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1 | INTRODUCTION

Cerebral sinovenous thrombosis (CSVT) is a potentially fatal compli-
cation seen in 1%-3% of patients with acute lymphoblastic leukaemia
(ALL) during treatment [1, 2]. Multiple factors, including the leukaemia
itself, asparaginase (ASP), corticosteroids, infection and high body mass
index (BMI), adversely affect the haemostatic balance and increase the
risk of thromboembolism (TE) [3-9]. If CSVT occurs, the anticipated
risk of progression of CSVT or re-thrombosis influences the decision to
re-expose patients to ASP; thus, ASP is often truncated [10-15]. Pre-
mature discontinuation of ASP has been associated with an increased
risk of leukaemic relapse [4, 14, 16, 17]. To date, no studies have exam-
ined the factors that may impact the decision to re-expose patients to
ASP after CSVT, and only a few studies have investigated the potential
risks of re-exposure to ASP [13].

Our primary aim was to determine the frequency of ASP re-
exposure after CSVT in patients with ALL. The secondary aims were
to examine (a) clinical characteristics associated with ASP re-exposure,
(b) CSVT-related sequelae, and (c) the modification of ALL treatment
following CSVT.

2 | SUBJECTS AND METHODS

2.1 | Design and population

This population-based, observational study was conducted using the
RECORD statement [18]. The study population included children
and adults aged 1-45 years at the time of ALL diagnosis who were
treated according to the Nordic Society of Paediatric Haematology
and Oncology (NOPHO) ALL2008 protocol between July 2008 and
October 2018. Baseline clinical characteristics and treatment data
were retrieved from the NOPHO register along with predefined

prospectively registered toxicities, including TE [19]. Patients with
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was 1.9% (95% confidence interval 1.4%-2.5%). The majority of patients (74%, n = 31)
were re-exposed to asparaginase (with low-molecular-weight heparin coverage), one
of whom had a second CSVT, without neurological sequelae. Patients re-exposed to
asparaginase were earlier in ALL treatment and lacked more asparaginase doses than
non-re-exposed patients at CSVT diagnosis (median 50 vs. 81 days, p = 0.03; mean
11.2 vs. 8.4 asparaginase doses, p = 0.04). No other examined factors had an impact
on asparaginase re-exposure. At the last follow-up (median 4.5 years after CSVT), 61%
of patients had normal neurological status, and 57% had complete recanalisation of
CSVT, with no significant difference between patients re-exposed and non-re-exposed
to asparaginase. Our results indicate that re-exposure to asparaginase is safe after
CSVT during anticoagulation.

acute leukaemia, chemotherapy, childhood leukaemia, late effects of therapy, thrombosis

symptomatic CSVT were compared with patients undergoing the
same ALL treatment without TE (the comparison population). Detailed
clinical data were collected retrospectively from medical charts by
local investigators between March and December 2020. Data were
entered into standardised registration forms corresponding to three
timepoints: (a) at CSVT diagnosis, (b) before ASP re-exposure (in
patients re-exposed to ASP), and (c) at the last follow-up. Of 46 CSVT
cases, 31 have previously been reported as part of a NOPHO study,
and 20 cases have previously been reported in a smaller study on CSVT
without information on neurologic sequelae [8, 20].

2.2 | The NOPHO ALL2008 protocol

The NOPHO ALL2008 treatment protocol has previously been
described in detail [21]. Briefly, the protocol includes a 4-week induc-
tion phase including high-dose steroids and ASP treatment from day
30[20, 21]. All non-high-risk patients received five doses of pegylated
ASP (PEG-ASP) 1000 1U/m? intramuscularly at 2-week intervals dur-
ing consolidation therapy and were randomised to receive either (a) 10
additional PEG-ASP doses or (b) three additional PEG-ASP doses [22].
High-risk patients received one dose of ASP in each block during seven
to nine blocks of chemotherapy unless the patient was eligible for bone
marrow transplantation. For further details on the treatment protocol
and definition of central nervous system (CNS) leukaemia, see Support-
ing Information. Asparaginase enzyme activity (AEA) was measured

systematically in all children as part of the treatment protocol.

