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Thromboembolism in acute lymphoblastic leukemia:
results of NOPHO ALL2008 protocol treatment in patients
aged 1 to 45 years
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Thromboembolism frequently occurs during acute lymphoblastic leukemia (ALL) therapy.
We prospectively registered thromboembolic events during the treatment of 1772 consecutive

® Thromb bolism i
Stouins et Nordic/Baltic patients with ALL aged 1 to 45 years who were treated according to the Nordic

frequent treatment-

related complication Society of Pediatric Hematology and Oncology ALL2008 protocol (July 2008-April 2017). The
in ALL Patie"ts_ aged 1 2.5-year cumulative incidence of thromboembolism (N = 137) was 7.9% (95% confidence
zzn‘:ilzs‘a’:;nv‘;'st:ce interval [Cl], 6.6-9.1); it was higher in patients aged at least 10 years (P < .0001). Adjusted
of 7.9%. hazard ratios (HRas) were associated with greater age (range, 10.0-17.9 years: HRa, 4.9 [95% Cl,

3.1-7.8; P < .0001]; 18.0-45.9 years: HRa, 6.06 [95% Cl, 3.65-10.1; P < .0001]) and mediastinal

¢ Patients aged 210 mass at ALL diagnosis (HRa, 2.1; 95% Cl, 1.0-4.3; P = .04). In a multiple absolute risk regression
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highest risk during model addressing 3 thromboembolism risk factors, age at least 10 years had the largest absolute
asparaginase risk ratio (RR,ge, 4.7 [95% Cl, 3.1-7.1]; RRenlarged lymph nodess 2.0 [95% Cl, 1.2-3.1]; RRmediastinal masss
;r:i;T:?:;tzzdfzay 1.6 [95% ClI, 1.0-2.6]). Patients aged 18.0 to 45.9 years had an increased hazard of pulmonary
preemptive embolism (HRa, 11.6; 95% Cl, 4.02-33.7; P < .0001), and patients aged 10.0 to 17.9 years had an
antithrombotic increased hazard of cerebral sinus venous thrombosis (HRa, 3.3; 95% Cl, 1.5-7.3; P = .003)
prophylaxis. compared with children younger than 10.0 years. Asparaginase was truncated in 38/128

J patients with thromboembolism, whereas thromboembolism diagnosis was unassociated
with increased hazard of relapse (P = .6). Five deaths were attributable to thromboembolism, and patients younger
than 18.0 years with thromboembolism had increased hazard of dying compared with same-aged patients without
thromboembolism (both P < .01). In conclusion, patients aged at least 10 years could be candidates for preemptive
antithrombotic prophylaxis. However, the predictive value of age 10 years or older, enlarged lymph nodes, and
mediastinal mass remain to be validated in another cohort. (Blood. 2018;131(22):2475-2484)

Il‘ltl‘OdllCtiOl’l increased use of asparaginase (ASP), and thromboembolism (TE)
has become a frequent and serious treatment-related toxicity

Survival of child ith Philadelphia-ch tive (Ph~
drvival of chiicren wi lladelphia-chromosome negative (Ph) challenging protocol adherence and cure rates.’®'>

ALL is now higher than 90% with the best contemporary treatment,
and the recent introduction of pediatric-inspired therapy has The incidence of symptomatic thrombosis in childhood ALL is
similarly improved cure rates among adults.™ This partly reflects approximately 5%, as reported in larger studies,’®"” and has been
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shown to increase with age.'®'>7'? When including asymptom-
atic cases, TE has been reported in as many as 37% to 73% of
children with ALL.2°?" In adult ALL, the reported incidence ranges
between 1.4% and 2.2% at the time of diagnosis??%; rising to
4.5% to 41% during chemotherapy.?#1317.2428 |n both children
and adults, TE frequently coincides with ASP and corticosteroid
administration.®'":15232% ASP has been associated with decreased
levels of procoagulant factors (factor V [FV], FVII, FVIII, FIX, FX,
and FXI), fibrinogen, plasminogen, protein C, protein S, and
antithrombin 1l (AT), resulting in decreased thrombin inhibition
combined with increased thrombin generation.'21828:3031 |n con-
trast, evidence regarding the association with corticosteroids is
inconclusive, although corticosteroids may inhibit fibrinolysis by
increasing levels of plasminogen activator inhibitor-1.1232

Because data on TE risk in children and adults treated uniformly
are lacking, the primary objectives of this study were to explore
the cumulative incidence and clinical characteristics of TE in
patients with Ph~ ALL aged 1 to 45 years treated according to
the Nordic Society of Pediatric Hematology and Oncology
(NOPHO) ALL2008 protocol; the risk factors associated with TE;
TE influence on subsequent ALL treatment, mortality, and re-
lapse; and the efficacy and safety of antithrombotic therapy
introduced after TE.

