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Abstract

Background: Protamine is administered to reverse unfractionated heparin (UFH) after cardiopulmonary bypass (CPB), but 

dosing strategies―typically based on protamine-to-heparin (P:H) ratios―vary, and the minimal effective dose remains 

unclear. Reversal is commonly assessed using activated clotting time (ACT), which may not reliably reflect residual 

heparin activity. We used pharmacometric modeling to determine a minimal effective P:H ratio and to characterise the 

anti-factor Xa (anti-Xa) activity—ACT relationship.

Methods: In this prospective, single-centre study, 68 adults undergoing CPB-assisted cardiac surgery were enrolled. A 

total of 757 blood samples were collected intraoperatively and after UFH reversal to measure anti-Xa activity and ACT. A 

population pharmacokinetic—pharmacodynamic model was developed using a nonlinear mixed-effects approach to 

describe UFH neutralisation by protamine. This model was then used to perform Monte Carlo simulations estimating the 

probability of complete reversal (anti-Xa <0.10 IU ml − 1 ) at various P:H ratios, based on cumulative intraoperative UFH 

dose.

Results: Patients received a mean total dose of 30 250 IU UFH and 200 mg protamine i.v. Measured anti-Xa activity 

decreased to <0.10 IU ml − 1 in all patients within 10 min of protamine initiation, indicating rapid reversal. Model-based 

simulations predicted that a P:H ratio of 0.625:1 would achieve complete reversal in 95% of patients. Although ACT and 

anti-Xa activity were positively associated, ACT values varied widely at low anti-Xa concentrations.

Conclusions: A P:H ratio of 0.625:1 provided adequate UFH reversal. Given the imprecision of ACT, fixed low-ratio dosing 

without routine monitoring could be a practical alternative but requires prospective validation.

Clinical trial registration: EudraCT (2019-000859-14); www.ClinicalTrials.gov (NCT04092868).
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Editor’s key points

• The optimal dosing of protamine for reversal of 

unfractionated heparin during cardiopulmonary 

bypass remains unclear.

• Pharmacometric modeling was developed to deter-

mine a minimal effective protamine-to-heparin (P:H) 

ratio and to characterise the anti-factor Xa activity 

—activated clotting time relationship.

• Model-based simulations predicted that a 0.625:1 P:H 

ratio would achieve complete reversal in 95% of 

patients.

• Fixed low-ratio dosing without routine monitoring 

could be a practical alternative but requires pro-

spective validation.

Systemic anticoagulation with unfractionated heparin (UFH) is 

recommended in patients undergoing cardiopulmonary 

bypass (CPB)-assisted cardiac surgery. 1 During CPB, the UFH 

effect is monitored using activated clotting time (ACT) to 

guide additional dosing. At CPB weaning, protamine sulphate 

is administered to neutralise UFH. Protamine is a positively 

charged peptide that dissociates heparin—antithrombin com-

plexes, forming inactive heparin—protamine complexes via 

electrostatic binding. 2 However, protamine also exhibits 

intrinsic anticoagulant properties through interactions with 

platelets, coagulation factors and fibrinolysis. 3 Thus, it 

should be dosed carefully to ensure effective reversal while 

avoiding paradoxical anticoagulant effects. 4—6

Among strategies to estimate protamine dosing, the latest 

guideline recommends calculating a protamine-to-heparin 

(P:H) ratio based on the UFH dose administered during the 

procedure, which should be kept below 1:1 (1 mg protamine 

per 100 IU UFH). 1 However, recent studies suggest that ratios 

as low as 0.6:1 may suffice. 7,8 Despite this, the minimal 

effective ratio required for complete UFH neutralisation 

remains undefined.

Heparin reversal is often assessed using ACT. Although 

ACT may return to baseline despite residual heparin, 9 

potentially increasing bleeding risk, it remains unclear 

whether, conversely, ACT might remain elevated even after 

full neutralisation, possibly leading to unnecessary 

protamine administration and side-effects. Additionally, 

anticoagulant activity may reappear after reversal, a phe-

nomenon termed ‘heparin rebound’. Whether this is because 

of heparin redistribution or protamine-induced effects on 

coagulation remains unclear. 10 Although its impact on 

postoperative bleeding is debated, 11 residual anti-factor Xa 

(anti-Xa) activity has been reported in up to 80% of patients 

after CPB. 9 As this phenomenon is unpredictable and may 

exacerbate coagulopathies in high-risk surgical settings, 9 its 

relationship with protamine dosing remains poorly 

understood.

