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Aim To evaluate the ability of the DrugSorbTM-AntiThrombotic Removal (ATR) haemoadsorption device utilizing porous

polymer bead sorbent technology to remove three commonly used antithrombotic drugs from whole blood.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods and

results

We evaluated the removal of apixaban, rivaroxaban, and ticagrelor by the DrugSorb-ATR haemoadsorption device

in a benchtop clinical scale model using bovine whole blood. Blood spiked at clinically relevant concentrations of an

antithrombotic agent was continuously circulated through a 300-mL DrugSorb-ATR haemoadsorption device at a flow

rate of 300 mL/min. Drug concentration was monitored over 6 h to evaluate drug removal. Results were compared with

a control circuit without the haemoadsorption device. Removal rates at 30, 60, 120, and 360 minutes were: apixaban:

81.5%, 96.3%, 99.3% >99.8%; rivaroxaban: 80.7%, 95.1%, 98.9%, >99.5%; ticagrelor: 62.5%; 75%, 86.6%, >95% (all

P <0.0001 vs. control). Blood pH and haematological parameters were not significantly affected by the DrugSorb-ATR

haemoadsorption device when compared with the control circuit.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Conclusion DrugSorb-ATR efficiently removes apixaban, rivaroxaban, and ticagrelor in a clinical-scale benchtop recirculation circuit

with the bulk of removal occurring in the first 60 minutes. The clinical implications of these findings are currently

investigated in patients undergoing on-pump cardiothoracic surgery in two US pivotal trials (ClinicalTrials.gov Identifiers:

NCT04976530 and NCT05093504).
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Keywords Apixaban � Rivaroxaban � Ticagrelor � Haemoadsorption � Extracorporeal � Porous

polymer beads

Background

Anticoagulant and antiplatelet therapies are widely used for the pre-

vention and treatment of thromboembolic complications in patients

with cardiovascular disease (CVD). Use of these agents is increas-

ing due to an aging population, better diagnosis of CVD and avail-

∗ Corresponding Author: Tel: +1-732-329-8885; FAX: +1-732-329-8650; Email: rtripathi@cytosorbents.com.
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ability of newer agents with improved benefit: risk profiles. Direct

oral anticoagulants (DOACs), of which apixaban and rivaroxaban

are the most widely prescribed, have largely replaced warfarin in

the management of atrial fibrillation (AF) and venous thromboem-

bolism (VTE) based on comparable or superior efficacy, improved

safety, and greater ease of use.1–3 It is estimated that 2/3 of the
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2 Tripathi et al.

Figure 1 Schematic representation of antithrombotic drug adsorption at the surface of porous polymer beads. The DrugSorb-ATR system incor-

porates a cartridge filled with biocompatible highly porous polymer beads that can actively remove hydrophobic target compounds via haemoadsorption.

The extensive network of pores on the surface of each polymer bead is optimally sized for particular target molecules, and internal channels provide a

vast surface area for adsorption. Beads are produced using solid state chemistry and rely on hydrophobic interactions for adsorption, rather than employing

ligands, antibodies, cells, or other biologics. Pore size is such that adsorption of larger molecules (e.g. antibodies and albumin) is minimized and cells are

excluded.

patients on oral anticoagulants are now on a DOAC, with the lion’s

share being on apixaban or rivaroxaban.4 Similarly, the potent P2Y12

receptor inhibitor ticagrelor is recommended by guidelines and in-

creasingly utilized in ACS patients who are not at high bleeding risk,

based on studies like PLATO that suggest improved efficacy com-

pared with the less potent P2Y12 receptor inhibitor clopidogrel.5–7

Approximately 40% of patients on dual antiplatelet therapy (DAPT)