Patients and methods

Study population

Study patients aged 1 to 45 years were diagnosed from July
2008 to February 2016 with either B-cell precursor (BCP-) or
T-cell (T-) ALL and treated according to the NOPHO ALL2008
protocol in Denmark, Estonia, Finland, Iceland, Lithuania,
Norway, and Sweden. Of 1861 patients with ALL, the following
were excluded: 21 patients with acute leukemia of ambiguous
lineage, 54 with ALL predisposition syndromes (eg, Down
syndrome or ataxia telangiectasia), and 1 not treated according
to the ALL2008 protocol. One hundred fifty patients with ALL
developed TE, of whom 13 were excluded because of missing
imaging confirmation of TE (N = 1), superficial thrombophlebitis
(N = 1), septic emboli (N = 1), central venous line (CVL) dys-
function registered as asymptomatic TE (N = 2), and missing
data (N = 8). Thus, a total of 1772 patients with Ph~ ALL, among
whom were 137 registered TE cases, were included in the study.
Twenty predefined toxicities, including TE, were prospectively
included in the NOPHO registry through online mandatory toxicity
registration at 3-month intervals, with a compliance rate of
98.9%.19* TE detailed data were subsequently retrieved by local
clinicians or national NOPHO TE Working Group coordinators.
Data on patient demographics, ALL characteristics, and treatment
were retrospectively collected on 1 July 2017, from this NOPHO
thrombosis database and the NOPHO ALL registry, respectively.

Protocol treatment and antithrombotic
prophylaxis guidelines

The NOPHO ALL2008 protocol has been previously de-
scribed.'19:33:34 Treatment stratification involved assignment to
4 risk groups: standard risk (SR), intermediate risk (IR), high risk
(HR), and high risk with hematopoietic stem cell transplantation
(HR-SCT) in first complete remission (CR1) guided by tumor
burden at diagnosis, immunophenotype, cytogenetics, and minimal
residual disease (MRD) levels at treatment days 15, 29, and 79
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(or after the second HR block). Of note, children were ran-
domly assigned to receive pegylated ASP (PegASP), administered
at 2-week (control group) vs 6-week (experimental group) intervals
from treatment weeks 14 to 33 (ie, during delayed intensification
[DI] and early maintenance-1). This randomization was closed
March 1, 2016, after which all children received PegASP at 6-week
intervals from week 14.3° A description of the NOPHO ALL2008
protocol treatment including dosage of corticosteroids and PegASP,
together with an overview of the protocol (supplemental Figure 1,
available on the Blood Web site), are presented in the supplemental
Data.

No common recommendations for routine antithrombotic
prophylaxis exist in the ALL2008 protocol. In the case of a
symptomatic TE event during treatment, low molecular weight
heparin (LMWH) twice daily for 1 to 3 months (but at minimum
until PegASP therapy cessation) was recommended without
PegASP truncation. However, local management of symptom-
atic CVL-related thrombosis in regard to removal or maintenance
of CVL, and management of platelet count lower than 50 X 10%/L
in regard to transfusion of platelets or dosage lowering in
antithrombotic therapy, were nonuniform across centers.*¢ Pre-
emptive screening for inherited thrombophilia was only recom-
mended in the case of family history of TE, including genetic
predisposition (eg, AT, protein C, or protein S deficiency), as TE
prophylaxis during high-risk periods could be relevant in such
patients. In the case of a TE event, thrombophilia screening, including
protein S, protein C, AT, fibrinogen, D-dimer, antiphospholipid
antibodies, FV Leiden mutation G1691A, Fll mutation G20210A,
homocysteine, lipoprotein(a), and FVIII, was recommended.

The ALL2008 protocol was approved by the National Medicines
Agencies and the relevant national or regional ethics committees
in each participating country. Clinical Trial Registration: EudraCT
2008-003235-20 and 2011-000908-18 (Lithuania). All patients
had given written informed consent, and the study was conducted
in accordance with the Declaration of Helsinki (version 2008).

TE-related event definitions
Symptomatic/asymptomatic and venous/arterial TE cases
identified through clinical evaluation and confirmed by imaging
were included in this study and evaluated according to TE in-
ternational Ponte di Legno consensus criteria.3” The date of TE
diagnosis was established as the date of the first confirmatory
imaging, or the death date in cases of TE diagnosed by autopsy.
Asymptomatic TE cases included were detected by imaging
because of other non-TE symptoms, and were treated with systemic
anticoagulation, as required by definition. Cases of superficial
thrombophlebitis, septic embolism, and CVL dysfunction resulting
from thrombosis without other symptoms were excluded.

Bleeding events during antithrombotic therapy were catego-
rized as minor or major bleeding. Major bleeding was defined as
a nontraumatic fatal bleeding and/or symptomatic hemorrhage
in a critical area or organ (intracranial, intraspinal, intraocular,
retroperitoneal, intraarticular, pericardial, or intramuscular with
compartment syndrome) and/or bleeding causing a decrease in
hemoglobin level of at least 2 g/dL (1.24 mmol/L) within 1 day or
leading to transfusion of 2 or more units of whole blood or red
blood cells.3 Minor bleeding was defined as any nontraumatic,
nonskin bleeding not fulfilling criteria for major bleeding.