2.3 | Definition of clinical characteristics

BMI was reported as Z-scores of a Danish normal reference popula-
tion [23]. Major and minor bleeding during antithrombotic treatment
were defined according to the definition by Schulman and Kearon [24].
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Thrombophilia screening was recommended if TE occurred and was
conducted at local certified coagulation laboratories. Exposure to ASP
after CSVT was denoted as re-exposure, regardless of ASP administra-
tion prior to CSVT. CSVT was considered to be associated with ASP if
CSVT was diagnosed within 18 days following the last administration
of ASP [22]. The total number of ASP doses missed was calculated as
the number of planned doses for a single patient minus the doses given.

The neurological status in patients with CSVT was quantified by
the local physician using the modified Rankin Scale (mRS) [25] at
three timepoints: (a) at CSVT diagnosis, (b) before ASP re-exposure
(in patients re-exposed to ASP), and (c) at last follow-up. Neurological
status was classified as no symptoms (mRS 0), no significant disability
despite symptoms (mRS 1), slight disability (mRS 2), moderate dis-
ability (mRS 3), moderately severe disability (mRS 4), severe disability
(mRS 5) and death (mRS 6) [25, 26]. Detailed descriptions of diagnostic
imaging were used to study the extent of the thrombosis and brain
lesion at (a) CSVT diagnosis, (b) before re-exposure, and (c) the time
of the last follow-up scan. Venous infarction was defined as necrotic
tissue visible on imaging in relation to the thrombosis and described
by the local radiologist. The extent and number of thromboses were
scored according to the CSVT score developed by Zubkov et al. [27],
assigning one point for each sinus involved and one point for each
third of the superior sagittal sinus. Recanalisation of veins before re-
exposure and at the last follow-up was quantified according to Qureshi
[28] and classified as partial recanalisation of one or more occluded
veins (grade 1), complete recanalisation of one sinus but persistent
occlusion of the other sinuses (grade Il) and complete recanalisation
(grade I11).

24 | Statistics

Patients were followed from the time of ALL diagnosis until CSVT,
death, second malignant neoplasm, leukaemic relapse, or loss to
follow-up, which ever came first (Table 1). CSVT patients were fur-
ther followed until death or the last follow-up date at the local
centres (Tables 2 and 3). CSVT patients were excluded from the
re-exposure/non-re-exposure analyses if (a) the patient had already
received all doses of ASP prior to the CSVT diagnosis and (b) the
patient discontinued ALL treatment after CSVT diagnosis due to poor
clinical condition followed by death or died sooner than the patient
was scheduled to receive the next ASP dose (2- or 6-week inter-
val depending on randomisation) (a priori definition). The cumulative
incidence of CSVT was estimated using the Aalen-Johansen method
considering relapse, death and second malignant neoplasm as compet-
ing events. We reported continuous and normally distributed data as
the mean and standard deviation (SD). Differences between groups
were estimated using Student’s t-test. Non-normally distributed data
were reported as the median and interquartile range (IQR) and were
compared using Wilcoxon's rank-sum (Mann-Whitney) test. Categori-
cal data were presented as the number of patients (with percent) and
analysed by applying a chi-squared test, and for samples including less

than five observations in any group, Fisher’s exact test was applied.

We calculated the incidence of bleeding after CSVT as incidence rates
during antithrombotic treatment and tested for differences between
groups by applying a mid p-adjustment test to explore incidence rate
differences. Levels of AEA were analysed as previously described [29]
and are provided in Supporting Information. A two-sided p-value <0.05
was considered statistically significant. All statistics were performed
in Stata version 16.1, and graphs were generated in GraphPad Prism
9.1.2. Data are available upon request.

