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Abstract

Background: Pediatric patients with acute lymphoblastic leukemia (ALL) are at highest

risk of venous thromboembolism during the induction therapy (IT). These events are

not predictable by conventional coagulation assays.

Objectives: To investigate the utility of global coagulation assays (GCAs) for assessing

the hemostatic state in children with ALL during IT.

Methods: We included children with ALL (n = 15) and healthy controls (n = 15). Ana-

lyses were performed at different time points during IT of the AIEOP-BFM protocols. In

addition to prothrombotic biomarkers, natural anticoagulant proteins, and in vivo

thrombin generation (TG) markers, ex vivo TG was measured using the gold standard

calibrated automated thrombogram method, automated ST Genesia, and thrombody-

namics analyzer (TD). The latter also provided measurement of fibrin clot formation.

Results: Different from conventional coagulation assays and in vivo TG markers, ex vivo

GCAs detected increasing prothrombotic changes during IT. Particularly, TG measured

with TD as expressed by endogenous thrombin potential was already significantly

elevated at days 8 to 12 (P < .01) and continued to increase during IT compared with

prior to beginning treatment, indicating a very early shift toward a procoagulant state.

A similar pattern was observed for the rate of fibrin clot formation (stationary rate of

clot growth: P < .01 at days 8-12). Remarkably, in patients developing thrombotic

complications (n = 5), both GCAs, ST Genesia and TD, showed a significantly higher

endogenous thrombin potential very early (already at days 8-12, P < .05), well before

clinical manifestation.

Conclusion: GCAs capture prothrombotic changes early during IT in ALL pediatric

patients. If confirmed, this approach will allow tailoring thromboprophylaxis in children

with ALL at highest risk for venous thromboembolism.
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1 | INTRODUCTION

Acute lymphoblastic leukemia (ALL) is the most common childhood

cancer. Children with ALL are at highest risk for venous thrombo-

embolism (VTE), mainly during the induction phase of chemotherapy,

with a reported incidence of up to 37%, which leads to significant

morbidity [1–7]. The pathogenesis of thrombosis in patients with ALL

is multifactorial and includes the disease itself, the administration of

drugs, such as asparaginase and steroids, the presence of indwelling

central venous line (CVL), and septic complications [7–10]. Particu-

larly, acquired antithrombin (AT) deficiency secondary to

asparaginase-induced asparagine depletion is considered one of the

main mechanisms for the development of thromboembolic events

during induction therapy (IT) [3–6]. On the other hand, these patients

may be at increased risk of hemorrhagic complications due to, eg,

intermittent low platelet counts and the need for multiple invasive

procedures. Given this fragile hemostatic balance, primary thrombo-

prophylaxis is currently neither common practice nor recommended in

pediatric patients with ALL. Indeed, the randomized PREVAPIX-ALL

(APIXaban compared with standard of care for PREVention of venous

thrombosis in pediatric Acute Lymphoblastic Leukemia [ALL]) trial

showed no significant decrease in VTE in pediatric patients with ALL

who received thromboprophylaxis in a clinical context [11]. Therefore,

identifying pediatric ALL patients at highest risk of VTE, who could

benefit from thromboprophylaxis, is of relevant importance

[1,9,11–13]. In pediatric ALL patients, routine coagulation tests are

often altered, suggesting a bleeding tendency, while on the contrary,

VTE is the greater risk. Current available in vitro routine laboratory

tests are poor predictors of the overall hemostasis balance, especially

in presence of such multiple hemostatic changes occurring in patients

with ALL [8,14]. Indeed, prothrombin time (PT) and activated partial

thromboplastin time (APTT) only partially explore and assess the

coagulation process, as the end point of these tests (initial fibrin for-

mation) occurs when only a tiny amount of thrombin (about 5%) is

formed, leaving the remaining part of the clotting process undetected

[15–17]. Moreover, PT and APTT are insensitive to natural anticoag-

ulant factors deficiency, such as congenital protein C (PC), protein S

(PS), and AT deficiencies [18,19].

To avoid these limitations, the use of global coagulation assays

(GCAs) might represent a more comprehensive alternative approach

[20–22]. The calibrated automated thrombogram (CAT) method,

developed by Hemker et al. [23], is currently the gold standard for the

measurement of thrombin generation (TG) and global assessment of

coagulation potential [22]. However, it seems difficult to apply this

method to clinical practice as it requires manual handling, shows high

variability, lacks standardization [18], has unclear reliability to predict

thrombotic risk [22], and needs further clinical validation [20].
In recent years, efforts have been made by manufacturers to

improve existing methods or to introduce new GCAs. For instance, the

fully automated benchtop analyzer ST Genesia (STG, Stago), now

available to clinical laboratories, allows quantitative automated and

standardized measurements of TG [24]. However, this tool does not

explore fibrin clot formation (FCF). Thrombodynamics analyzer (TD) is

a conceptually novel technique that allows the analysis of the

spatiotemporal propagation of tissue factor (TF)-dependent and -in-

dependent coagulation [25–27]. Moreover, this technique not only

enables the measurement of TG but also the analysis of FCF, thus

adding a new important element in the assessment of the coagulation

state.