Population pharmacokinetic/pharmacodynamic (PK/PD) 

modeling provides a quantitative framework to optimise drug 

dosing. Our group has previously developed models to indi-

vidualise UFH administration during CPB. 12—14 However, no 

PK/PD model has yet characterised UFH reversal with 

protamine.

In this study, we applied population PK/PD modeling to 

quantify the relationship between protamine dose and UFH 

reversal kinetics (anti-Xa activity), aiming to identify a mini-

mal effective protamine regimen. Secondary objectives 

included evaluating ACT as a surrogate for UFH neutralisation 

and investigating the occurrence of heparin rebound.

Methods

Study design and ethics

This prospective PK/PD study was conducted at the Univer-

sity Hospital of Saint-�Etienne, France. The protocol was

approved by the hospital’s research committee (Ref: 

19CH046; December 12, 2018), the French ethics committee 

(CPP Nord Ouest IV; Ref: 19.02.22.57019; September 26, 2019), 

and the French National Agency for the Safety of Medicines 

and Health Products (ANSM). The study was registered 

on EudraCT (Ref: 2019-000859-14; July 23, 2019) and 

ClinicalTrials.gov (Ref: NCT04092868; September 17, 2019). 

Written informed consent was obtained from all partici-

pants. The study adhered to the Declaration of Helsinki and 

Good Clinical Practice guidelines.

Study population and clinical procedure

Sixty-eight adult patients scheduled for CPB-assisted cardiac 

surgery (coronary artery bypass grafting, valve surgery, aortic 

dissection) were enrolled between November 2019 and March 

2021. Exclusion criteria included contraindications to UFH, 

protamine, or tranexamic acid, early reintervention, preg-

nancy, and use of antithrombin or aprotinin.

All participants received a 1500 ml priming solution (500 

ml hydroxyethyl starch and 1000 ml crystalloid). Heparin-

free circuits (PVC; LivaNova Group, Clamart, France) and 

phosphorylcholine-coated oxygenators (Inspire 8F; Liva-

Nova) were used. Tranexamic acid administration followed 

institutional protocols. Participants received the same 

porcine-sourced UFH (Heparin Choay®; Greifswald, Ger-

many) and protamine sulphate (Protamine Choay®; 1 mg 

protamine neutralising 100 IU UFH); no other formulations 

were used. UFH was administered as a 300—400 IU kg − 1 bolus, 

with additional doses to maintain ACT >400 s. Protamine 

sulphate was infused over 10 min at CPB weaning to target an 

ACT within 10% of baseline. Protamine dosing was left to 

clinician discretion. Chest tubes were removed on day 2. 

Postoperative bleeding was classified using the 

Universal Definition of Perioperative Bleeding (UDPB). 15 

Venous thromboprophylaxis was initiated after final study 

sampling.
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Biological sampling and analysis

The UFH pharmacokinetics were assessed using anti-Xa 

activity. Initial samples were collected at 5, 30, and 60 min 

after CPB priming, at the end of surgery, and at 5, 8, 11, 14, 

and 17 min after protamine initiation. To better 

capture early reversal, the protocol was later amended to 

include pre-protamine, and 2, 5, 8, 10, and 15 min post-

protamine initiation. Additional ICU samples were 

collected at 1, 3, 5, and 7 h post-protamine to assess heparin 

rebound.

Anti-Xa activity during CPB and after protamine adminis-

tration was measured using a STA R Max® 2 analyser (Diag-

nostica Stago, Asni� ere, France) with a one-stage chromogenic 

anti-Xa assay (Liquid anti-Xa®; Diagnostica Stago) that does 

not contain dextran sulphate or antithrombin. These mea-

surements were performed after study completion and were 

not available to clinicians during surgery. The lower limit of 

quantification was 0.10 IU ml − 1 . Samples exceeding 1.00 IU 

ml − 1 were diluted (1:5 or 1:10) using CRYOcheck™ pooled 

normal plasma (Cryopep, Montpellier, France). ICU anti-Xa 

activity was measured using a BCS analyser (Siemens, Saint-

Denis, France) and a chromogenic substrate assay (BIO-

PHEN™ Heparin; HYPHEN BioMed, Neuville-sur-Oise, France) 

containing dextran sulphate but no antithrombin. These 

measurements were part of routine care and were available to 

the treating clinicians. ACT was measured using Hemochron 

Signature Elite ACT+ (Werfen, Le Pr� e-Saint-Gervais, France) at 

clinician discretion.