RANK et al
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Figure 1. The cumulative incidence of TE. The cu-
mulative incidence of TE by age groups with 95% Cls 100%
and patients at risk. The 2.5-year cumulative incidences
were: 3.7% for 1.0 to 9.9 years (95% Cl, 2.6%-4.8%);
15.5% for 10.0 to 17.9 years (95% Cl, 11.3%-19.4%); = 80%
18.1% for 18.0 to 45.9 years (95% Cl, 13.2-22.8). <
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Information on bleeding was collected 3 months after the start of
antithrombotic treatment.

Statistical analyses

Study patients were followed from the point of ALL diagnosis
until the date of the first event (relapse, death including death
during induction and in CR1, or second malignant neoplasm),
SCT in CR1, loss to follow-up/abandonment of therapy, last
follow-up in the registry, or 1 April 2017, whichever came first.
Thus, patients in CR1 were followed for a minimum of 13 months
postdiagnosis. Of 91 children (age, 1.0-17.9 years) with TE,
58 had previously been reported.'® The median follow-up time
was estimated using the reversed Kaplan-Meier method. The
cumulative incidences of first TE were estimated using the
Aalen-Johansen estimator, considering relapse, death, and
second malignant neoplasm as competing events, and the es-
timates were compared with Gray'’s test. The TE incidence rate
during different protocol treatment phases was calculated as the
number of new TE cases during a specific period divided by the
person-time-at-risk throughout the observation period. The in-
cidence rate ratio of TE during vs before PegASP treatment
was estimated by Poisson regression. The person-time before
PegASP was calculated from ALL diagnosis until day 30 (time
of first PegASP dose), the date of the first event, SCT, or loss
to follow-up; whichever came first. The person-time on
PegASP treatment was calculated from day 30 until truncation of
PegASP, the last PegASP dose (both +4 weeks; the cutoff time
of measurable PegASP acitivity,® regardless of PegASP ran-
domization), the date of the first event, SCT, or loss to follow-up,
whichever came first. Time to first TE was analyzed in a Cox
proportional hazards regression model including relevant se-
lected clinical-, disease-, and treatment-related characteristics.
As a secondary outcome, time to first TE was analyzed separately
for each TE subtype, including sex, age group, and mediastinal
mass. The body mass index (BMI) z-scores were based on age
and sex.*® As a sensitivity analysis of the predefined age groups
(1.0-9.9 years, 10.0-17.9 years, and 18.0-45.9 years), new age
groups were identified as each containing approximately 25% of
the TE events (1.0-5.9 years, 6.0-14.9 years, 15.0-20.9 years,

THROMBOEMBOLISM DURING ALL CHEMOTHERAPY

and 21.0-45.9 years) and were included in the full model. Var-
iable selection for a prediction model was done with the lasso
method, using 10-fold cross-validation, including all baseline
variables known at ALL diagnosis with age groups 1.0 to
9.9 years and 10.0 to 45.9 years. Absolute risk ratios of TE were
estimated using an absolute risk regression model.*’ To eval-
uate the predictive ability of risk factors, we calculated time-
dependent inverse probability of censoring weighting estimates
of sensitivity and specificity; the latter defining controls as a
patient without TE as opposed to a patient free of any event. To
investigate the association between TE and time to death, we
used a Cox model with TE as a time-dependent variable. The
model included an interaction between TE and age group and
time to TE. Hence, the hazard ratios for TE vs non-TE can be
reported only for a specific age group for a specific time to TE.
When investigating the association between TE and time to
relapse, the Cox model included only patients aged at least
18 years and the time-dependent TE variable, as all relapses
among patients with TE occurred in the oldest age group. As
sensitivity analyses, the models were stratified by treatment
group day 29. The association between time to death and TE
subtype was investigated by pairwise comparison in a simple
Cox regression model with delayed entry at first TE diagnosis
and adjusted for multiple testing, using Turkey’s method. All
models involving antithrombotic prophylaxis, treatment group,
and/or MRD day 29 were analyzed with delayed entry at day 29.
In all Cox models, relevant interactions and the proportional
hazards assumption were investigated. Two-sided Pvalues < .05
were considered statistically significant. All statistical analyses
were carried out using the statistical computing software R,
version 3.2.0 (R Core Team).