3 | RESULTS

3.1 | Patient demographics

A total of 2651 patients aged 1-45 years at ALL diagnosis were
treated according to the NOPHO ALL2008 protocol between 2008
and 2018. Forty-six patients were registered with CSVT, and detailed
data were available in all cases. The comparison population included
2426 patients (Figure 1) who were followed for a mean of 2.3 years
from ALL diagnosis (SD: 0.52). The cumulative incidence of first-time
CSVT during ALL therapy was 1.9% (95% ClI: 1.4%-2.5%), which was
highest among adolescents (Table 1). No other clinical characteristics
were associated with a higher 2.5-year cumulative incidence of CSVT
(Table 1). Three of 46 CSVT patients died shortly after CSVT and did
not receive any ALL treatment after CSVT diagnosis (CSVT diagnosed
by autopsy [n = 1], death due to typhlitis and intestinal perforation 4
days after CSVT diagnosis [n = 1], death due to cerebral bleeding and
herniation 11 days after CSVT diagnosis [n = 1]).

3.2 | Clinical characteristics of the CSVT
population

All cases of CSVT (n = 46) were symptomatic, and symptoms at CSVT
diagnosis were often reported concurrently (Table 3). At CSVT diag-
nosis, patients had a median mRS score of 2 (slight disability) (IQR:
1-4) (Figure 2A and Table 3). CSVT was confirmed in all patients, with
either magnetic resonance imaging angiography (70%, n = 32), com-
puted tomography angiography (28%, n = 13) or autopsy (2%, n = 1).
Detailed reports of imaging at CSVT diagnosis were available in 39
patients (78%). The most frequent locations of thrombosis were the
superior sagittal sinus (n = 33), sinus transversus (n = 20), sinus rectus
(n = 5) and the confluence of sinuses (n = 4). The extent of thrombosis
in cerebral veins and sinuses at CSVT diagnosis was comparable in later
ASP re-exposed and non-re-exposed patients (p = 0.13) (Table 3 and
Figure 2B). Parenchymal lesions were reported in 16 patients, includ-
ing oedema (n = 8), bleeding (n = 11) and one or more infarctions
(n = 8). Thrombophilia was confirmed in four of 32 screened patients
(prothrombin factor Il heterozygosity [n = 2], factor V Leiden heterozy-
gosity [n = 2]). CSVT occurred most frequently during induction before
the start of ASP (17.4%, n = 8) and consolidation treatment (52.2%,
n = 24). Four patients (8.7%) had CSVT during high-risk (HR) blocks
(Figure 3). At CSVT diagnosis, patients had received a mean of 2.7
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TABLE 1 2.5-year cumulative incidence of cerebral sinovenous thrombosis (CSVT)

2.5-year cumulative

incidence of CSVT 95% Cl of
N (%) (%) 95% ClI difference (%)? p-Value
All patients® 2472 1.87 1.39-2.46 - -
Sex
Female 1404 (57) 1.78 1.11-2.72 0.78
Male 1068 (43) 1.94 1.31-2.76 -0.92t01.23
Age at ALL diagnosis (years)
Age group: 1-9.9 1636 (67) 1.23 0.78-1.85
Age group: 10-17.9 423 (85) 3.8 2.26-5.94 0.67-4.48 0.01¢
Age group: 18—45 373 (15) 274 1.4-4.81 —0.24t03.24 0.01¢
BMI at ALL diagnosis: Z-score®
<-2SD 128 (5) 3.14 1.03-7.28 0.12
> —2SD to < +2SD 2099 (87) 1.63 1.15-2.24 —4.58t01.56
>+2SD 176(7) 4.57 2.14-8.39 —2.89t05.75
Immunophenotype
B cell 2058 (85) 1.80 1.29-2.45 0.45
T cell 374 (15) 2.47 1.22-4.47 —-1.02t02.31
CNS status at ALL diagnosis
CNS1f 2106 (86) 1.71 1.23-2.35 0.19
CNS2/CNS3f 337(14) 2.97 1.52-5.21 —0.64t03.16
WABC at ALL diagnosis
<100 x 10°/L 2277 (94) 1.98 1.47-2.62 0.11
>100 x 10%/L 139(6) 0.76 0.07-3.80 —0.3t02.78
Enlarged lymph nodes >3 cm
No 2134(92) 1.88 1.37-2.53 0.31
Yes 187(8) 3.24 1.34-6.54 —1.25t03.95
Mediastinal mass
No 2213(92) 1.77 1.28-2.39 0.25
Yes 183(8) 3.31 1.37-6.69 -1.11t04.18
High-risk stratification, day 29
No 1973 (80) 1.93 1.39-2.61 0.98
Yes 426 (17) 1.93 0.91-3.63 —1.45t01.42