Chemotherapy for children with ALL, according to Associazione

Italiana di Ematologia e Oncologia Pediatrica (AIEOP)-Berlin-Frank-

furt-Münster (BFM) protocol [28,29], includes an IT with 4 drugs

during the first 33 days, starting with daily steroids, weekly vincristine,

and daunorubicin from day 8 for a total of 4 doses and 2 doses of

pegylated (PEG)-asparaginase at day 12 and day 26, respectively. The

induction phase is followed by the first part of the consolidation phase

starting at day 36 (detailed in Supplementary Figure S1). Here, we

studied the coagulation potential in children with ALL during the in-

duction phase of chemotherapy, in which the risk of VTE is at the

highest, and performed a follow-up at day 50. We employed the gold

standard technique (CAT) and new-generation global assays, such as

STG and TD. Our aim was to identify whether the parameters of TG

and/or FCF could be used to describe subtle changes in the hemo-

static status of this patient population and to potentially identify ALL

patients at highest risk for VTE.
2 | METHODS

2.1 | Study design, patient groups, and healthy

controls

This is a pilot observational study aimed at exploring the hemostatic

balance in patients with ALL during chemotherapy. Of note, at our

institution, we do not perform routine thromboprophylaxis in children

with ALL, and no patient enrolled in this study received it. Fifteen

children under the age of 18 years with ALL diagnosed and treated

according to the AIEOP-BFM protocol (2009/2017) [28,29] at the

Pediatric Hematology/Oncology Unit, Division of Pediatrics, Lausanne

University Hospital (CHUV), Lausanne, Switzerland, were prospec-

tively enrolled in the study from August 25, 2020, to March 22, 2022.

In addition, 15 healthy controls (aged <19 years) were recruited at the

Pediatric Hematology/Oncology Unit, Division of Pediatrics, Lausanne

University Hospital (CHUV), among patients with a past history of
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cancer in complete remission at a median follow-up time (since end of

treatment) of 3.2 years (IQR, 2.2-4.8). This study was approved by the

local independent ethics committee (CER-VD 2020-00742) and con-

ducted according to the Declaration of Helsinki. All participants/rep-

resentatives gave their written informed consent prior to their

participation.
2.2 | Blood collection and plasma preparation

Blood was collected in patients with ALL at different time points

(detailed in Supplementary Figure S1) before and during IT, namely at

day 0 (baseline, within 24 hours prior to start of treatment), between

day 8 and 12 (under steroids treatment and before the first dose of

PEG-asparaginase), day 22 (10 days following the first dose of PEG-

asparaginase), day 33 (end of IT), and day 50 (prior to third dose of

PEG-asparaginase). In all children with ALL, blood was taken from the

CVL. At our institution, a CVL (either a peripherally inserted central

catheter [PICC] or a nontunneled CVL) is usually placed in the upper

venous system at the time of starting treatment. Thereafter, at the

end of induction and prior to starting the consolidation phase on day

36, a tunneled CVL (such as a port-a-cath) is then inserted. Before

insertion of the tunneled CVL, a Doppler ultrasound (DUS) is routinely

performed to evaluate patency of the upper venous system. In this

cohort, 13 patients had PICC, and 2 patients had a nontunneled CVL

placed at a median time of −0.5 days (IQR, −1 to 0) of treatment start.

In all included children with ALL, the port-a-cath was inserted at

median time of 28 days (IQR, 28-32) of treatment start. In addition, a

single blood collection was obtained from 15 healthy controls. In this

case, blood was withdrawn from the antecubital vein using a 20- to

25-gauge needle. Blood was collected in tubes containing 0.106 mol/L

sodium citrate (S-Monovette, Sarstedt AG & Co KG). Platelet-poor

plasma (PPP) was prepared by double centrifugation at 1800 × g for

10 minutes at room temperature. Platelet-free plasma was prepared

with a first centrifugation at 1600 × g for 15 minutes, followed by a

second centrifugation at 1600 × g for 20 minutes at room tempera-

ture. Plasma samples were divided into aliquots, snap-frozen, stored

at −80 ◦C, and subsequently used to perform analysis.
2.3 | VTE diagnosis and imaging modalities

The diagnosis of VTE was based on clinical suspicion and had to be

confirmed by 1 or more suitable imaging methods (eg, DUS, magnetic

resonance imaging, and/or computerized tomography scan). In addi-

tion, at our center, DUS is routinely performed to evaluate patency of

the upper venous system before inserting a tunneled CVL prior to

consolidation phase. Specifically, DUS of the upper extremity venous

system was performed in 14 out of 15 (93%) patients at median time

of 28 days (IQR, 28-32) of treatment start. Finally, all CVLs are

checked routinely for patency and/or dysfunction prior to their use by

the nurse and at any time in case of symptoms. Intermittent
dysfunction of the CVL by a clot at the tip of the catheter was not

considered a thrombotic event as long as CVL patency was restored.
2.4 | Routine coagulation analyses and in vivo