are on the newer generation of P2Y12 inhibitors, at least half of

those being on ticagrelor.8

The trade-off between safety and efficacy with the use of an-

tithrombotic drugs is well established and benefits must be weighed

against the risk of bleeding complications.9 In addition to sponta-

neous bleeding events, these drugs also increase the risk of seri-

ous bleeding in patients requiring urgent surgical or invasive pro-

cedures. Accordingly, clinical practice guidelines recommend that,

whenever possible, these agents should be withheld for several days

prior to any surgeries with moderate to high risk of bleeding, to

allow drug elimination and restoration of haemostasis.5,10,11 Specif-

ically, for ticagrelor, recommendations are to discontinue the drug

for a minimum of 3 days prior to cardiac or other high-bleeding-

risk surgeries.12,13 For DOACs, such as apixaban and rivaroxaban,

the recommended preoperative discontinuation period is at least
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48 h, and longer in patients with impaired renal function.14 How-

ever, ∼5% of all surgeries/procedures are clinically urgent and need

to be performed before the recommended washout period is com-

pleted.5,15 In such cases, bleeding complications are both frequent

and severe and currently management is limited to non-specific, sup-

portive therapies that include blood product transfusions (platelets,

red blood cells, etc.) and administration of coagulation factors. Al-

though these measures may have potential benefit in managing on-

going bleeding, their use also carries significant risks, and consider-

able costs.16,17 Alternate strategies are therefore urgently needed

to improve the safety of patients on antithrombotic drugs under-

going urgent surgeries associated with a high perioperative bleeding

risk.

Active drug removal in such settings may be beneficial, but

traditional dialysis is ineffective because antithrombotic drugs are

highly protein-bound.18–20 The DrugSorbTM-ATR (AntiThrombotic

Removal) system has a unique mechanism of action utilizing porous

polymer beads that can remove drugs from blood based on their

molecular weight, chemical structure, and circulating drug concen-

trations and can be easily incorporated into standard extracorporeal

circuits (Figure 1). A similar technology, marketed as CytoSorb®, is

CE mark approved in the European Union (EU) for the removal of
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Haemoadsorption with a porous polymer bead sorbent 3

Figure 2 Schematic representation of experimental recirculation circuit. The circuit includes either a 300 mL DrugSorb-ATR device (treatment) or

a tubing connector (control). Drawing not to scale.

cytokines, bilirubin, myoglobin, ticagrelor, and rivaroxaban and has

been used in over 170 000 treatments to date with a favourable

safety profile.21,22 The DrugSorbTM-ATR system in addition to the

polymer bead filled cartridge also includes disposable, specialized

connector and tubing sets, disposable haemostats, roller clamps for

controlling flow through the device, and a dedicated flow monitor

to measure device flow rates in real time during Cardiopulmonary

Bypass (CPB). Therefore, this system is specifically designed for

easy integration and optimized device performance with any stan-

dard CPB setup and is currently under investigation in two FDA

investigational device exemption (IDE) studies of patients undergo-

ing on pump cardiac surgery (STAR-T: Safe and Timely Antithrom-

botic Removal—Ticagrelor; STAR-D: Safe and Timely Antithrom-

botic Removal—Direct Oral Anticoagulants; ClinicalTrials.gov Iden-

tifiers: NCT04976530 and NCT05093504 respectively).

In this study, we determined the efficiency of the DrugSorbTM-

ATR system for removing apixaban, rivaroxaban, and ticagrelor from

circulating blood in an in vitro recirculation circuit.

Methods
Materials and equipment
Ticagrelor [purity 99.64%, high performance liquid chromatography

(HPLC)] and ticagrelor-d7 (Purity: 96%, HPLC) were procured from

MuseChem, Fairfield, NJ, USA. Apixaban (purity 98%, HPLC) and ri-

varoxaban (purity 99.7%, HPLC) were obtained from Toronto Research

Chemicals, Toronto, Ontario, Canada and AK Scientific Inc, Union City,

CA, USA, respectively. All other reagents were of standard analytical

grade. The test and control circuit components were procured from

McMaster–Carr, Elmhurst, IL, USA and Molded Products Inc., Harlan,

IA, USA. Bovine whole blood (Lampire Biological Inc., Pipersville, PA,

USA) with 4.5 U/mL Na-Heparin and total protein ranging between 6.6–
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8.8 g/dL, was used for all runs. Maxi–Therm Pediatric Blankets 56436-I