Abbreviations: 95% Cl, 95% confidence interval; ALL, acute lymphoblastic leukaemia; BMI, body mass index; MRI, magnetic resonance imaging; SD, standard
deviation; WBC, white blood count.

295% Cl of difference in cumulative incidence between groups.

bPatients with CSVT (n = 46) among ALL patients 1-45 years of age (n = 2472) treated according to the Nordic Society of Paediatric Haematology and
Oncology (NOPHO) ALL2008 protocol; n: number of patients.

“Test of heterogeneity of the three age groups.

dA test for trend.

¢BMI Z-scores of a Danish normal reference population [23].

fCNS1: no blasts in cerebrospinal fluid on cytospin and no other signs of CNS leukaemia, CNS2: 0-5 cells/ml cerebrospinal fluid with blasts on cytospin and
no other signs of CNS leukaemia), CNS3: >5 cells/ml cerebrospinal fluid with blasts on cytospin, cranial nerve palsy, intracranial ‘leukaemic’ mass on MRI, eye
involvement confirmed by MRI, or a biopsy to reflect ALL.

ASP doses, all PEG-ASP. In two-thirds of patients (63%, n = 29), CSVT 3.3 | Re-exposure to ASP

occurred within 14 days of steroid administration (Table 2). One adult

patient received thromboprophylaxis at CSVT diagnosis, and one adult Four patients were excluded from the re-exposure analysis (Figure 1).
had a previous non-cerebral TE at the time of CSVT. Of the remaining 42 CSVT patients, 31 patients (74%) were re-exposed
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TABLE 2 Demographics and clinical characteristics of cerebral sinovenous thrombosis (CSVT) patients with acute lymphoblastic leukaemia

(ALL)
Total Re-exposed to ASP? Non-re-exposed to ASP?
(n=46) (n=31) (n=11)
n % n % n % p-Value?
All CSVT patients 46 100 31 74 11 26
Age at CSVT (years), median, IQR (10.9) (4.9-17.3) (12.5) (5.4-18.1) (10.2) (4.9-23.1) 0.83
Age group: 1-9.9 years 20 43 12 39 5 45 0.91
Age group: 10-17.9 years 15 33 11 35 3 27
Age group: 18-45 years 11 24 8 26 3 27
Sex, male 27 59 17 55 8 73 0.30
BMI Z-scores, mean, SD (0.51) (1.67) (0.31) (1.76) (0.93) (1.4) 0.24
<-2SD 4 9 4 13 0 0.30
> —2SD to < +2SD 34 74 23 74 8 73
>+2SD 8 17 4 13 S 27
Down syndrome (trisomy 21) 2 1 1
Immunophenotype: T cell 9 20 4 13 4 36 0.09
CNS status at diagnosis: CNS2/CNS3P 10 22 7 23 1 9 0.33
High-risk stratification, day 29 9 20 5 16 8 27 0.42
Infection at CSVT diagnosis 11 24% 5 16% 4 36% 0.16
Days from ALL diagnosis to CSVT, median, (53) (34-91) (50) (32-76) (81) (51-149) 0.03
IQR*
ASP naive at CSVT diagnosis 8 17 6 19 1 9 0.43
CSVT within 18 days of last ASP dosage & 87 23 92 7 70 0.09
Number of ASP doses administered at CSVT (2.7) (2.8) (2.1) (2.1) (4.4) (3.7) 0.02
diagnosis, mean, SD
Number of missing ASP doses at CSVT (10.4) (4.0) (11.2) (3.4) (8.4) (4.8) 0.04
diagnosis, mean, SD?
Date of CSVT diagnosis
2008/12-2011/04 16 35 9 56 7 44 0.18
2011/05-2015/04 15 33 9 60 6 40
2015/05-2018/06 15 33 13 87 2 13

Note: n denotes the number of patients in the exposure group. p-Value: test of no difference between re-exposed and non-re-exposed.