Pharmacokinetic/pharmacodynamic modeling

A full description of the modeling process is provided in 

Supplementary Appendix 1. PK (anti-Xa activity) and PD 

(ACT) data of UFH before and after protamine reversal were 

analysed using nonlinear mixed-effects modeling (Monolix®, 

version 2021R1; Lixoft, Simulations Plus, Research Triangle 

Park, North Carolina, U.S.).

A two-compartment model described UFH pharmacoki-

netics, with protamine represented by a latent kinetic 

compartment (Fig. 1). To describe neutralisation of UFH by 

protamine, a binding term was added into the model. The 

resulting structural model was as follows:

where AcH and ApH are the amount of UFH in the central and 

peripheral compartments, respectively, and AcP is the amount 

of protamine in the central compartment. PK parameters 

were assumed to follow log-normal distributions. The

parameters Cl, V C , Vp, and Q correspond to the elimination 

clearance, central and peripheral volumes of distribution, and 

intercompartmental clearance of UFH, respectively. The pa-

rameters k e and k ant represent the elimination rate constant of 

protamine and the UFH—protamine binding rate, respectively. 

Binding between UFH and protamine was assumed to be irre-

versible and modelled as a one-way second-order association 

process (rate constant k ant ), without dissociation. Elimination of 

both UFH and protamine was assumed to follow first-order ki-

netics. INPUT UFH and INPUT Protamine represent the administered 

dose of UFH and protamine, respectively, and CcH denotes the 

UFH concentration in the central compartment.

The ACT response was explored using linear, log-linear, 

and sigmoid Emax models. The sigmoid Emax describes ACT 

as increasing with anti-Xa activity in a saturable manner, ac-

cording to equation (2):

ACT(t; ϕ) = ACT Baseline + 

(
E MAX × C(t; ϕ) γ

C 50 
γ 
+ C(t; ϕ) γ

) 

(2)

Where ACT(t; ϕ) is the ACT value at time t for an individual 

with parameters ϕ. ACT Baseline is the ACT in the absence of 

heparin. E MAX , C 50 , and γ describe maximum effect, the con-

centration for half-maximal effect, and steepness, respec-

tively. Model selection was based on goodness-of-fit and 

predictive performance.

Monte Carlo simulations of unfractionated heparin 
reversal

Simulations were performed using the final population PK/PD 

model. A total of 1000 virtual patients were generated, with 

UFH concentration and ACT profiles simulated during reversal 

and up to 24 h after surgery. Various P:H dose ratios (0.1:1 to 

1:1), calculated by dividing the total protamine dose by the 

cumulative intraoperative UFH dose, were explored. 16 

Reversal effectiveness was defined as achieving anti-Xa ac-

tivity <0.10 IU ml − 1 at the end of protamine infusion (10 min 

after initiation).

Heparin rebound and postoperative bleeding

Heparin rebound was defined as postoperative reappearance of 

anti-Xa >0.10 IU ml − 1 and analysed both qualitatively and 

quantitatively. Postoperative bleeding was quantified via 24 h 

chest tube output and classified as per the UDPB. Associations 

with rebound, P:H ratio, CPB time, tranexamic acid dose, and 

surgery type were assessed using univariate logistic regression. 

Statistical significance was defined as P<0.05. All analyses were 

performed using R software (version 4.1.2; R Foundation for 

Statistical Computing, Vienna, Austria). Additional simulations 

were performed to estimate the protamine dosing regimen 

required to neutralise rebound after the initial 10-min prot-

amine infusion (Supplementary Appendix 1).