marker of TG

Routine coagulation tests PT, APTT, and fibrinogen; procoagulant

biomarkers coagulometric factor (F)VIII assay (FVIII:C) and von Wil-

lebrand factor (VWF) activity (VWF:Ac); and natural anticoagulants

AT, PC activity, and PS free antigen were measured on a Sysmex

CS5100 coagulation analyzer (Siemens Healthineers) according to the

manufacturer’s instructions. As in vivo markers of coagulation, pro-

thrombin fragment F1 + 2 (F1 + 2) and thrombin AT complex (TAT)

were measured by a quantitative enzyme immunoassay according to

the manufacturer’s protocols (Enzygnost F1+2 micro and Enzygnost

TAT micro, respectively, Siemens Healthineers), and D-dimer (DD)

were measured by an automated quantitative immunoassay

(INNOVANCE D-dimer, Siemens Healthinneers) according to the

manufacturer’s instructions.
2.5 | GCAs

2.5.1 | CAT

TF-triggered TG was measured by CAT analysis according to the

method of Hemker et al. [30]. PPP was thawed for 10 minutes at 37 ◦C
and then immediately analyzed. Measures were carried out in a 96-

well transparent, round bottom plate, and the readings were done

using a Fluoroskan Ascent (Thermo Fisher Scientific) plate reader at

37 ◦C with the wavelength set at 390 nm (excitation) and 460 nm

(emission). For each patient, 20 μL of prewarmed trigger solution

(PPP-Reagent, Stago) containing final concentrations of 5 pM TF and

4 μM phospholipids and 20 μL of prewarmed calibrator (Thrombin

Calibrator, Stago) were added to different wells in triplicate. Finally,

80 μL of plasma was added to each well. The required amount of the

thrombin specific fluorogenic substrate Z-Gly-Gly-Arg-AMC (7-amino-

4-methylcoumarin; Fluo-Substrate, Stago) was added to a prewarmed

buffer containing calcium (Fluo-Buffer, Stago) in a ratio of 1:40; then,

20 μL of this mixture (Fluo-Substrate and Fluo-Buffer = FluCa) were

dispensed to each well immediately prior to the beginning of the

measurement. Measurements were performed in triplicate for each

experiment. TG was calculated by the Thrombinoscope software

(version 5.0.0.742, Thrombinoscope).
2.5.2 | STG

Analyses were performed according to the manufacturer’s in-

structions on thawed citrated PPP (10 minutes at 37 ◦C) on the fully

automated STG analyzer (Stago) using the STG-ThromboScreen

Kit (Stago). A solution containing the fluorogenic substrate
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Z-Gly-Gly-Arg-AMC together with calcium chloride (STG-FluoStart,

Stago) was added to a known amount of thrombin (STG-Thrombical,

Stago) to perform a calibration curve once a day prior to the start of

the measurement in plasma. A solution containing a fixed concen-

tration of AMC (STG-FluoSet, Stago) was incubated with the STG-

Thrombical; this allows for adjustment of the calibration curve for

the optical features of the plasma sample color. Coagulation was

triggered in presence of phospholipids and an intermediate con-

centration of TF (STG-ThromboScreen, Stago) in presence or in

absence of thrombomodulin (TM) after the automatic addition of the

fluorogenic substrate and calcium (STG-FluoStart, Stago). Fluores-

cence was measured until completion of the TG curve. Analyses

were performed in duplicate at 37 ◦C without and with TM using a

wavelength of 377 nm (excitation) and 450 nm (emission) for the

fluorescence reading.
2.5.3 | Thrombodynamics assay

TD analyzer, an optical-based video microscopy method, was used to

monitor TG and FCF simultaneously. The assay was done using the PLS

Kit (HemaCore LLC) according to the instructions of the manufacturer

in thawed citrated platelet-free plasma. Briefly, 120 μL of plasma was

added to Reagent I containing lyophilized corn trypsin inhibitor (CTI) to

prevent the activation of the contact activation pathway, a lyophilized

fluorogenic substrate (Z-Gly-Gly-Arg-AMC), and 5 μL of Reagent PLS

containing phospholipids vesicles (final concentration 4 μM). After in-

cubation at 37 ◦C for 15 minutes, the sample was recalcified (Reagent

II) and transferred to the experimental cuvette. Coagulation was trig-

gered by the addition to the cuvette of a plastic insert coated with

immobilized TF (100 pmol/m2). The addition of CTI in this assay is

needed since there is no TF in the plasma at distance from the activator.

Images of clot growth were recorded by the analyzer, measuring the

increase of the light scattering in the area of clot formation, and specific

quantitative parameters describing the spatiotemporal dynamics of TG

and FCF were calculated by the TD software (version 4.1.3, HemaCore

LLC). Since TD is an optical system, samples that were too lipemic after

thawing (2 out of 15) were centrifugated at 14 000 × g for 10 minutes

in order to be measured.
2.5.4 | TG parameters

The following parameters were measured for TG: lag time (LT, mi-

nutes), the time needed to initiate TG; peak height (PH, nM), the

maximal concentration of thrombin produced; the velocity index (VI,

nM/min), the maximum speed of thrombin production; the endoge-

nous thrombin potential (ETP, nM * minutes), the total amount of

thrombin formed [23]; the percentage of ETP inhibition, measured

after the addition of TM (calculated by the following formula:

ETP+TM
− ETP−TM/ETP+TM). The percentage of ETP inhibition reflects

the activity of PC. CTI was not used for CAT and STG assays because

the TF concentration was >1 pM [31].
2.5.5 | FCF parameters

The following parameters were measured: initial rate of clot growth

(Vi, mm/min) and stationary rate of clot growth (V, μm/min), reflecting

the speed at which fibrin is produced in the initial (TF-dependent) and

amplification (TF-independent) phases of coagulation respectively; the

fibrin clot size (CS, μm), measured at 30 minutes from the initiation of

the coagulation; and the spontaneous clot formation time (Tsp, mi-

nutes), indicating high hypercoagulant plasma.