Results

Patient and treatment characteristics

After a median follow-up of 4.3 years (interquartile range [IQR],
2.5-6.4 years), the 2.5-year cumulative incidence of first-time TE
(137/1772) during therapy was 7.9% (95% Cl, 6.6%-9.1%), of which
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Table 1. Clinical characteristics

2.5-y cumulative incidence of TE, % 95% ClI
All patients 1772 7.87 6.60-9.13 —
Age groups
1.0-99y 1192 (67) 3.73 2.64-4.80 <.0001
10.0-17.9 y 306 (17) 15.5 11.3-19.4
18.0-459 y 274 (16) 18.1 13.2-22.8
Sex
Female 786 (44) 6.41 4.68-8.12 .05
Male 986 (56) 9.06 7.22-10.9
Immunophenotype
BCP 1492 (84) 6.81 5.51-8.09 .0002
T-cell 280 (16) 13.6 9.43-17.6
WBC
<100 x 107/L 1535 (87) 7.95 6.57-9.31 7
=100 X 107/L 237 (13) 7.35 3.92-10.7

Mediastinal mass

No 1611 (91) 6.97 5.70-8.22 <.0001
Yes 139 (8) 17.3 10.8-23.4
Missing 22 (1) — —

Palpable splenomegaly
No 1475 (83) 7.66 6.28-9.02 4
Yes 262 (15) 9.30 5.69-12.8
Missing 35 (2) — —

Enlarged lymph nodes >3 cm
No 1611 (91) 7.15 5.87-8.41 <.0001
Yes 132 (7) 16.8 10.1-22.9
Missing 29 (2) — —

CNS status*
CNS1 1544 (87) 7.99 6.62-9.35 b
CNS2/CNS3 219 (12) 6.88 3.46-10.2
Missing 9 (1) — —

BMI
=-2SD 86 (5) 8.31 2.22-14.0 4
>—25SD to <+2SD 1552 (87) 7.61 6.27-8.93
=+2SD 119 (7) 11.2 5.24-16.7
Missing 15 (1) —

Inductiont
Prednisolone 1382 (78) 7.05 5.68-8.41 .02
Dexamethasone 390 (22) 10.8 7.60-13.9

All patients (delayed entry at day 29) 1737

Antithrombotic prophylaxis
No 1690 (97) 7.04 5.80-8.26 N
Yes 47 (3) 131 2.75-22.3

CNS, central nervous system; SD, standard deviation.

*CNS1 (no blasts on cytospin and no other signs of CNS leukemia), CNS2 (> 0 and <5 cells/p.L cerebrospinal fluid with blasts on cytospin and no other signs of CNS leukemia), and
CNS3 (= 5 cells/pL cerebrospinal fluid with blasts on cytospin, cranial nerve palsy, intracranial “leukemic” mass on magnetic resonance imaging (MRI), eye involvement confirmed by MRI, ora
biopsy to reflect ALL).

tInduction treatment included prednisolone (BCP-ALL and white blood cell count [WBC] <100 X 10%/L) or dexamethasone (T-ALL and/or WBC = 100 X 10°/L).
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Table 1. (continued)

N (%) 2.5-y cumulative incidence of TE, % 95% CI P

MRD day 29

<0.001 1145 (66) 6.77 5.30-8.21 2

=0.001 to <0.05 452 (26) 8.26 5.68-10.8

=0.05 81 (5) 16.5 0.00-30.8

Missing 59 (3) — —
Treatment group day 29

SR 780 (45) 5.53 3.91-7.13 .04

IR 653 (37) 8.97 6.74-11.1

HR/HR-SCT 302 (17) 7.93 4.62-11.1

Missing 2 (1) — —

CNS, central nervous system; SD, standard deviation.

*CNS1 (no blasts on cytospin and no other signs of CNS leukemia), CNS2 (> 0 and <5 cells/pL cerebrospinal fluid with blasts on cytospin and no other signs of CNS leukemia), and
CNS3 (= 5 cells/pL cerebrospinal fluid with blasts on cytospin, cranial nerve palsy, intracranial “leukemic” mass on magnetic resonance imaging (MRI), eye involvement confirmed by MRI, ora

biopsy to reflect ALL).

tInduction treatment included prednisolone (BCP-ALL and white blood cell count [WBC] <100 X 10%/L) or dexamethasone (T-ALL and/or WBC = 100 X 10%/L).

92% (N = 126) presented with symptomatic TE and a 2.5-year
cumulative incidence of 7.2% (95% Cl, 6.0%-8.4%). The 2.5-year
cumulative incidence of any TE, as well as symptomatic TE, was
significantly higher in patients aged at least 10 years, being
3.7%, 15.5%, and 18.1% in patients younger than 10.0 years,
aged 10.0to 17.9 years, and aged 18.0 years or older, respectively
(P < .0001 for both; Figure 1; supplemental Figure 2). The clinical
characteristics of the patients are summarized in Tables 1 and 2.
Indwelling CVLs were present in 93% of supradiaphragmatic
and 64% of asymptomatic TE events. Infection was reported in
42% of patients at the time of TE, in whom 32% showed positive
blood cultures.