(Cincinnati Sub Zero LLC, Cincinnati, OH, USA) connected with Poly-

stat standard 3–6 L heat/cool bath (Cole–Parmer, Vernon Hills IL, USA)

were used to maintain the temperature of the blood pool at 37°C

throughout the runs. All tested DrugSorb-ATR devices were gamma

sterilized and used the same filling, finishing and sterilization processes

as commercially available devices. All instruments used for the measure-

ment of run parameters were calibrated using instrumentation and stan-

dards from the United States National Institute of Standards and Tech-

nology (NIST) and are compliant with ISO-10 012:2003 and ANSI/NCSL

Z540-3-2006.

Experimental design
Drug removal was assessed using a full-scale benchtop recirculation

model intended to mimic the intraoperative setup for haemoadsorption

during cardiopulmonary bypass (Figure 2). The circuit consisted of 4 L of

heparinized bovine whole blood in a blood bag placed on an orbital mixer

to keep the contents well-mixed throughout the experiment. A centrifu-

gal pump (Biomedicus 550 Centrifugal pump, Medtronic, Minneapolis,

MN, USA) and pump head (BP80, International Biophysics, Austin, TX,

USA) was used to pump blood at a constant flow rate of 300 mL/min.

Our experimental flow rate of 300 mL/min represents the equivalent of

a clinical ‘worst case removal scenario’ since flow rates through the sys-

tem during CPB are typically >300 mL/min and up to 700 mL/min. The

circuit contained pressure monitors (Omega Engineering, Norwalk, CT,

USA) and flow monitors (Transonic Systems Inc., Ithaca, NY, USA) on

both the inlet and outlet sides of the DrugSorb-ATR system. Two sets

of experiments were performed with blood circulating either through

the 300 mL DrugSorb-ATR system (treatment circuit) or through a 4.5′ ′

tubing connector (control circuit). Recirculation was continuous, for a

6-hour study period. Sampling was performed through a sampling port

in the blood bag. All tubing used comprised of standard non-coated PVC

material.
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4 Tripathi et al.

DrugSorb-ATR was flushed and primed by gravity using 2 L of saline as

per manufacturer’s instructions; tubing and the pump were also primed

with saline in both experimental setups. Before connecting the blood bag

to the circuit, an initial 5 mL blood sample was drawn for testing of to-

tal haemoglobin, pH, haematocrit, and activated clotting time (ACT) to

ensure consistency in initial blood conditions between all experiments.

Blood was then spiked with the drug under study to the target con-

centrations (apixaban: 220 ng/mL; rivaroxaban: 450 ng/mL; ticagrelor:

1000 ng/mL). Initial concentration for each drug was targeted to match

clinically relevant maximum plasma concentrations as reported in the

literature.23

Apixaban

Oral dosing varies according to indication, but 5 mg twice daily is most

used, resulting in mean peak plasma concentrations between 125 and

220 ng/mL.23

Rivaroxaban

Standard maintenance dose is 20 mg daily (for patients with

CrCl >50 mL/min), resulting in maximum plasma concentrations be-

tween 350–450 ng/mL.23

Ticagrelor

Standard loading with 180 mg, or maintenance with 90 mg twice daily

yield maximum plasma concentration of ∼1000 ng/mL.24

The blood bag was allowed to mix for 20 min before obtaining base-

line (t = 0 min) samples, after which the primed circuit was connected

to the outlet side of the blood bag and purged of remaining saline by

displacement with blood. Final step was to connect the inlet side of the

blood bag to the circuit and begin recirculation.