Of note, for ex vivo TG, a procoagulant tendency will be indicated

by a significant increase in the amount of thrombin formed (ETP and

PH, respectively) and in the rate of thrombin formation (velocity in-

dex), as well as by a significant decrease of LT and TM-mediated ETP

inhibition (highlighting an impairment of the PC pathway). Similarly,

for ex vivo FCF, a procoagulant tendency will be indicated by a sig-

nificant increase in the clot formation rate and size (Vi, V, and CS,

respectively) and by a faster appearance of spontaneous clots (Tsp).
2.6 | Statistical analyses

Statistical analysis was performed with GraphPad Prism 9, v9.5.1

(GraphPad Software).

The evolution of the hemostatic state in patients during the IT was

studied by comparing the median values of the TG and FCF parameters

measured in the cohort at days 8 to 12, day 22, day 33, and day 50 to the

values measured at day 0. This was done by a nonparametric, non-

matching Kruskal–Wallis test or parametric 1-way analysis of variance

according to data distribution. Data on day 50 from patients who

received anticoagulationwere excluded from the analysis. In addition, a

nonparametric t-test (Mann–Whitney U-test) or unpaired t-test was

performed to compare the patients before the onset of the treatment

(day 0) or prior to third dose of PEG-asparaginase (day 50) with healthy

controls according to data distribution. For 2 patients, the sample at day

0wasnot available, so theywere excluded from this comparison.P value

significance was set at <.05.
3 | RESULTS

3.1 | Clinical and laboratory characteristics of

patients and controls

Baseline clinical and hematologic characteristics of the included ALL

patients and healthy pediatric controls are provided in the Table.
3.2 | In vivo markers of TG

Patients’ coagulation profile prior to treatment (day 0) was different

from control group since patients had higher TG in vivo biomarkers

(Figure 1 and Supplementary Table S1). However, in the studied



T AB L E Baseline clinical and hematologic characteristics of pa-
tients with acute lymphoblastic leukemia and healthy controls.

Variables

ALLa

(n = 15)

Healthy

controls (n = 15) P value

Age, y 6.6 (3.6-8.2) 10.2 (6.7-11.4) <.05

Female, n (%) 8 (53) 6 (40) NS

ALL phenotype B, n (%) 14 (93) NA NA

VTE cases, n (%) 5 (33) NA NA

Hemoglobin, g/L 101 (86-116) 124 (119-134) <.001

Platelet count (× 109/L) 92 (65-149) 292 (216-337) <.001

WBC count (× 109/L) 4.8 (3.9-9.4) 6.7 (6.0-9.5) NS

Neutrophils (× 109/L) 0.7 (0.4-2.8) 3.5 (2.4-5.0) <.01

Monocytes (× 109/L) 0.0 (0.0-0.3) 0.7 (0.5-0.7) <.01

PT, %

s

80 (73-95)

11.7 (12.1-11.1)

90 (80-100)

11.5 (12.1-10.7)

NS

APTT, s 34 (29-43) 29 (28-33) NS

Values are given as median and interquartile range (25th-75th quartiles)

or number and percentages. Comparison of patients with ALL vs healthy

controls was performed with Mann–Whitney U-test, unpaired t-tests, or

Fisher’s exact test as appropriate.

ALL, acute lymphoblastic leukemia; APTT, activated partial

thromboplastin time; NA, not applicable; NS, P > .05; PT, prothrombin

time; VTE, venous thromboembolism; WBC, white blood cell count.
a Values at day 0 (maximum 24 hours before start of treatment).

2486 - BETTICHER ET AL.
population, F1 + 2 and TAT (Figure 1A, B), reflecting in vivo TG, did

not show an increased procoagulant state during treatment. Note-

worthy, DD (Figure 1C), as an indicator of fibrin degradation, signifi-

cantly decreased during treatment.
3.3 | Ex vivo TG

Among the ex vivo TG parameters measured (Figure 2 and

Supplementary Table S2), the ETP (an indicator of the overall TG
F I GUR E 1 Time course of in vivo markers of thrombin generation in p

therapy. Prothrombin fragment F1 + 2 (F1 + 2; A), thrombin-antithrombin

baseline, within 24 hours prior to the start of the treatment) and at days

induction therapy. The box plots span from 25th to 75th quartiles (interqu

value. Whiskers are calculated using Tukey’s method (lowest value close to

75th percentile plus 1.5 IQR). Ns P > .05, *P ≤ .05, **P ≤ .01, ***P ≤ .001
potential) and the LT (the time necessary for the first amounts of