Abbreviations: ASP, asparaginase; BMI, body mass index; IQR, interquartile range; MRI, magnetic resonance imaging; SD, standard deviation.

an = 42, excluded in the analysis: death shortly after diagnosis (n = 3) and already received all ASP doses at CSVT diagnosis (n = 1), p-value: simple statistical
test of differences between re-exposed and non-re-exposed (no adjustments were applied because of the small sample size).

bCNS2: 0-5 cells/ml cerebrospinal fluid with blasts on cytospin and no other signs of CNS leukaemia, CNS3: >5 cells/ml cerebrospinal fluid with blasts on
cytospin, cranial nerve palsy, intracranial ‘leukaemic’ mass on MRI, eye involvement confirmed by MRI, or a biopsy to reflect ALL.

°A histogram (Figure S1) of the number of days is provided in Supporting Information.

dPlanned doses of ASP were assumed to be 15 and eight doses for patients treated according to standard-risk and intermediate-risk stratification, depending
on randomisation [22]. For patients treated according to high-risk stratification, the number of planned doses was scrutinised for each patient at the time of

CSVT diagnosis.

to ASP at a median of 31 days (IQR: 21-57 days) after CSVT. All ASP
doses after CSVT were administered during anticoagulation coverage.
Patients re-exposed to ASP were significantly earlier in their course of
ALL treatment than non-re-exposed (median 50 vs. 81 days; p = 0.03)
(Table 2 and Figure S1). In concordance, re-exposed patients lacked sig-
nificantly more ASP doses than non-re-exposed patients at CSVT diag-
nosis (mean 11.2 vs. 8.4 doses; p = 0.04). The patient who experienced a
TE prior to CSVT was not re-exposed to ASP. No significant difference
was found between re-exposed and non-re-exposed patients regard-

ing age, sex, BMI, immunophenotype, presence of CNS leukaemia at
ALL diagnosis, or ALL risk group at day 29 (Table 2). The prevalence of
neurologic symptoms at CSVT diagnosis, including affected conscious-
ness, did not differ between patients re-exposed and non-re-exposed
to ASP (Table 3). The grade of parenchymal lesions and CSVT score did
not impact re-exposure to ASP (Table 3 and Figure 2B). Patients with
thrombophilia were re-exposed to ASP. The neurological symptoms
before ASP re-exposure were available in 27 of 31 re-exposed patients.
The neurological status improved in the time between the diagnosis
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TABLE 3 Clinical characteristics, treatment and outcome

Re-exposure analyses (n = 42)?

