRI developed leukoencephalopathy. Among other 

toxicities, grade III–IV mucositis occurred after five of 326 infusions, and three patients had 

severe ALAT elevation. 

Study III is the first study in ALL patients reporting on only one dose of folinic acid after 5 

g/m2/24 h HD MTX. Some studies report that high doses of LV may lead to impaired 

antileukemic effect of MTX (Sterba, Dusek et al. 2006) and can be associated with a risk of 

relapse (Skarby, Anderson et al. 2006). However, this study suggests that low dosing may be 

sufficient.  
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Radiation-induced meningiomas (RIMs) (Study IV) 

 

INCIDENCE OF RIMS AND LATENCY PERIODS  
 

At the time of publication of Study IV, in 2009, there were few reports on the increasing 

incidence of radiation-induced meningiomas (Neglia, Robison et al. 2006, Hijiya, Hudson et 

al. 2007), while most studies reported mainly malignant brain tumours with shorter follow-

up periods (Neglia, Meadows et al. 1991). In addition, only one study had previously 

followed up leukaemia survivors with MRI, regardless of symptoms (Goshen, Stark et al. 

2007). In Study IV, out of sixty invited childhood leukaemia survivors, 49 participated, 

constituting a small cohort of cranially irradiated adult leukaemia survivors at Oulu 

University Hospital. Eleven patients (22.4%) developed meningioma. No other brain tumours 

were diagnosed. Some other secondary neoplasms were observed in five patients (Table 15), 

all among meningioma patients, which could suggest a genetic susceptibility to developing 

tumours in these patients. No genetic testing was performed in Study IV. 

 

Table 14. Other secondary neoplasms in meningioma patients. 

Other secondary neoplasm 

 

Spinal root schwannoma 

 

Squamous cell carcinoma of tongue (grade I) 

 

Papillary urothelial carcinoma in the bladder (low-

grade) 

 

Clear-cell carcinoma of the kidney (grade II)* 

 

Basal cell carcinoma in the face * 

 

Infiltrating urothelial carcinoma in the bladder* 

 

*developed in the same patient. 

 

The most characteristic feature of Study IV was the long latency period: the meningiomas 

occurred from 14 to 34 years after CRT. A long latency period has been suspected in the past 

(Walter, Hancock et al. 1998, Neglia, Robison et al. 2006, Hijiya, Hudson et al. 2007) and has 
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recently become a well-recognised feature of RIMs (Benjamin, Shah et al. 2020). The 

incidence rate of meningiomas did not show a plateau; a steep drop in the survival curve 

after 20 years was observed. In patients treated before 1980, the incidence increased to 

47%. Among studies performed prior to Study IV, only one reported incidence rates nearly as 

high as these (Goshen, Stark et al. 2007). Since then, more recent studies have reported 

similar incidences. A Canadian study observed cumulative incidences of 7.4% and 4.0% at 25 

years and 26.7% and 20.7% at 30 years in screened and unscreened ALL survivors (Co, Swain 

et al. 2019). The dramatic decline in the survival curve in Study IV is therefore supported by 

other studies as well, but can at least partly be explained by small cohort size. The increased 

incidence after long latency periods has been noted in larger studies as well, as Friedman et 

al. (2010) reported 6.2% cumulative incidence of meningiomas at 30 years in a study of 

4,329 childhood cancer survivors.  

No other brain tumours were observed. Only patients who had been in remission for at least 

10 years were included, and therefore their risk for gliomas was already diminished. 

However, none of the 49 patients in the cohort developed gliomas within shorter latency 

periods.  

 

PATIENT CHARACTERISTICS AND RISK FACTORS 
 

The mean follow-up time of the cohort was 21 years. Patients with meningiomas were aged 

3.7 years (median) at ALL diagnosis (range 1–8 years), eight of the eleven patients were 

female and they were cranially irradiated at a minimum cumulative dose of 21 Gy. The 

patients developed meningiomas at a median age of 21.6 years (range 13.9–33.8) after 

cranial irradiation, while patients who did not develop meningiomas were followed up for a 

shorter time (median 15.6 years, range 9.5–32 years). 

In risk factor analysis, only time since cranial irradiation was a statistically significant risk 

factor for meningiomas (p = 0.01). Of clinical characteristics, neither age, sex nor relapses 

associated with the development of meningioma, although if the eleven non-imaged 

patients were included in the non-meningioma group, lower age reached statistical 

significance. On the other hand, patients who were older at the time of diagnosis (and 

cranial irradiation) had shorter follow-up periods; a shorter follow-up period, rather than a 

greater age, may explain why older patients had fewer meningiomas at the time of analysis.  

In a large British cancer survivor study, the risk of meningiomas was strongly associated with 

higher irradiation doses, as well as with increased dose of i.t. MTX (Taylor, Frobisher et al. 

2009). In the small cohort in Study IV, neither cumulative doses of chemotherapeutic agents 

nor length of antimetabolite treatment differed between the meningioma and non-

meningioma groups. Although higher irradiation doses gained significance in the analysis, 

this significance vanished when time since irradiation was taken into account. By 1980, all 19 
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patients received higher doses than 18 Gy. Patients treated during 1981–1995 constituted 

61% (n = 30) of the study population, and developed only two meningiomas, although over 

half of these patients received a CRT minimum of 21 Gy.  