thrombin to be generated) detected very early during IT, a shift to-

ward a procoagulant state. Indeed, the TD assay revealed a significant

ETP increase already at days 8 to 12 (median, 2370 nM*min; IQR,

1928-2565) compared with day 0 (median, 1612 nM*min; IQR, 1376-

2013; P < .01; Figure 2A) and an LT shortening (median, 3.2 min; IQR,

2.9-3.6; P < .01) in comparison with day 0 (median, 3.7 min; IQR, 2.9-

4.9; Figure 2E, F). Of note, the TG potential of patients assessed by TD

on day 50 remained higher than that in controls.
3.4 | Ex vivo FCF

FCF was markedly accelerated and increased in ALL patients as the

treatment progressed (Figure 3, Supplementary Table S2). Notably, as

forTG, FCF indicateda change towardhypercoagulation alreadyat days

8 to 12, as indicated by the increase of Vi (median, 79 μm/min; IQR, 74-

84), V (median, 67 μm/min; IQR, 62-81), and CS (median, 2082 μm; IQR,

2022-2477) median values compared with day 0 (Vi, median, 72 μm/

min; IQR, 70-77; P< .05; V, median, 51 μm/min; IQR, 45-55; P< .01; CS,

median, 1762 μm; IQR, 1626-1905; P< .01). In addition, in patientswith

ALL, the Tsp, indicating the presence of hypercoagulable plasma, was

shortened already at days 8 to 12. Of note, only the Vi and CS were

increased in patients at day 0 compared with controls (Figure 3,

Supplementary Table S2).
3.5 | Changes of pro- and anticoagulant proteins

during IT

Changes in single proteins acting in the coagulation process as pro- or

anticoagulant forces were also evaluated (Figure 4 and Supplementary

Table S1).

The procoagulant parameters in patients with ALL at day

0 (FVIII:C, median, 165%; IQR, 120-210; VWF:Ac, median, 181 IU/dL;
atients with acute lymphoblastic leukemia during the induction

complex (TAT; B), and D-dimer (DD; C) were measured at day 0 (d0,

8 to 12 (d8-12), day 22 (d22), day 33 (d33), and day 50 (d50) of

artile range, IQR), and the line inside the box indicates the median

the 25th percentile minus 1.5 IQR, and higher values close to the

, and ****P ≤ .0001.



F I GUR E 2 Time course of thrombin generation in patients with acute lymphoblastic leukemia during the induction therapy and controls.

Ex vivo thrombin generation parameters (endogenous thrombin potential [ETP], lag time [LT], thrombin peak height [PH], and velocity index

[VI]) were measured on 3 different devices. (A–J) Thrombodynamics analyzer, (B–K) calibrated automated thrombogram, and (C–L) ST Genesia

at 5 time points: day 0 (d0), days 8 to 12 (d8-12), day 22 (d22), day 33 (d33), and day 50 (d50). The box plots span from 25th to 75th quartiles

(interquartile range, IQR), and the line inside the box indicates the median value. Whiskers are calculated using Tukey’s method (lowest value

close to the 25th percentile minus 1.5 IQR, and higher values close to the 75th percentile plus 1.5 IQR). Ns P > .05, *P ≤ .05, **P ≤ .01, ***P ≤
.001, and ****P ≤ .0001.

BETTICHER ET AL. - 2487
IQR, 147-269; fibrinogen, median, 3.6 g/L; IQR, 2.6-4.6) were higher

than in controls (FVIII:C, median, 107%; IQR, 97-126; P < .01;

VWF:Ac, median, 111 IU/dL; IQR, 92-175; P < .01; fibrinogen, median,
2.6 g/L; IQR, 2.3-2.9; P < .05; Figure 4A–C). However, FVIII:C and

VWF:Ac did not significantly change during IT (Figure 4A, B). Differ-

ently, fibrinogen levels significantly decreased early and throughout



F I GUR E 3 Time course of fibrin clot

formation parameters in patients with acute

lymphoblastic leukemia during the induction

therapy and controls. (A) Initial rate of clot

formation (Vi), (B) stationary rate of clot

formation (V), (C) clot size (CS), and (D) time

to spontaneous clotting (Tsp) were

measured at day 0 (d0) and at days 8 to 12

(d8-12), day 22 (d22), day 33 (d33), and day

50 (d50) of the induction therapy. Data are

median values and IQRs. Ns P > .05, *P ≤
.05, **P ≤ .01, ***P ≤ .001, and ****P ≤ .0001.
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the treatment (lowest at day 22 with a median of 0.5 g/L; IQR, 0.5-0.7;

P < .0001; Figure 4C).