For each drug under study, the spiked bovine blood was recirculated

through either the treatment or the control circuit and the experiments

were repeated five times. During the 6-hour recirculation period, blood

was drawn at the following time periods to test drug levels: t = 0, 15, 30,

45, 60, 90, 120, 180, 270, and 360 min. Blood was placed into dipotas-

sium ethylenediaminetetraacetic acid vials (BD, Franklin Lakes, NJ, USA)

and processed by centrifuging at 4000 xg at 4°C for 10 min. The resulting

plasma was stored at −80°C until drug concentration analysis could be

performed by liquid chromatography with tandem mass spectrometry

(LC-MS/MS).

To test whether the experimental circuit had an effect on blood pH

or cell counts, we performed relevant measurements in accordance with

the FDA guidance document for CPB oxygenators 510(k) submissions.25

To specifically test for damage to red blood cells, we measured to-

tal haemoglobin (Hb), haematocrit (Hct), and plasma free haemoglobin

(pfHb; released when red cells are damaged or lysed). Plasma pH and

pfHb levels were assessed using an ABL90 FLEX PLUS blood analyzer

(Radiometer America, Brea, CA, USA). Additionally, whole blood sam-

ples collected at t = 0, 90, 180, 270, and 360 min were used for direct

measure of blood pH, total blood Hb, and blood glucose using an i-STAT

300 V clinical analyzer (Abbott Laboratories, Chicago, IL, USA) and red

blood cell (RBC), white blood cell (WBC), and platelet counts using a

HemaVet950 FS haematology analyzer (Drew Scientific, Miami Lakes, FL,

USA).

Data analysis
All results are presented as a mean ± SD. Comparisons between the

treatment vs. control groups at each time point were performed with

Student’s t-test and P values <0.05 were considered significant.
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Analytical method validation
Individual bioanalytical methods for the determination of apixaban, ri-

varoxaban, and ticagrelor concentrations in bovine plasma were devel-

oped and validated using LC-MS/MS. The methods were specific and

sensitive, having no interfering peaks in the control plasma. The methods

were validated for a linear range of 1.22–1250 ng/mL for apixaban, 6.25–

6250 ng/mL for rivaroxaban, and 5.0–5000 ng/mL for ticagrelor with a

coefficient of determination >0.99. Criteria for acceptance of all tested

parameters were met (linearity, accuracy, precision, selectivity, recov-

ery, short- and long-term stability at various temperatures, freeze thaw

stability, and stability in injection medium) as laid out in the guidance

document for analytical method development from the FDA.26 Method

validation parameters and other details are described as part of sup-

plementary data file. The calibration curves for all the three validated

methods are shown as supplementary material online, Figure S1.

Results

Antithrombotic drug removal
Plasma drug concentrations for all three drugs remained relatively

constant in the control group (between 90–103% of baseline) with

no downward trend over the entire 6-hour recirculation experi-

ment. This indicates a relatively high stability of each tested drug

under the investigational conditions. In contrast, efficient removal

was observed in the treatment group for all three tested drugs with

results summarized in drug concentrations over time in Table 1 and

as percentage (%) drug remaining relative to baseline in Figure 3. For

each drug, there is a significant difference between the control and

treatment groups at all time-points except baseline.

Apixaban
Mean plasma concentrations at baseline were similar in both

the control (220.4 ± 4.9 ng/mL; n = 5) and treatment circuits

(206.8 ± 18.0 ng/mL; n = 5). In the test system, DrugSorb-ATR

removed 58% of the circulating apixaban within the first 15 min

and >95% by 60 min with remaining plasma concentration of 7.6 ±

1.31 ng/mL which is below the expected trough plasma levels in pa-

tients receiving standard clinical dosing (5 mg apixaban twice-daily)

(Figure 4A).27 After 2 h, drug levels were at or below the lower limit

of quantitation (LLOQ).