TE occurred during induction in 14 patients (0.10 cases per
person-year), during SR/IR consolidation-1 in 47 patients (0.20
cases per person-year), during SR/IR DI-1/consolidation-2 in
28 patients (0.16 cases per person-year), during HR blocks
in 21 patients (0.14 cases per person-year), during maintenance-1
in 24 SR/IR patients and in 1 HR patient (0.02 cases per person-
year), and during maintenance-2 in 1 IR patient and in 1 HR patient
(0.001 cases per person-year). PegASP activity was measurable in
82 patients and not measurable in 7 of 89 patients with TE during
treatment with this information available. In addition, 72% of the
TE cases (99/137) occurred within 4 weeks of the last PegASP
administration. The incidence rate ratio of TE during vs before
PegASP treatment was 1.3 (95% Cl, 0.75-2.31; P = .4). After a
median of 9 doses (IQR, 6-12 doses; range, 1-15 doses), PegASP
treatment was truncated because of TE in 38 of 128 patients
with TE with this information available, which included 17 patients
with CSVT, 12 patients with supra-/infradiaphragmatic TE, 7 pa-
tients with multiple TE, and 2 patients with PE.

In a multiple Cox regression analysis with delayed entry at day 29
(N = 1594; 114 TE events), the adjusted hazard ratio (HRa) of TE
was significantly increased in ages 10.0 to 17.9 years (HRa, 4.9;
95% Cl, 3.1-7.8; P < .0001) and ages 18.0 to 45.9 years (HRa, 6.06;
95% Cl, 3.65-10.1; P < .0001) compared with children younger
than 10.0 years, and for mediastinal mass at ALL diagnosis
(HRa, 2.1; 95% Cl, 1.0-4.3; P = .04; Table 3). The abovementioned
associations remained unchanged when including only patients
with BCP-ALL (presence of mediastinal mass in N = 8; HRa, 4.2;

THROMBOEMBOLISM DURING ALL CHEMOTHERAPY

95% Cl, 1.3-14.0; P = .02; remaining results not shown). When
including the new 4 age groups in the Cox model, no difference
in the estimates was observed. The adjusted TE-specific hazard
was significantly increased in patients aged 6.0 to 14.9 years
(HRa, 2.0; 95% Cl, 1.2-3.5; P=.01), 15.0to 20.9 years (HRa, 7.74;
95% Cl, 4.52-13.2; P <.0001), and 21.0 to 45.9 years (HRa, 6.54;
95% Cl, 3.69-11.6; P < .0001), using 1.0 to 5.9 years as refer-
ence. In neither of the Cox models did the estimates change
markedly when including all 1772 patients by removing the
delayed entry at day 29 and associated variables (antithrombotic
prophylaxis, treatment group, and MRD day 29). From a TE-
specific Cox model including baseline variables at ALL diagnosis
(with age groups =10 and <10 years because of similar estimates
for the oldest groups in Tables 1 and 3), we selected age, enlarged
lymph nodes, and mediastinal mass for prediction based on the
lasso method, using 10-fold cross-validation. In a multiple absolute
risk regression model with 1723 patients (132 patients with TE)
with no missing data, age had the largest absolute risk ratio (RRage,
4.7 [95% Cl, 3.17.1J; RRanjarged lymph nodess 2.0 [95% Cl, 1.2-3.1];
RRmediastinal mass: 1.6 [95% Cl, 1.0-2.6]). The predicted cumulative
incidences by all 8 combinations of the 3 risk factors based on
this model are shown in supplemental Figure 3. Investigating
each selected variable separately, age group had the highest
ability to identify patients at risk for TE within 2.5 years from ALL
diagnosis (sensitivity, 66.6%), but the lowest ability to correctly
identify patients who would not develop TE (specificity, 74.2%;
enlarged lymph nodes: sensitivity, 15.8% and specificity, 93.2%;
mediastinal mass: sensitivity, 18.1% and specificity, 93.4%). Of the
1723 patients, only 28 patients had all 3 risk factors: 128 patients
had 2, and 663 patients harbored only 1 of these 3 risk factors.

No significantly increased subtype TE-specific hazard (adjusted
for age and sex) was associated with the presence of mediastinal
mass at ALL diagnosis for first-time PE (20 events; P = .4), CSVT
(30 events; P = .8), supradiaphragmatic TE (42 events; P = .05),
infradiaphragmatic TE (25 events; P = .2), or TE at multiple sites
(17 events; P = .2), respectively (supplemental Table 1). Adults
aged 18.0to 45.9 years had an increased hazard of PE compared
with children younger than 10.0 years, and this accounted
for 12 of 20 PE cases (adjusted PE-specific HRa, 11.6; 95% ClI,
4.02-33.7;, P < .0001). Adolescents aged 10.0 to 17.9 years had
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an increased hazard of CSVT compared with children younger
than 10.0 years and accounted for 11 of 30 CSVT cases (adjusted
CSVT-specific, HRa 3.3; 95% Cl, 1.5-7.3; P = .003; supplemental
Table 1). The same pattern was observed when using the new
4 age groups.