Patients with CSVT Re-exposed to ASP Non-re-exposed to ASP
(n=46) (n=31) (n=11)
n/N % n/N % n/N % p-Value
Neurological status at diagnosis
Seizures 17/43 40 14/29 48 2/11 18 0.08
Affected consciousness 13/45 29 8/30 27 3/11 27 0.97
Visual disturbance and/or papilloedema 4/34 12 1/21 5 3/11 27 0.07
Headache 27/43 63 17/29 59 8/11 72 041
Nausea/vomiting 12/43 28 10/29 34 2/11 18 0.32
Motor difficulties 16/43 37 11/29 38 4/11 36 0.93
Modified Rankin Scale, median, IQR (2) (1-4) (2) (1-2.75) (3) (1.8-3.25) 0.14
Imaging at diagnosis
Parenchymal lesions 16/36 44 11/23 48 3/10 30 0.34
Bilateral lesions 7/34 21 4/21 19 1/10 10 0.52
Oedema 8/35 23 6/23 26 0 0.09
Haemorrhage 11/36 31 6/23 26 3/10 30 0.82
>1 venous infarction 8/35 23 6/22 27 1/10 10 0.27
CSVT score
1 point 11/39 28 8/27 30 2/9 22 0.13
2 points 7/39 18 7/27 26 0
3-4 points 15/39 38 10/27 37 4/9 44
>4 points 6/39 15 2/27 7 3/9 33
Treatment
Days on any antithrombotic treatment, median, IQR  (232) (183-403) (240) (184-408) (280) (175-662) 0.72
Truncation of ASP after CSVT
>1 ASP dose omitted 37/44 84 25/31 81 11/11 100 0.12
Number of ASP doses omitted, median, IQR (2.5) (1-6.75) (2) (1-5) (6) (4-8) <0.01
>1intrathecal treatment omitted 14/43 33 9/30 30 4/11 36 0.7
Outcome at follow-up
Follow-up (years), median, IQR" (4.5) (2.8-7.4) (4.6) (2.8-6.8) (7.9) (3.3-9.5) 0.43
Major bleeding during antithrombotic treatment, 4/46 (0.10) 1/31 (0.039) 1/11 (0.079) 0.66
no. (IR)
Epilepsy treatment ongoing 4/41 10 4/30 13 0 0.56
Visual disturbance 1/41 2 1/31 3 0 1
Headache 3/40 8 2/29 7 1/10 10 1
Motor difficulties 3/41 7 2/30 7 1/10 10 1
Modified Rankin Scale, median, IQR (0) (0-1) (0) (0-1) (0) (0-2) 0.57
Imaging at follow-up
Recanalisation
No recanalisation 1/35 3 1/23 4 0 0.48
Grade [: partial 10/35 29 6/23 26 3/10 30
Grade Il: complete of >1 4/35 11 1/23 4 2/10 20
Grade Ill: complete of all 20/35 57 15/23 65 5/10 50

(Continues)
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TABLE 3 (Continued)

Re-exposure analyses (n = 42)?

Patients with CSVT Re-exposed to ASP Non-re-exposed to ASP
(n=46) (n=31) (n=11)
n/N % n/N % n/N % p-Value
CSVT score at follow-up
No thrombosis, O points 19/31 61 14/21 67 5/9 56 043
1 point 9/31 29 6/21 29 2/9 22
2 points 2/31 6 1/21 5 1/9 11
3-4 points 1/31 3 0 1/9 11

Abbreviations: ASP, asparaginase; CSVT, cerebral sinovenous thrombosis; IQR, interquartile range; IR, incidence rate.

aFour patients were excluded from the analysis: death shortly after diagnosis (n = 3) and already received all ASP doses (n = 1), p-value: simple statistical test
of differences between re-exposed and non-re-exposed (no adjustments were applied because of the small sample size), n: number of patients with CSVT, N:
number of patients with CSVT and available data, IR is the incidence rate per year at risk. Motor difficulties: trouble walking, impaired function of arms/hands.
Infarction is defined as dead tissue visible in the scan in an area related to cerebral thrombosis. Major bleeding was defined according to Schulman and Kearon

[24].

bThe maximal follow-up defined as the last day of follow-up at the local centre. Recanalisation was defined according to Qureshi [28].

ALL patients treated
according to NOPHO
ALL2008 protocol
between 2008-2018
N=2651

ALL patients with

non-CSVT TE
N=179

Included in the study
N=2472

| |
[ CSVT cases

1
Comparison cohort
N=46

N=2426

Excluded in
re-exposure analysis*
N=4

—
Non-re-exposed to
Asparaginase
N=11

Re-exposed to
Asparaginase
N=31

FIGURE 1 Flowchart. *Three patients died and did not receive
acute lymphoblastic leukaemia (ALL) treatment after cerebral
sinovenous thrombosis (CSVT); one had received all asparaginase
doses prior to CSVT

of CSVT diagnosis and ASP re-exposure; mRS became normal in 50%
(n=11), being reduced from 2.0to 0.5 (p < 0.01) (Figure 2A). A detailed
description of imaging before re-exposure was available in 23 of 31
cases a median of 22 days after CSVT. Imaging revealed partial recanal-
isation in at least one sinus in 16 patients (70%), complete recanalisa-
tion in all occluded sinuses in three (13%), no recanalisation in three
(13%, n = 3), and progression of thrombosis in one patient (4%). The
extent of CSVT evaluated by the CSVT score was reduced from grade
Il at CSVT diagnosis to grade Il before ASP re-exposure (p < 0.01)
(Figure 2B).
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FIGURE 2 Neurological status (A) and thrombosis extent by
imaging (B). (A) The modified Rankin Scale from O to 6 at three
timepoints and (B) cerebral sinovenous thrombosis (CSVT) score
quantified the extent of the CSVT