Natural anticoagulant proteins AT, PC, and PS did not differ be-

tween patients at day 0 and controls. Most interestingly, they signif-

icantly increased with a peak at days 8 to 12 of treatment and

decreased thereafter until day 33 (Figure 4D–F). In line with the trend

observed for PC and PS, the median value of ETP inhibition (by the

addition of TM in the STG assay) was slightly increased at days 8 to 12

and then decreased in comparison with days 8 to 12 after PEG-

asparaginase treatment (Supplementary Figure S2).
3.6 | Incidence of VTE

Five (33%) out of 15 children with ALL developed a VTE at a median

time of 31 days (IQR, 28-58). In 3 (60%) out of 5 patients, VTE was

catheter-related (PICC line) and affected the superficial and deep vein

system of the upper extremity. In 1 out of 3 patients, catheter-related

VTE was symptomatic with arm swelling. Two other children had ce-

rebral VTE diagnosed by magnetic resonance imaging. One case pre-

sented with focal seizures with thrombosis of the right posterior

parietal cortical vein of the parasagittal veins with extension into the

superior longitudinal sinus. The second case was asymptomatic with a

subacute thrombosis of the left superior anastomotic (Trolard) vein.
3.7 | Early changes of the coagulation potential in

patients with VTE

We compared the coagulation potential in the group of patients who

had VTE with those who did not (NoVTE; Figure 5, Supplementary

Table S3). On day 0, ETP median values in the 2 groups were already

similar on days 8 to 12; the VTE group had higher ETP values than the

NoVTE group. Specifically, on days 8 to 12, the unpaired mean differ-

ence between VTE and NoVTE was 313 (95% CI, 80-548) and 490

nM*min (95%CI, 72-908) based on the STG and TD assays, respectively

(Figure 5, Supplementary Table S3). Of note, except for DD, which was

higher in the NoVTE group, no other coagulation test, including routine

coagulation parameters (TP and APTT), in vivo TG markers (F1 + 2 and

TAT), and/or pro- or anticoagulants factors (fibrinogen, FVIII:C,

VWF:Ac, AT, PC, and PS) differed between the NoVTE and VTE groups

(data not shown).
4 | DISCUSSION

Increased hemostatic activity and thrombotic complications are

frequently observed in patients with cancer and, particularly, in chil-

dren with ALL. However, primary thromboprophylaxis in this popu-

lation, also considering the potential associated risks, does not



F I GUR E 4 Time course of various

coagulation parameters during the induction

therapy in patients with acute lymphoblastic

leukemia. (A) Coagulation factor VIII activity

(FVIII:C, %), (B) von Willebrand factor

activity (VWF:Ac, IU/dL), (C) fibrinogen level

(g/L), (D) antithrombin activity (AT, %), (E)

protein C activity (%), and (F) protein S free

antigen (%). Data are median values and

IQRs. Ns P > .05, *P ≤ .05, **P ≤ .01, ***P ≤
.001, and ****P ≤ .0001. d, day.
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currently represent the standard of care. Prediction of thromboem-

bolic complications in pediatric patients with ALL remains an unmet

need [1,9,11–13]. Emerging laboratory techniques may respond to this

concern, and GCAs have been useful in many clinical situations [32].

However, few studies assessing the coagulation potential of children

with ALL treated with steroids and asparaginase during IT are avail-

able [33,34]. Therefore, we characterized, using different GCAs, the

coagulation profiles of 15 patients with ALL before and during IT

according to the AIEOP-BFM protocol 2009/2017. The comparison of

patients at day 0 with healthy controls showed that in vivo TG markers

(F1 + 2 and TAT) were significantly higher in patients with ALL

(Figure 1, Supplementary Table S1). However, these in vivo markers of

TG were not able to reflect the change toward a procoagulant state

during induction. These findings are consistent with previous studies

documenting an increased TG at diagnosis before starting
antileukemic therapies [3,35–38] and a lack of significant changes in

TAT values during induction phase [35,36,39]. In addition, and as ex-

pected, compared with healthy controls, patients with ALL at day

0 had significantly lower levels of hemoglobin, as well as decreased

numbers of platelets, neutrophils, and monocytes (Table), which may

reflect a decreased production of the myeloid cell lineage secondary

to the leukemic infiltration of the bone marrow.
4.1 | GCAs detect an early increase in TG

Antileukemic therapy for children with ALL is based on the use of

asparaginase, an enzyme that impairs protein synthesis by depleting

plasma asparagine and glutamine, on which the growth of leukemic

cells relies. As consequence, during chemotherapy, the synthesis of



F I GUR E 5 Early changes in the

procoagulant state in patients with venous

thromboembolism (VTE) compared with

patients without VTE (NoVTE). Comparative

boxplots for endogenous thrombin potential

(ETP) measured at day 0 (d0) and days 8 to

12 (d8-12) with ST Genesia (STG) and

thrombodynamics analyzer (TD) in patients

who developed thrombotic complications

(VTE, gray box) compared with NoVTE

patients (white box). Data are median values

and IQRs. Ns P > .05, *P ≤ .05, **P ≤ .01,

***P ≤ .001, and ****P ≤ .0001.
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different hemostatic proteins (either pro- or anticoagulant) produced

in the liver is affected [8,9]. Furthermore, asparaginase is usually given

in combination with corticosteroids, which can also influence the

coagulation system [9]. As also suggested by others [13,34], we hy-

pothesized that GCAs are a promising approach to studying hemo-

stasis when multiple changes in pro- and anticoagulant forces occur.