Laboratory findings

Measurement of D-dimer at TE diagnosis was available in 106 of
137 patients, of whom 28% (30/106) had values within the
normal range (<0.5 mg/L), whereas the median of those
remaining was 1.5 mg/L (IQR, 0.9-2.8 mg/L; range, 0.5-2000).
Measurement of AT at TE diagnosis was available in 69 of
137 patients, of whom 41% (28/69) had values lower than 80%
(lower normal limit), with a median of 60% (IQR, 44%-68%; range,
1.26%-79%). The thrombocyte count at TE diagnosis ranged
from 6 to 762 X 10°/L (median, 159 X10%/L; IQR, 105-296 X10%/L,
unknown in N = 6). Nine percent had a thrombocyte count lower
than 50 X10%/L at TE diagnosis (12/131), and none of them
developed major bleeding complications. Inherited thrombo-
philia was investigated in 72 of 137 patients, of whom 11% (8/72)
showed positive, with heterozygous FV Leiden mutation (N = 5),
heterozygous Fll mutation (N = 2), and both heterozygous FV
Leiden mutation and FIl mutation (N = 1).

Antithrombotic treatment: safety and efficacy
Seventeen percent of all study patients aged 17 years or older
(48/289), who were followed at several adult hematology de-
partments in Denmark, Norway, and Estonia, were treated with
LMWH prophylaxis, and 13% of them developed first-time TE
(6/48). None of the patients treated at the pediatric departments
received antithrombotic prophylaxis. The antithrombotic therapy
after TE consisted mainly of LMWH (in total, N = 130) as mono-
therapy (N = 111), preceded by tissue plasminogen activator/
vitamin K antagonists/unfractionated heparin in 7 patients for a
maximum of 4 days, combined with tissue plasminogen activator/
vitamin K antagonists/direct oral anticoagulants/AT substitution in
9 patients, or followed by direct oral anticoagulants in 3 patients.
The remaining patients received unfractionated heparin (N = 2)
or no anticoagulation treatment (N = 5); the latter included TE
diagnosed at autopsy (N = 3), removal of CVL (N = 1), and high
risk of bleeding during treatment with extracorporal membrane
oxygenation (thrombocyte count, 13 X 10%/L) because of multiple
PEs (N = 1). Major bleeding complications during antithrombotic
therapy occurred in 3% (4/137) and included intraperitoneal
hemorrhage during unfractionated heparin (N = 1), hemothorax
during tissue plasminogen activator combined with LMWH
(N = 1), intracranial hemorrhage during LMWH (N = 1), and
unknown type of major bleeding during LMWH (N = 1). No
death attributable to major bleeding was identified. Minor
bleeding complications occurred in 3% (4/137) during LMWH
treatment. A second TE event was seen in 5% of the patients with
TE (7/137), with a median age of 12 years (IQR, 7-27 years; range,
2-45 years) and occurred 10 to 143 days after diagnosis of the
first TE (median, 62 days; IQR, 20-91 days), despite ongoing
LMWH treatment in 6 patients (86%). PegASP was truncated in
3 of these 7 patients after the first TE event.

Mortality and relapse

Death occurred in 67 (including 12 patients with TE) of 1772
patients and was directly attributable to TE in 5 of these cases;
PE (respiratory compromise, N = 1), CSVT (cerebral herniation/
intracerebral hemorrhage, N = 3), and infradiaphragmatic TE
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(total liver failure, N = 1). When analyzing time to death, the
hazard of death was significantly increased in younger patients
with TE compared with younger patients without TE (the size of
the effect varied with onset of TE, here shown at 80 days after
ALL diagnosis); ages 1.0 to 9.9 years (HRa, 10.1; 95% Cl, 4.05-
25.3; P < .0001) and 10.0 to 17.9 years (HRa, 4.51; 95% ClI,
1.39-14.7; P = .01). No difference in hazard of death was seen
when comparing patients aged at least 18 years with or without
TE (HRa, 1.1; 95% Cl, 0.2-5.0; P = .9). Among the patients with TE,
no difference in the hazard of death was found when comparing
patients diagnosed with PE, CSVT, supradiaphragmatic TE, infra-
diaphragmatic TE, and TE at multiple sites. Leukemic relapse in CR1
occurred in 134 of 1772 patients during the study period, including
7 TE patients (all =18 years), among whom PegASP was truncated
in 2 patients. The hazard of relapse did not differ significantly be-
tween patients aged 18 years or older with or without TE (HRa, 0.8;
95% Cl, 0.4-1.9; P = .6).

Stratifying the abovementioned models by treatment group on
day 29 and adjusting for sex left the results unchanged.