Results

Clinical and biological data

Sixty-eight patients were enrolled between November 2019 

and March 2021. Participant characteristics are summarised in 

Table 1. Mean CPB duration was 113 min. To maintain ACT 

>400 s during CPB, patients received a mean UFH dose of 30 

250 IU. At CPB weaning, a mean protamine dose of 200 mg 

was administered, corresponding to a mean P:H ratio of

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

dAcH
dt

= INPUT UFH − Cl × 
AcH 
V C

+ Q × 

( 
ApH 
Vp 

−
AcH
V C

)

− (k ant *AcH*AcP)

dApH
dt

= Q × 

(
AcH 
V C

− 
ApH
Vp

)

dAcP
dt

= INPUT Protamine − (k e × AcP) − (k ant *AcH*AcP)

CcH =
AcH
V C

(1)
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0.64:1. In two patients, a second protamine dose was 

administered because ACT values did not return within 10% 

of baseline.

A total of 757 blood samples were analysed. Figure 2 shows 

the 15-min time course of anti-Xa activity and ACT after 

initiation of the 10-min protamine infusion. Anti-Xa activity 

rapidly decreased to <0.10 IU ml − 1 in all samples by 10 min 

after protamine initiation, whereas ACT ranged from 100 to 

146 s.

Optimal protamine-to-heparin ratio

A population PK model was developed to describe UFH neu-

tralisation by protamine. Random effects were estimated for 

UFH clearance (Cl), central (Vc) and peripheral (Vp) volumes, 

and intercompartmental clearance (Q). A proportional residual 

error model was applied. No covariates significantly influ-

enced neutralisation (k ant ), elimination (k e ), or distribution (Q). 

Parameters estimates of the final model are provided in 

Supplementary Table 1. In this model, UFH clearance was 1.5

L h − 1 with an intercompartmental clearance of 0.29 L h − 1 

(redistribution half-life ~3.5 h), whereas protamine exhibited 

very rapid elimination (Ke=12.8 h − 1 ; half-life ~3 min). Model 

diagnostics, including visual predictive checks, goodness-of-

fit plots, and normalised prediction distribution errors 

(Supplementary Figs 1—3), demonstrated good agreement with 

observed data.

Monte Carlo simulations were performed using the final PK 

model to evaluate P:H ratios, defined as the total protamine 

dose divided by the cumulative intraoperative UFH dose, 

across the 0.1:1 to 1:1 range. Anti-Xa activity was simulated at 

the end of the 10-min protamine infusion. A P:H ratio of 0.625:1 

yielded a 95% probability of complete neutralisation, defined 

as anti-Xa <0.10 IU ml − 1 (Fig. 3a). Higher P:H ratios improved 

the likelihood of complete reversal (Fig. 3b).

Relationship between activated clotting time and anti-

factor Xa activity

The PK/PD relationship between anti-Xa activity and ACT was 

best described by a sigmoid E Max model including random

Distribution

Q

Redistribution

K ant

Protamine

K ant

Ke

Central UFH 
compartment

AcH, Vc

Peripheral UFH 
compartment

ApH, Vp

Complex
protamine/UFH
compartment

PH

Central
protamine

compartment

AcP

Ke

CI

UFH

Fig 1. Schematic representation of the joint pharmacokinetic 

model for unfractionated heparin (UFH) and protamine. The 

model comprises four compartments: (1) a central UFH 

compartment, (2) a peripheral UFH compartment, (3) a central 

protamine compartment, and (4) a compartment for the 

UFH—protamine complex, representing UFH neutralisation. The 

amounts of UFH in the central and peripheral compartments 

are denoted as AcH and ApH, respectively, whereas AcP repre-

sents the amount of protamine in the central compartment. PH 
denotes the amount of UFH—protamine complex formed. The 

parameters Cl, V C , Vp, and Q correspond to the elimination 

clearance, central and peripheral volumes of distribution, and 

intercompartmental clearance of UFH, respectively. The for-

mation of the UFH—protamine complex is governed by a 

second-order binding process with an association rate constant 

k ant . The UFH—protamine complex was assumed to bind irre-

versibly and to be eliminated at the same rate (k e ) as unbound 

protamine.