Rivaroxaban
Mean plasma concentrations at baseline were similar in both the

control (449.8 ± 45.9 ng/mL; n = 5) and treatment circuits

(437.3 ± 47.1 ng/mL; n = 5). Rivaroxaban was also rapidly removed,

with 57% removed within the first 15 min and >95% by 60 min with

remaining plasma concentration of 20.9 ± 5.2 ng/mL which is be-

low the mean trough plasma concentration observed in patients re-

ceiving standard clinical dosing of rivaroxaban (Figure 4B).28 Results

for the first hour of removal are similar to those previously pub-

lished from a scaled down recirculation system (1 L of blood) using

a downsized (60 mL) sorbent device.29 In that study, however, de-

vice saturation appeared to be reached, with little additional removal

observed after 1 h. In the current experiment, using a more clinically

relevant blood volume (4 L) and a full-size (300 mL) DrugSorb-ATR
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Haemoadsorption with a porous polymer bead sorbent 5

Table 1 Absolute plasma concentrations of apixaban, rivaroxaban, and ticagrelor during 6 h of haemoperfusion.
Results represent mean ± SD, n = 5.

Apixaban (ng/mL) Rivaroxaban (ng/mL) Ticagrelor (ng/mL)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Time (min) Control Treatment Control Treatment Control Treatment
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

0 220.4 ± 11.1 206.8 ± 18.0 449.8 ± 46.0 437.3 ± 47.1 989.6 ± 93.0 964.8 ± 120.8

15 218.3 ± 7.9 86.6 ± 5.2 430.4 ± 34.3 189.4 ± 22.0 924.6 ± 50.8 473.8 ± 97.7

30 219.7 ± 22.0 38.4 ± 6.6 423.1 ± 29.0 83.6 ± 6.6 960.8 ± 42.7 362.2 ± 56.4

45 226.5 ± 24.1 16.5 ± 2.8 432.4 ± 32.8 40.4 ± 8.2 929.8 ± 51.5 301.4 ± 29.8

60 214.3 ± 13.3 7.6 ± 1.3 425.4 ± 27.0 20.9 ± 5.2 943.8 ± 56.1 241.6 ± 28.8

90 211.2 ± 10.6 3.3 ± 2.3 426.3 ± 27.3 7.8 ± 2.0 915.6 ± 60.7 166.4 ± 17.2

120 213.9 ± 9.5 1.3 ± 1.0 427.6 ± 28.2 4.7 ± 1.5 911.8 ± 79.5 129.4 ± 15.6

180 214.9 ± 9.1 0.8 ± 0.1 431.8 ± 26.2 3.2 ± 0.9 893.4 ± 54.0 86 ± 11.3

270 214.7 ± 9.3 0.6 ± 0.1 445 ± 20.5 2.5 ± 0.8 948 ± 92.8 61.8 ± 6.2

360 223.2 ± 12.7 0.5 ± 0.1 454.2 ± 15.2 2.1 ± 0.4 926.8 ± 45.6 49.3 ± 4.4

Figure 3 Percent removal of antithrombotic drugs. Results represent mean ± SD, n = 5. There is a statistically significance difference between

treatment and control (P <0.001, student’s t-test) at each time point other than t = 0 min.

device, we observed ongoing removal, with all time-points after 2 h

yielding rivaroxaban concentrations below the LLOQ of the assay.

Ticagrelor
Mean plasma concentrations at baseline were similar in the

control (989.6 ± 93.0 ng/mL; n = 5) and treatment circuits

(964.8 ± 120.8 ng/mL; n = 5). Ticagrelor was also removed rapidly

with 50% reduction in plasma concentration within the first 15 min

and 75% by 60 min. After 2 h, ticagrelor concentration fell below

expected trough plasma levels in patients receiving standard main-

tenance dosing (90 mg ticagrelor twice-daily) (Figure 4C).30 By the

end of the 6-hour treatment period, ∼95% of circulating ticagrelor

had been removed.
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Blood pH, haematology, and circuit
parameters
Whole blood and plasma pH

There were minimal, non-significant decreases in both whole blood

and plasma pH after 6 h in both the control and treatment groups

(Table 2).