3.4 | CSVT-related outcome

3.4.1 | Mortality, haemorrhages and re-thrombosis

The median duration of follow-up for CSVT patients was 4.5 years (IQR:
2.8-7.4) after CSVT diagnosis. All-cause mortality in CSVT patients
was 6.5% (95% Cl: 1.4%-17.9%, n = 3). Two patients died due to
CSVT, corresponding to a case fatality directly attributable to CSVT of



SKIPPER ET AL.

30
[0} Bl Non-re-exposed
2
=
o B Re-exposed
£ 20
o
e
£
3 104
£
=
4
0_
NN QN N DN
RPN i o
X O & . & (9
N E S &S
& o\\ zb\ \\b' (.\@ &e’(\
& » o\
P \‘b*oo'(‘ @0 @‘b

FIGURE 3 Treatment phase at cerebral sinovenous thrombosis
(CSVT) diagnosis. Patients with CSVT during high-risk blocks (n = 4)
are not shown in the figure

4.3% (95% Cl: 0.5%-14.8%) (see Supporting Information for details).
All patients received low-molecular-weight heparin after CSVT for a
median of 232 days (IQR: 183-403). Four of 46 patients experienced
major bleeding (cerebral and/or intraperitoneal, between 2 and 5 days
after CSVT diagnosis) during antithrombotic treatment (bleeding rate
of 8.7%, corresponding to an incidence rate of 0.1 per year during
antithrombotic treatment) (Table 3). Two ALL relapses occurred in both
the re-exposed and non-re-exposed CSVT patients. Two of 31 patients
re-exposed to ASP (6.5%) experienced a re-thrombosis. One patient
had a second CSVT 82 days after the first CSVT (15 days after ASP re-
exposure) and fully recovered, with an mRS of O at the last follow-up.
The second patient with multiple thromboses at CSVT diagnosis (pul-
monary embolism and bilateral deep vein thrombosis [DVT]) developed
are-DVT 122 days after CSVT and 120 days after ASP re-exposure.

3.4.2 | Impact on ALL treatment

The median number of omitted ASP doses per CSVT patient was 2.5
(IQR: 1-6.75), with significantly more omitted doses in non-re-exposed
patients (median 6, IQR: 4-8) than in re-exposed patients (median 2,
IQR: 1-5) (p < 0.01). Eight of 31 re-exposed patients experienced other
ASP-related toxicities after ASP re-exposure, such as hypersensitivity
(n = 4), pancreatitis (n = 2), osteonecrosis (n = 1) and hyperglycaemia
(n = 1). After CSVT, at least one scheduled intrathecal chemother-
apy was omitted in one-third of patients, and the dose of steroids was

reduced in one patient (Table 3).

3.4.3 | Neurological outcome and recanalisation

No disability (mRS score 0) was reported at the last follow-up in 61%
(n = 28) of CSVT patients (median mRS = 0, IQR: 0-1), with no sig-
nificant difference between re-exposed and non-re-exposed patients
(p = 0.57) (Figure 2A and Table 3). Detailed imaging data during
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follow-up revealed partial recanalisation (40.0%, n = 14) and com-
plete recanalisation (57.1%, n = 20) in 35 available patients after a
median time of 0.5 years (IQR: 0.3-1.2) after CSVT diagnosis. The grade
of recanalisation and CSVT score at the last follow-up were similar
among re-exposed and non-re-exposed patients (p > 0.43) (Table 3 and
Figure 2B).