Table 1 Participant characteristics, surgical procedures, and 

outcomes. Continuous variables are reported as mean and 

range (min—max). anti-Xa, anti-factor Xa activity; CABG, cor-

onary artery bypass grafting; CPB, cardiopulmonary bypass; 

UDPB, Universal Definition of Perioperative Bleeding; UFH, 

unfractionated heparin.

Participant characteristics

Patients, n 68

Age (yr) 67.74 (22—84)

Body weight (kg) 76.47 (48—110)

Male, n (%) 51 (75)

ASA physical status, n (%)

2 35 (51)

3 32 (47)

4 1 (2)

Previous cardiac surgery, n (%) 0 (0)

Minimally invasive, n (%) 8 (12)

Surgery type, n (%)

CABG 35 (51)

Valve 22 (32)

CABG + valve 11 (16)

CPB time (min) 113 (47—251)

Cross-clamp time (min) 84 (30—197)

Treatment characteristics

First dose of UFH (IU) 25 000 (15 000—35 000)

Total dose of UFH (IU) 30 250 (20 000—57 000)

Total UFH boluses, n 3 (1—8)

Initial dose of protamine (mg) 200 (100—350)

Protamine-to-heparin ratio 0.64 (0.43—1.07)

Total tranexamic acid dose (mg) 2334 (802—5037)

Biological and postoperative outcomes

Pre-reversal anti-Xa

concentration (IU ml —1 )

3.96 (1.65—5.89)

Post-reversal anti-Xa

concentration (IU ml —1 )

<0.10 (<0.10—<0.10)

Heparin rebound, n (%) 41 (60)

Maximum anti-Xa rebound

(IU ml —1 )

0.17 (0.1—0.43)

Chest tube output at 24 h (ml) 584 (62—2124)

Bleeding UDPB class, n (%)

0 (insignificant) 58 (85)

1 (mild) 2 (3)

2 (moderate) 4 (6)

3 (severe) 4 (6)

4 (massive) 0 (0)
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effects to account for inter-individual variability on ACT Baseline 
and E Max . A proportional error model was used to describe re-

sidual variability in ACT. Final PK/PD parameter estimates are 

provided in Supplementary Table 1. Model evaluation showed 

no evidence of systematic bias (Supplementary Figs 1—3).

As shown in Figure 4 (a), a strong but nonlinear association 

was observed between anti-Xa and ACT. However, ACT dis-

played high variability at any given anti-Xa concentration. At 

the threshold used to define reversal (ACT within +10% of 

baseline), 20% of simulations had anti-Xa >0.30 IU ml − 1 , and 

10% exceeded 0.50 IU ml − 1 . Conversely, anti-Xa <0.10 IU ml − 1 

was at times associated with ACT increases >50% from 

baseline.

Heparin rebound

Heparin rebound, defined as an anti-Xa >0.10 IU ml − 1 at 1, 3, 5, 

or 7 h post-protamine, was observed in 41 patients (60%). Peak 

rebound occurred at a mean of 3.8 (range 1.0—7.0) h, with mean 

anti-Xa activity of 0.17 (range 0.01—0.43) IU ml − 1 

(Supplementary Fig. 4).

Postoperative bleeding, classified as per the UDPB, occurred 

in 10 patients (15%): two mild, four moderate, and four severe. 

No association was found between P:H ratio and either 

rebound or bleeding. Similarly, no relationship was found 

between rebound extent―whether assessed qualitatively or 

quantitatively―and either 24-h chest tube output or bleeding 

according to the UDPB.

To explore strategies for rebound prevention, simulations 

evaluated extended protamine dosing after the initial 10-min 

reversal infusion (Supplementary Appendix 1 and 

Supplementary Fig. 5). Among the regimens tested, a 

continuous infusion of 7.5 mg h − 1 for 7 h maintained anti-Xa 

activity <0.1 IU ml − 1 in 95% of patients.

Discussion

This study investigated UFH reversal after CPB using a phar-

macometric approach based on anti-Xa activity and ACT, with 

the primary aim of identifying a minimal effective protamine 

dosing regimen. Our analysis showed that a P:H ratio of 0.625:1 

ensured, with 95% probability, that anti-Xa activity decreased 

below 0.10 IU ml − 1 at the end of a 10-min protamine infusion. 