Discussion

This is the first study to demonstrate a markedly increased TE risk
among adolescents and adults with ALL treated according to the
same protocol as children. The primary causes of this age-related
TE risk remain uncertain, but may involve age-related decline
in anticoagulant and fibrinolytic parameters®? that provides a
prothrombotic state likely reflecting the changes in endogenous
sex hormones. Sex hormones play a pivotal role in the modu-
lation of insulin resistance and (pre-)metabolic syndrome, which
increases in frequency during puberty*® and has been correlated
with prothrombotic factors, impaired fibrinolytic capacity, and
reduced antioxidative defense.**

The presence of a mediastinal mass (18% of the patients with TE)
at ALL diagnosis was associated with a 2-fold increased hazard
of TE. Although the presence of enlarged lymph nodes at
ALL diagnosis (16% of the patients with TE) was not found to
be significant in the multiple Cox model, in our absolute risk
model, both the presence of mediastinal mass and enlarged
lymph nodes significantly increased the TE risk, indicating an
individual contribution to the TE risk. Nonetheless, these data
support the fact that developing TE could be an effect of leukemia
burden, including mechanical compression of vessels predis-
posing to venous TE, compatible with nearly all TE events being of
venous origin (92%), in line with previous studies.!"1215.23:2¢

Not surprisingly, the majority of TE events occurred during
treatment phases containing PegASP, with the highest fre-
quency found among SR/IR patients during consolidation pha-
ses. This contrasts with previous studies that report more than
90% of TE events occurring during induction,'2"¢242% and po-
tentially implicates ASP usage during induction therapy. How-
ever, we found no significant difference in incidence rate of TE
during vs before PegASP treatment. Yet, we did not include the
2 doses of PegASP at weeks 99 to 101 in HR Dl in the incidence
rate ratio calculation, but this would not influence the results
to any relevant degree. Moreover, importantly, lack of access to
the PegASP randomization data (to be published later) posed a
great limitation. The ALL2008 protocol calls for PegASP admin-
istration at the end of induction, when patients are tapering off
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Table 2. TE characteristics

Supradiaphragmatic  Infradiaphragmatic
TE* TE*

Multiple sites

Types of TE, N (%) 137 31 (23) 20 (15) 44 (32) 25 (18) 17 (12)
Venous/arterial/unknown 126 (92)/2 (1)/9 (7) | 31 (100)/0/0 20 (100)/0/0 42 (95)/0/2 (5) 16 (64)/2 (8)1/7 (28) 17 (100)/0/0
origin
Median age (IQR), y 15.6 (6.4-21.5) 11.1 (5.2-16.8) | 22.4 (12.6-28.4) 13.8 (5.4-19.3) 16.0 (12.2-19.0) 17.6 (12.9-31.1)
Median time to TE from ALL 80 (1-799) 51 (16-799) 66 (14-636) 105 (21-391) 70 (1-246) 85 (37-198)
diagnosis (range), d
Diagnostic methods, N (%)
uLs 50 (36) 0 0 27 (61) 20 (80) 3(18)
MRI and/or CT 58 (42) 30 (97) 18 (90) 4(9) 2 (8) 4 (24)
TTE 3(2) 0 0 3(7) 0 0
Angiography 2(1) 0 0 2 (5) 0 0
ULS + MRI and/or CT 16 (12) 0 0 4(9) 3(12) 9 (53)
ULS + MRI + angiography 1(1) 0 0 12 0 0
ULS + chest X-ray + 1(1) 0 0 1) 0 0
angiography
ULS + angiography 1(1) 0 0 12 0 0
ULS + V/Q scan 1(1) 0 0 0 0 1(6)
Angiography + TTE 1(1) 0 0 1(2) 0 0
Autopsy 3(2) 103 2 (10) 0 0 0
Symptomatic/asymptomatic 126 (92)/11 (8) 31 (100)/0 17 (85)/3 (15) 37 (84)/7 (16) 24 (96)/1 (4) 17 (100)/0
TE, N (%)
CVL-relatedt 44 (32)/7 (5) — — 34 (77)/7 (16) 6 (24)/0 4 (24)/0
Median time to TE after last 61 (34-108) — — 69 (40-109) 60 (24-106) 47 (28-125)
CVL insertion (IQR), d
Infection, N (%) 57 (42) 6(19) 11 (55) 17 (39) 13 (52) 10 (59)
Positive blood culture§ 18 (13) 103 4 (20) 5(11) 3(12) 5(29)

CSVT, cerebral sinus venous thrombosis; PE, pulmonary embolism; TTE, transthoracic echocardiography; ULS, ultrasonography; V/Q scan, ventilation/perfusion scan.

*Supra- and infra-diaphragmatic TE are defined as deep venous thrombosis occurring at any site in the upper and lower venous system, respectively.

tBoth venous and arterial TE in 1 case

$CVL-related is defined as a possible relation between the site of CVL and the development of TE. Information not available in 1 patient.