4 | DISCUSSION

This study is the largest study to date, reporting on 46 patients diag-
nosed with CSVT during ALL treatment in a cohort of 2653 children
and young adults. The majority of our patients with CSVT (74%) were
re-exposed to ASP. Neurological outcomes, measured by mRS, along
with recanalisation of CSVT were comparable between re-exposed and
non-re-exposed patients at the time of last follow-up. We could not
identify significant factors impacting re-exposure to ASP except in the
early ALL treatment phase at CSVT diagnosis.

Previously, Musgrave et al. [1] reported 43 CSVT cases in children
and young adults treated according to the UKALL 2003 protocol. One
or more ASP doses were omitted in 18 of 42 (43%) cases, and 16 (37%)
patients were not re-exposed to ASP after CSVT diagnosis [1]. A simi-
lar proportion of our patients were re-exposed to ASP, although >1 ASP
doses were omitted in a larger proportion of our patients (84%, n = 37).
The study of Musgrave et al. [1] found that intrathecal chemotherapy
was omitted in two of 42 patients (5%) compared with our findings of
>1 doses of omitted intrathecal treatment in one-third of cases. We
have no protocol-specific explanations for the difference, although a
decision made case by case may play arole. Klaassen et al. [30] reported
on 26 children with CSVT (Dutch Childhood Oncology Group ALL-
10 protocol) but provided no information on alterations on ASP or
intrathecal treatment in cases with CSVT. In adults (n = 20) with ALL
or lymphoblastic lymphoma, CNS thrombosis occurred despite throm-
boprophylaxis in 90% of cases [2]; only one patient was re-exposed to
ASP after CNS thrombosis. In our study, only one adult patient received
antithrombotic prophylaxis, and eight of 11 adults were re-exposed to
ASP.

The AEA level indicates the effect of ASP. Our subanalysis of median
AEA in paediatric CSVT cases compared with the childhood ALL pop-
ulation did not show an association with CSVT (p = 0.41). This is in
concordance with several other studies investigating the association of
AEA and TE [31-33].

After a median follow-up of 4.5 years, 61% of CSVT patients in our
study had no neurologic sequelae, evaluated by mRS. Klaassen et al.
[30] described permanent disabilities in nine of 26 patients (35%) after
amedian follow-up of 4.9 years, similar to findings in our CSVT popula-
tion, while a late neurological morbidity of 12% (5/43 cases) was found
by Musgrave et al. [1]. No previous reports from the NOPHO study
group have included information on neurologic sequelae [8, 20].

A major strength of the present study is the population-based
design, with quarterly registrations of CSVT with a very high com-
pliance rate [19] In addition, we obtained detailed case descriptions

on 100% of CSVT cases at multiple timepoints from local paediatric
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oncologists and adult haematologists involved in patient care. Further-
more, all centres scrutinised patient data to check for unregistered
CSVT cases. Another strength is the relatively large sample size of a
rare treatment complication from a large cohort of 2653 ALL patients
and a long follow-up to detect permanent neurological impairment due
to CSVT.

Limitations include the observational design, which meant that
there was a lack of imaging data in non-re-exposed patients at the time
of possible ASP re-exposure and no information on the frequency of re-
thrombosis after CSVT diagnosis in non-re-exposed patients. Two ALL
relapses occurred in both the re-exposed and non-re-exposed CSVT
patients, which precludes a meaningful survival analysis. The limited
sample size calls for caution when interpreting statistical results.

Recommendations in the NOPHO ALL2008 protocol were to re-
expose to ASP after CSVT if CSVT symptoms had resolved and
recanalisation of veins was revealed by imaging during anticoagula-
tion cover [8, 13]. International experts on the matter suggest ASP
re-exposure following stabilisation of the acute TE and only under
the cover of anticoagulation [34]; however, reports on the safety of
re-initiation of ASP are warranted [13, 34].

The major threat to a patient with truncated ASP is the increased
risk of relapse [17]. Our study indicates that clinically recovered CSVT
patients with improved cerebral imaging can safely be re-exposed to

ASP during anticoagulation coverage.
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