Total haemoglobin, hematocrit, and plasma free

haemoglobin

Minor, non-significant decreases were also noted in total Hb and Hct

after 6 h in both treatment and control groups (Table 2). Importantly,

levels of pfHb remained essentially unchanged in all groups, indicating

no device-related haemolysis.
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6 Tripathi et al.

Figure 4 Therapeutic ranges and remaining plasma concentrations of (A) Apixaban, (B) Rivaroxaban and (C) Ticagrelor over 6 h of haemop-

erfusion. The grey shaded region represents the therapeutic window for each drug based on its clinical use. DrugSorb-ATR was able to reduce the drug

concentration below the trough plasma level within 30–60 minutes for all drugs tested. Results presented as mean ± SD, n = 5.

Other haematology

Similarly, mild decreases in white blood cell counts were noted at

the end of the 6-hour study (decrease in mean values ranged from

0.26–1.64 K/µL). Decreases in platelet counts, however, were more

pronounced (change in mean values ranged from 72–145 K/µL)

and occurred in both groups. The drop in platelets was numeri-

cally larger in the treatment group although it remained statistically

non-significant (Table 2).

Other circuit parameters

The pressure differential across the DrugSorb-ATR system remained

constant at all timepoints without any evidence of clotting during any

run. All circuit parameters, such as flow rate, temperature, pressure,

and pump speed, were monitored during the 6 hours of haemoper-

fusion and remained consistent throughout (data not shown).

Discussion

There are three main observations from the current study. First, the

DrugSorb-ATR system has the ability to remove apixaban, rivaroxa-

ban, and ticagrelor from blood as shown in a clinical-scale benchtop

recirculation model. Second, the bulk of the removal occurs quickly

in under 60 minutes. Third, the introduction of the device in the cir-

cuit did not contribute to any significant alterations on physiologic

blood parameters. The clinical implications of our observations are
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now being prospectively evaluated in two FDA approved investiga-

tional device exemption double-blind, randomized controlled trials.

Patients on antithrombotic drugs undergoing urgent surgical or

invasive procedures are at high risk of bleeding with only supportive

measures currently available to manage such complications.9 Two

potentially promising strategies to address this critical unmet clin-

ical need are: (a) antithrombotic drug reversal; and (b) antithrom-

botic drug removal. There are currently two FDA-approved reversal

agents for DOACs (idarucizumab for dabigatran and andexanet alfa

for apixaban and rivaroxaban) but none for ticagrelor (although the

investigational agent bentracimab is currently in phase III trials).31,32

Both agents rapidly normalize pharmacodynamic parameters (dilute

thrombin time and ecarin clotting time for idarucizumab, and anti-

factor Xa activity for andexanet alfa),33,34 as measured after com-

pletion of initial infusion of these agents. Idarucizumab is approved

for two reversal indications: (a) in the setting of uncontrollable, life-

threatening bleeding, and (b) in patients undergoing undeferrable

high bleeding-risk surgery. Andexanet alfa is only approved for use

in the management of uncontrolled life-threatening bleeding. Thus,

for patients requiring urgent surgery on apixaban, rivaroxaban, or

ticagrelor, there is no approved option to reduce the associated se-

rious bleeding risk. In the current analysis we report a detailed eval-

uation of the DrugSorb-ATR system’s capacity for removal of apix-

aban, rivaroxaban, and ticagrelor in a clinical-scale in vitro benchtop

recirculation study. Previously published studies assessing rivaroxa-

ban and ticagrelor removal by haemoadsorption used only scaled

down experimental systems.29,35 The current results are derived in
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Table 2 Blood chemistry and haematology data. Unless otherwise indicated, n = 5

Apixaban Rivaroxaban Ticagrelor
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Parameters Time (h) Control Treatment P-value Control Treatment P-value Control Treatment P-value