 

FOLLOW-UP OF CRANIALLY IRRADIATED LEUKAEMIA SURVIVORS  
 

In Study IV, patients were followed up as a part of the late effect study. Asymptomatic 

meningiomas were smaller in diameter (2.3 cm vs. 5.1 cm, p = 0.001), which was interpreted 

to support systematic evaluation of cranially irradiated leukaemia survivors with MRI at 5-

year intervals starting 10 years after treatment. More recent studies have both agreed and 

disagreed with asymptomatic screening. In 2019, a first study compared the value of 

screening a median of 25 years after cranial irradiation in 70 screened and 106 unscreened 

leukaemia survivors. They did not find any difference in the size of meningiomas found in 

asymptomatic screened and symptomatic unscreened patients, nor was the outcome 

significantly worse in unscreened patients (Co, Swain et al. 2019). However, RIMs tend to be 

more aggressive and atypical, which argues for systematic screening.  

It can be assumed that the risk of meningiomas will be reduced in the future, since cranial 

irradiation is no longer part of the CNS prophylaxis in leukaemia treatment. Turcotte et al. 

(2017) reported, in a large study of childhood cancer survivors who had been treated during 

the period 1970–1999, that the risk of subsequent neoplasms including meningiomas, was 

lower among survivors treated more recently; this was associated with modifications in 

cancer therapy.  

 

Strengths and limitations 
 

Strengths of all Studies I–IV include detailed data on ALL therapy, patient characteristics and 

follow-up data received from the Nordic NOPHO leukaemia registry and patient files. Studies 

I–II are population-based and encompass all ALL patients in Finland treated with the NOPHO 

ALL1992 and ALL2000 protocols, and therefore systematic errors due to selection bias 

should be minimal. Studies I–III are retrospective, meaning there is always a risk of bias. Data 

were collected across a long period; knowledge on neurological complications increased, 

and diagnostic methods, such as use of MRI, improved during that time. In the studiesin this 

thesis, two persons separately reviewed the medical records of patients with CNS 

complications with the same strict criteria, which should increase the reliability and accuracy 

of the results. Detailed data of leukaemia treatment were gathered only from PRES patients 

(II); such data from all patients with or without CNS symptoms would have been informative 

and lack thereof can be considered as a limitation. Studies III and IV were relatively small, 
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meaning that results need to be confirmed in larger studies. Study III reported 

internationally unique data that has already changed treatment practices in Nordic 

countries, and would have been very difficult to collect in an interventional study.  

 

Importance of Studies I–IV 
 

In the history of leukaemia treatment, CNS control has improved tremendously after the 

introduction of CRT and CNS-directed chemotherapy, leading to vast decrease of CNS 

leukaemia and increased survival rates. However, the effects of intensive CNS therapy may 

become evident decades later and increase later morbidity of leukaemia survivors. Therapy 

may lead to acute CNS complications, some of which may have long-term effects, especially 

if left unrecognised. In this thesis, the focus was on second primary brain tumours which 

developed after a long latency period in cranially irradiated leukaemia survivors (Study IV), 

and on adverse CNS events and their possible risk factors during leukaemia treatment 

(Studies I–III). Better understanding and recognition of these symptoms can enable efficient 

treatment and shape the design of future treatment with minimised side effects.  
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CONCLUSIONS AND FUTURE DIRECTIONS 
 

ALL treatment-related acute central nervous system symptoms are relatively common and 

may increase long-term morbidity and decrease quality of life. CNS leukaemia in particular 

seems to predispose patients to CNS toxicity. Identification of CNS complications and 

patients at risk of these complications is important for adequate and prompt treatment of 

these complications. However, awareness is also crucial when designing leukaemia 

treatment protocols, and should lead to discussion on prophylaxis for some of these 

symptoms in future, such as thromboprophylaxis of patients at high risk of sinovenous 

thrombosis. 

Among CNS complications, PRES stands out as having more long-term effects, particularly 

increasing the risk of epilepsy. Relapses occurred more often in PRES patients, an 

observation which needs to be evaluated in future studies. However, PRES and any CNS 

complications may affect leukaemia treatment, and delays or modifications in the treatment 

increase the risk of relapse. Nordic protocols have involved intensive treatment with MTX 

and vincristine, which may increase the risk of CNS complications. Vincristine and MTX 

dosing have already been reduced in the current ALLTogether protocol. The results in this 

thesis regarding neurotoxicity, especially of PRES, during use of the NOPHO ALL1992 and 

NOPHO ALL2000 protocols, were the basis for careful monitoring of neurotoxicity in the 

more recent protocol. Studies of CNS complications and PRES continued in the NOPHO 

ALL2008 protocol, in which the author of this thesis has participated; these studies have 

been published recently. Monitoring of neurotoxicity also continues in the current 

ALLTogether protocol; however, new biological drugs, some of which have already been put 

to use in that protocol, can change the spectrum of CNS complications in the future. 

In a small study, a low total dose of folinic acid in case of fast clearance of high-dose MTX did 

not increase neurotoxicity or other severe toxicities. This indicates that MTX 

pharmacokinetics may play a more important role in the development of toxicities than 

previously thought. Using lower LV doses might improve the antileukemic effects of MTX; 

this was implemented into the Nordic ALL protocol as early as 2008. 

Cranial irradiation as part of CNS prophylaxis is a significant threat to leukaemia survivors. 

Meningiomas occurred after long latency periods in a significant portion of leukaemia 

survivors in the cohort study included in this thesis and the incidence increased after 20 

years of cranial irradiation therapy. Other treatment characteristics seemed not be 

significant. After exclusion of CRT from leukaemia protocols, the risk of meningiomas is likely 

to be lower in the future. However, owing to the major developments in leukaemia therapy, 

there are currently a significant number of cranially irradiated leukaemia survivors in the 

population, who are at risk of meningioma. This risk is well-recognised today. The literature 

does not clearly indicate if systematic evaluation of these survivors with brain MRI is 
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justifiable. The tendency towards recurrence and more aggressive behaviour, as well as 

smaller size of asymptomatic tumours, supports monitoring.   
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