§The causative agent was from the Candida genus (N=1), Pseudomonas genus (N=1), and unknown (N=16).

corticosteroids, and concomitant administration of corticosteroids
and PegASP is also part of SR/IR DI-1/consolidation-2 and
maintenance-1. This has previously been reported to increase
TE rates,'® as observed during consolidations phases in
ALL2008 SR/IR patients. The use of dexamethasone instead of
prednisolone during induction has been reported to significantly
reduce TE onset.** However, we were unable to confirm this in
the multiple Cox analysis (induction dexamethasone versus
prednisolone, P = .6).

TE occurrence altered the subsequently scheduled ALL treat-
ment by truncating PegASP administration in 38 of 128 patients.
Importantly, previous studies have linked PegASP discontinua-
tion with inferior survival.*¢4” However, we found no association
between TE development and the hazard of relapse. In contrast,
hazard of death was significantly increased (=5-fold) in younger
patients with TE compared with younger patients without TE.

Apart from older age, chemotherapy, and malignancy itself,
other risk factors for venous TE include CVLs, infections, im-
mobilization, oral contraceptives, and inherited thrombophilia
traits.’21318.48 |ndwelling CVLs were present in the majority
of supradiaphragmatic TE events. Infection was reported in
42% of patients at the time of TE, in whom 32% showed

THROMBOEMBOLISM DURING ALL CHEMOTHERAPY

positive blood cultures, which supports the existing evidence
of infection-induced activation of coagulation.*** Inherited throm-
bophilia was only investigated in a limited number of patients with
TE and was positive in 11%, which corresponds to the reported
incidence among healthy individuals.>” However, as systematic
screening of inherited thrombophilia was only performed in a
subset of TE patients, the prevalence may be underestimated.

The main strengths of this study are the population-based de-
sign, including the use of the same protocol across a broad age
range, combined with systematic, prospective toxicity registra-
tion with an almost 100% compliance rate, thus providing a
unique platform for exploration of TE. The limitations include
lack of data on TE-specific risk factors for patients without TE.
In addition, laboratory analyses at the time of TE were performed
at multiple centers across countries in a nonstandardized
manner. Moreover, randomization of PegASP administration
was nonuniformly managed between pediatric and adult de-
partments. Not least, subgroup analyses of the different TE types
were limited and resulted in wide Cls because of the small number
of events in each subgroup, and as such, some of the results
should be interpreted with caution. Finally, no TE screening was
performed; hence, asymptomatic TE cases were detected by chance
and may be underestimated.
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Table 3. Multiple analyses of TE with delayed entry at day 29 (N = 1594)

N TE-specific HRa 95% CI P

Age groups

1.0-9.9y 1116 1.00 [ref]

10.0-17.9 y 274 4.9 3.1-7.8 <.0001

18.0-45.9 y 204 6.1 3.7-10.1 <.0001
Sex

Female 715 1.00 [ref]

Male 879 1.3 0.9-2.0 A
BMI

>—2SD to <+2SD 79 1.00 [ref]

=-2SD 1412 1.4 0.6-3.2 o

=+2SD 103 0.8 0.4-1.5
WBC

<100 % 10°/L 1396 1.00 [ref]

=100 x 10%/L 198 1.0 0.5-2.1 >.9
Immunophenotype

BCP 1361 1.00 [ref]

T-cell 233 1.8 0.4-4.1 7
CNS status

CNS1 1397 1.00 [ref]

CNS2/CNS3 197 0.9 0.4-1.6 .6
Mediastinal mass

No 1468 1.00 [ref.]

Yes 126 2.1 1.0-4.3 .04
Enlarged lymph nodes >3 cm

No 1480 1.00 [ref]

Yes 114 1.3 0.7-2.4 4
Palpable splenomegaly

No 1351 1.00 [ref.]

Yes 243 1.8 0.8-2.0 3
Induction

Dexamethasone 323 1.00 [ref]

Prednisolone 1271 1.4 0.4-4.4 .6
Antithrombotic prophylaxis

No 1555 1.00 [ref.]

Yes 39 0.8 0.3-1.9 .6
MRD day 29

<0.001 1095 1.00 [ref.]

=0.001 to <0.05 425 1.1 0.6-2.0 7

=0.05 74 2.3 0.7-7.0
Treatment group day 29

SR 741 1.00 [ref.]

IR 611 0.9 0.5-1.6 .8

HR/HR-SCT 242 0.5 0.2-1.4 2

ref., reference.

In summary, we found that patients aged at least 10 years
at ALL diagnosis constitute a group at high risk for TE de-
velopment during chemotherapy including ASP, and patients
younger than 18 years have an increased hazard of dying
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when developing TE. The predictive abilities of the TE risk
factors age 10 years or older, presence of enlarged lymph
nodes, and mediastinal mass remain to be validated in an-
other cohort, and these patient subsets may then be candidates
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for future randomized trials of preemptive antithrombotic
prophylaxis.
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