(Mean ± SD) (Mean ± SD) (Mean ± SD) (Mean ± SD) (Mean ± SD) (Mean ± SD)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Blood pHa 0 7.32 ± 0.02 7.32 ± 0.00 0.92 7.28 ± 0.02 7.29 ± 0.02 0.96 7.36 ± 0.02 7.36 ± 0.02 1.00

6 7.19 ± 0.00 7.24 ± 0.02 0.07 7.23 ± 0.02 7.25 ± 0.02 0.23 7.27 ± 0.02 7.28 ± 0.04 0.51

Plasma pHa 0 7.23 ± 0.10 7.21 ± 0.10 0.84 7.20 ± 0.09 7.16 ± 0.1 0.87 7.46 ± 0.07 7.42 ± 0.04 0.31

6 7.11 ± 0.12 7.20 ± 0.16 0.46 7.08 ± 0.07 7.06 ± 0.1 0.65 7.40 ± 0.11 7.42 ± 0.04 0.72

Total Haemoglobin (g/L)a 0 90.3 ± 2.0 91.3 ± 2.2 0.87 106.8 ± 0.3 106.8 ± 0.2 1.00 100.0 ± 2.7 96.4 ± 1.6 1.50

6 84.0 ± 2.2 80.5 ± 2.7 0.65 96.8 ± 0.4 93.6 ± 0.2 0.26 93.4 ± 3.1 89.0 ± 1.6 1.30

Plasma free Haemoglobin 0 0.5 ± 0.7 0.5 ± 0.7 0.77 0.5 ± 0.5 0.5 ± 0.2 0.53 0.4 ± 0.9 0.4 ± 0.4 0.51

(g/L)a 6 0.4 ± 0.4 0.5 ± 0.7 0.41 0.5 ± 0.5 0.5 ± 0.2 0.25 0.4 ± 0.7 0.3 ± 0.7 0.46

Haematocrit (%)b 0 31.9 ± 0.0 31.0 ± 0.1 0.72 31.4 ± 3.4 31.4 ± 3.6 0.79 29.4 ± 0.1 29.2 ± 0.0 0.94

6 30.0 ± 0.0 30.0 ± 0.0 0.85 28.4 ± 2.9 27.6 ± 3.8 0.30 27.4 ± 0.1 26.2 ± 0.0 0.63

Platelets (K/µL)b 0 341 ± 14.4 328 ± 11.7 0.98 268 ± 7.1 261 ± 9.1 0.86 305 ± 9.9 301 ± 7.1 0.97

6 269 ± 13.9 183 ± 11.6 0.31 178 ± 14.4 148 ± 12.5 0.56 244 ± 12.7 181 ± 11.3 0.66

White Blood Cells (K/µL)b 0 6.85 ± 1.5 6.88 ± 1.4 0.99 6.12 ± 0.7 6.06 ± 0.7 0.91 3.95 ± 0.4 3.99 ± 0.5 0.96

6 5.85 ± 1.4 5.24 ± 1.7 0.73 5.48 ± 0.7 4.90 ± 0.9 0.29 3.69 ± 0.4 3.54 ± 0.4 0.80

an = 4 for Apixaban group; bn = 2 for Ticagrelor group.

Downloaded from https://academic.oup.com/ehjcvp/advance-article/doi/10.1093/ehjcvp/pvac036/6601391 by University of Sheffield user on 08 September 2022
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a system specifically designed to mimic clinical usage scenarios with