Unlike routine coagulation tests that focus on specific pathways, GCAs

represent a more comprehensive tool for evaluating hemostasis.

Indeed, these assays reflect the complex interplay between procoa-

gulant and anticoagulant elements, offering a global picture of the

hemostatic balance [20–22,40]. For instance, TG can reveal both a

PEG-asparaginase–induced decrease of AT (velocity index) and a

decrease of PC/PS (TM-induced ETP inhibition) [41]. Differently from

in vivo TG biomarkers, ex vivo TG measured by GCAs showed that the

coagulation profile of ALL patients shifted very early during treatment

toward an increased procoagulant state (Figures 2 and 3 and

Supplementary Table S2). We observed differences among the 3

global assays used (CAT, STG, and TD) in their ability to capture

changes in TG. In agreement with previous studies performed with

CAT [13,34,42], we found an increased overall TG (ETP) also

employing the TD method, documenting a procoagulant state in pe-

diatric ALL patients during IT.

However, in our cohort, the CAT and the STG methods were not

sensitive enough to show a significant difference in TG among the

time points measured. We do not exclude that this inability of CAT

and STG methods to capture differences in ETP compared with TD in

this study may be due to the small sample size or to different

experimental conditions, which hinder study comparison (eg, fresh

[13] vs frozen plasma [34,39,42] or the use of TF at different con-

centrations; 1 pM [34,39,42] vs 5 pM [13]). We chose to work with a

TF concentration of 5 pM with CAT and STG to be able to compare

their results with TD, in which the coagulation is triggered by a sur-

face coated with a TF density of 100 pM/m2, which is considered
equivalent to 5 pM [43]. On the other hand, the increased sensitivity

of TD may have a biological explanation. It is known that patients with

cancer, including those with ALL, have an increased expression of

extracellular vesicles during treatment, which might contribute to the

pathogenesis of VTE [44]. It has been shown that children with ALL

have an increased level of apoptotic, platelet-derived, and endothelial-

derived TF-positive microparticles, as well as increased levels of TF

activity and procoagulant phospholipids during IT [45,46]. Further-

more, an increase in platelet-derived microparticles enhancing TG

in vitro was also reported by Pluchart et al. [44] using Jurkat ALL

leukemia cell line. According to published data, TD appears to be more

sensitive to microparticles of various origins and circulating procoa-

gulant material [47,48], which increases TG [49,50]. This sensitivity is

probably due to the technique, which is based on TF fixed on a surface

rather than in solution (as in CAT and STG), which allows for obser-

vation of the propagation phase (independent of TF) and, therefore,

the contribution that microparticles might have on coagulation during

this phase [48]. In addition, TD assay has been shown to distinguish

hypo- and more importantly hypercoagulant from normal plasma [51].

Overall, TD was revealed to be a more sensitive assay to capture

changes in TG, assessed by ETP, compared with CAT and the auto-

mated STG technique.
4.2 | Procoagulant and anticoagulant factors do not

capture the early increase in TG

Single procoagulant factors, including VWF and FVIII, were signifi-

cantly higher in patients with ALL at day 0 compared with healthy

controls (Figure 4 and Supplementary Table S1). However, they did

not show any difference during treatment despite their function in the

coagulation cascade, their known sensitivity to inflammation, and

endothelial and platelet activation [3]. Overall, our findings are in line
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with previous data showing increased levels of a single procoagulant

factor (in particular, VWF and FVIII) at day 0 compared with control

group, with considerable variability in the response to therapy [3].

Therefore, changes in TG in patients with ALL cannot be predicted by

measuring changes in single plasma procoagulant factors during

treatment.

In patients with ALL, we observed a transient increase followed

by a statistically significant decrease of the natural anticoagulant

factors AT, PC, and PS [3,52]. In agreement with previous data [34],

we observed a relevant increase of AT, PC, and PS during the first

period (between day 0 and days 8 to 12) of IT, where only prednisone

is part of the treatment (Figure 4, Supplementary Table S1). The exact

effect of dose, duration, and type of steroid therapy on the hemostatic

system is not completely elucidated [3]. In addition, the rise of anti-

coagulant proteins observed in ALL patients may reflect a compen-

satory effect of an increased TG due to the disease itself besides the

presence of steroids in the initial phase of treatment [7,53]. For

instance, it has been suggested that in patients with Cushing’s syn-

drome, who have a chronic excess of cortisol, the rise of AT, PC, and

PS could be a secondary event to contrast the increased plasma

coagulation activity due to higher levels of clotting factors (FV and

FVIII) observed in these patients [54]. Remarkably, despite the in-

crease of natural anticoagulants and the decrease of fibrinogen, pa-

tients already developed a procoagulant profile between day 0 and

days 8 to 12, whose underlying mechanisms are unclear considering

the absence of significant changes of VWF and FVIII. Afterward, be-

tween days 8 to 12 and day 22, we observed a significant decrease in

AT, PC, PS, and fibrinogen levels (P < .0001 for all comparisons;

Figure 4C), which is in relation to the treatment of ALL patients with

asparaginase (starting at day 12), as previously described [34]. In line

with other studies [33,34], we observed a progressive impairment of

the physiological PC/PS pathway, as indicated by the trend observed

for the median value of TM-dependent ETP inhibition (Supplementary

Figure S2), which reflects the effect of PEG-asparaginase on the

natural anticoagulant PC and PS, concomitant with the persistently

high level of FVIII:C observed in our cohort.
4.3 | Thrombodynamics visualizes an early increase

in FCF

In addition to TG, TD can visualize FCF as well. As indicated in

Figure 3 and Supplementary Table S2, FCF was already increased in

patients at day 0 compared with controls, which is in line with the

procoagulant state of children with ALL. Overall, we were able to

demonstrate that FCF assessed by TD significantly increases during IT

of patients with ALL.