respect to blood volume, device size, and flow rate and lend mecha-

nistic support to the emerging clinical experience showing significant

reductions in bleeding complications with intraoperative haemoad-

sorption in patients on apixaban, rivaroxaban, and ticagrelor under-

going urgent cardiac surgery.36–38

It is also important to highlight that the bulk of the removal hap-

pens quickly with drug concentrations falling below therapeutic lev-

els within 60 minutes. This is clinically meaningful since this interval

is shorter than the median CPB duration in coronary artery by-

pass graft and heart valve surgeries suggesting that significant drug

removal can be expected in everyday clinical practice.39 This is con-

sistent with clinical outcomes reported in patients on ticagrelor or

rivaroxaban undergoing urgent cardiac surgery where use of intra-

operative haemoadsorption resulted in significantly less surgical and

post-surgical bleeding evidenced by less chest tube drainage, fewer

transfusions and no re-operations for bleeding control.37,38 Not sur-

prisingly, less bleeding also resulted in shorter intensive care unit and

overall hospital lengths of stay. Importantly, the authors noted that

integration of the device on CPB was easy and safe without any

device-related adverse events.

Haemoadsorption did not contribute any significant changes in

blood and plasma pH or haematological parameters compared with

the control circuit, with the exception of slightly more pronounced

drops in platelet counts. Similar drops are also seen in clinical prac-

tice in patients on CPB and are likely caused by platelet adhesion to

circuit surfaces which may potentially be exacerbated by the use of

roller pumps or centrifugal pumps, with the latter showing better

preservation of platelet counts.40 Other potential causes of this ob-

servation in vivo include haemodilution from non-blood priming so-

lutions, platelet aggregation, activation, and removal by the reticulo–

endothelial system (the latter of which would not be applicable to

benchtop models).41 The literature endorses an adverse effect of

CPB on red blood cells, platelets, and coagulation factors, indepen-

dent of any haemodilution from the extracorporeal circuit on blood

volume.42 Indeed, prolonged CPB times is considered a key factor

that contributes to post-operative bleeding and increased use of

blood products.41,43 The absence of any difference between the

treatment and control groups for tested hematologic parameters

and pH is consistent with multiple human studies (including Ran-

domized control trials) that support a positive safety profile for this

biocompatible polymer bead technology.21,44

Our study also has limitations that need to be considered when

interpreting the results. First, the in vitro circuit cannot reproduce the

effects of extravascular drug distribution which may be an important

factor in removal rates in vivo. Second, changes in pharmacodynamic

and antihaemostatic parameters were not assessed since the focus

was on removal kinetics. Third, the study sample size was not pow-

ered to detect modest, but potentially significant changes, such as

in circulating platelet counts. However, despite the aforementioned

limitations, it is reasonable to presume that the observed in vitro

drug removal capabilities are also translatable in vivo and are under-

lying the potentially significant clinical benefits outlined in published

reports.37,38 In comparison to the efficiency of drug removal by the

DrugSorb-ATR device, the contribution of intrinsic drug clearance

and/or metabolism in vivo would be expected to be minimal. How-

ever, the present analysis is limited by the fact that it does not con-
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sider the possible impact of these physiologic systems when the

technology is utilized in human beings. The ongoing STAR-T and

STAR-D randomized clinical trials should provide a precise answer

to these questions since drug levels before and after CPB will be

available in both patients who received the investigational device and

controls. Given the robust drug removal capabilities and the early,

but promising evidence for reduction in bleeding complications re-

ported from observational studies, this technology has the potential

to improve clinical outcomes and reduce the overall cost of care for

patients on antithrombotic drugs requiring urgent cardiac surgery

with CPB.

Conclusions

Haemoadsorption by the DrugSorb-ATR porous polymer bead

technology can rapidly remove apixaban, rivaroxaban, and ticagrelor

from whole blood in a benchtop recirculation model designed to

mimic clinical use. These results have informed the design of the

randomized, controlled, double blind STAR-T, and STAR-D pivotal

trials, designed to validate the current results in vivo and determine

whether they translate in significantly fewer bleeding events in pa-

tients on antithrombotic drugs undergoing urgent cardiac surgery

with CPB.

Supplementary material

Supplementary material is available at European Heart Journal—

Cardiovascular Pharmacotherapy online.
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