TD provides a real time visualisation of clot growth and quantifies

spatio-temporal parameters of ex vivo FCF. Employing this technique,

we show for the first time that FCF (as measured by Vi, V and CS) is

markedly accelerated and increased in children with ALL as the

treatment progressed, as indicated by the significant increase in the

velocity of clot growth (Vi and V) and the significant increase in CS,
both observed already very early between day 0 and days 8 to 12

(Figure 3A–C, Supplementary Table S2). Furthermore, we observed a

shortening of the time needed for the appearance of spontaneous

clots (Tsp) in patients with ALL compared with controls (Figure 3D).

This indicates high thrombin activity and strong hypercoagulability in

the bulk of plasma not related to the main clot triggered by the coated

TF. Spontaneous clotting, highly present in plasma from patients with

ALL during TD analysis, probably depends on circulating microparti-

cles [47], as it was previously observed in plasma of patients with

various inflammatory diseases compared with healthy donors [47,55].

The enhanced FCF cannot be attributed to changes in fibrinogen

level. Indeed, fibrinogen decreased during IT (Figure 4C and

Supplementary Table S1), while FCF and diffuse Tsp both increased

(Figure 3). Since DD, an indicator of fibrin degradation, significantly

decreased (Figure 1C), we hypothesize that a decreased fibrinolytic

activity may play a causal role in the enhanced FCF. This is in line with

the paradoxically lower DD measured at day 0 in patients with VTE

(median, 840 μg/L; IQR, 466-1044) compared with NoVTE (median,

2269 μg/L; IQR, 1251-6893; P < .01). From a practical point of view,

DD cannot serve as a sensitive marker to assess the prothrombotic

state in patients with ALL. On the contrary, FCF assessed by TD ap-

pears to be very sensitive to changes in coagulation state in pediatric

patients with ALL.
4.4 | Early increased procoagulant state in patients

who later developed VTE

Most interestingly, we observed that 5 patients, later diagnosed with

venous thrombotic complication between days 29 and 58, had a

significantly higher TG already at days 8 to 12 compared with patients

without thrombotic complications (Figure 5, Supplementary Table S3).

This observation has mechanistic and prognostic implications. A hy-

pothesis for explaining the TG increase observed on days 8 to 12 is

the influence of procoagulant elements, such as cell-free DNA and

microparticles, which are liberated during blast lysis induced by

corticosteroid therapy [56]. Another possible mechanism may be

mediated by platelets and red blood cells [57]. Interestingly, we

observed significantly increased hematocrit (mean difference, 10.6 l/L;

95% CI, 5-16) and hemoglobin levels (mean difference, 30 g/L; 95% CI,

13-47) prior to treatment in patients with ALL who later developed

thrombosis compared with those who did not. Previous studies in

adults and children have shown a correlation between hematocrit

level and risk of venous and arterial thrombosis [58,59]; however, not

specifically in patients with ALL. Moreover, although the difference

was not statistically significant, children with VTE showed increased

platelet counts prior to starting treatment compared with children

without VTE (mean difference, 79 × 109/L; 95% CI, −40 to 200).

From a clinical point of view, the increased TG measured early in

the therapy of patients with ALL by GCAs is promising and may allow

early detection of patients at highest risk of VTE. It is important to

note that this study was conducted with a small sample size. Further

research with larger cohorts is needed to validate and establish the
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clinical utility of GCAs in patients with ALL. In addition, although TD

provides an additional angle of analysis by allowing spatiotemporal

visualization of TG and FCF [25–27], this technique has a limitation

since it cannot be used in presence of lipemic plasma. In fact, the

device cannot read the contrasts in the light scattering images be-

tween the growing clot and the bulk of plasma if the plasma is too

dense. Finally, since we defined day 0 within 24 hours from treatment

start, 5 out of 15 patients had already received blood transfusion

(packed red blood cells and/or platelets concentrates), potentially

impacting cell counts. However, none of them received plasma

replacement, and GCAs performed in PPP were not affected.
5 | CONCLUSION AND CLINICAL IMPACT

Our data confirm that during IT, children with ALL develop a pro-

thrombotic state characterized by increased TG and show, for the first

time, an enhanced FCF as well. Our pilot study shows that GCAs can

detect an early procoagulant state in ALL patients and that early

changes appear to be able to predict which patients will develop a

thromboembolic event. This finding needs to be confirmed in a larger

cohort in order to establish GCAs’ clinical significance and their

prognostic utility, and therefore, we advocate for international col-

laborations to move forward.
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