These findings are consistent with the guideline recom-

mendations advocating a P:H ratio below 1:1 to minimise 

protamine overdose. Two randomised trials reported 

reduced postoperative blood loss using a 0.8:1 ratio 

compared with higher ratios (1.3:1 or 2:1) calculated from 

total UFH or protamine titration devices. 17,18 Even lower 

ratios have shown benefit. In a before—after study, a 0.6:1 

ratio reduced transfusion requirements compared with 

0.8:1. 7 However, a narrow safety margin may limit such low 

ratios. In a randomised trial comparing individualised 

haemostasis management with conventional strategies, a 

0.55:1 ratio increased postoperative bleeding compared

Pre-reversal
Time since start of protamine infusion

0

1

2

2 min 5 min 8 min 10 min 15 min

3

4

5

6

7

Anti-Xa concentration (IU ml –1 )

Pre-reversal

250

2 min 5 min 8 min 10 min 15 min

500

750

1000

Activated clotting time (s)

Fig 2. Observed activated clotting time and anti-factor Xa activity before and after protamine administration. Boxplots depict the 15-min 

time course of activated clotting time (a) and anti-factor Xa activity (b) after the initiation of the 10-min protamine infusion. The ‘Pre-

reversal’ time point corresponds to the last observation measured just before protamine administration. Both biomarkers declined rapidly 

after protamine infusion, consistent with the expected neutralisation of unfractionated heparin.
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with 0.85:1. 19 These discrepancies likely reflect 

interindividual variability in protamine responsiveness. 

One observational study found that a low 0.3:1 ratio 

achieved neutralisation in approximately one-third of pa-

tients, whereas higher ratios were needed in the 

remainder. 20 Thus, although fixed ratios remain clinically 

pragmatic, they must ensure a high probability of 

complete reversal. Our results support a 0.625:1 ratio as a 

minimal effective regimen, potentially limiting protamine 

overdose and related adverse effects.

Alternative strategies for guiding protamine administra-

tion include point-of-care titration devices, which estimate 

the heparin dose—response curve and may reduce bleeding, 21 

but these are costly and not widely available. Mathematical 

models estimating real-time heparin concentrations have 

not shown consistent clinical benefit, 22—25 and disagree on 

optimal protamine dosing. 26 A fixed-dose approach may offer 

a pragmatic alternative, as a recent randomised trial showed 

that a protamine dose of 250 mg achieved blood loss compa-

rable with a 1:1 ratio based on the initial UFH dose, 27 though in 

patients at weight extremes, fixed dosing may lead to 

substantial variation in P:H ratios and increased risk of 

underdosing or overdosing.

We also examined the PK/PD relationship between UFH and 

ACT. Although ACT is commonly used to guide reversal, it is 

influenced by postoperative factors such as hypothermia, 

haemodilution, medications, thrombocytopenia, and

coagulopathy, limiting its reliability. 28 Our simulations 

indicate that ACT can both underestimate and overestimate 

residual anticoagulation after reversal. These findings 

support previous studies that ACT alone is insufficient for 

monitoring UFH reversal. 9 Current guidelines recommend 

protamine titration assays or thromboelastography 1 ; 

however, as noted above, these are costly and not 

universally available. In such settings, a fixed 0.625:1 ratio 

may offer a pragmatic alternative when advanced 

monitoring is unavailable.

Heparin rebound, of uncertain incidence and mechanism, 

can occur hours after protamine administration. 10 During CPB, 

UFH binds plasma proteins, forming complexes incompletely 

neutralised by protamine. 29 After protamine is cleared, 

slowly dissociating heparin may cause delayed anticoagulant 

effects, typically seen as a secondary anti-Xa increase in up 

to 80% of patients. 9,30,31 Rebound occurred in 60% of our cohort 

but, consistent with prior findings, 11 was not associated with 

greater blood loss. This may partly reflect our use of dextran 

sulphate-containing reagents for postoperative anti-Xa as-

says, which dissociate heparin—protamine complexes in vitro, 

overestimating the level of biologically active heparin and 

limiting reliability. 32,33 Postoperative anti-Xa results should 

therefore be interpreted cautiously, especially with dextran 

sulphate-containing reagents, alongside clinical outcomes 

such as bleeding. However, a randomised study showed that a 

postoperative protamine infusion (25 mg h − 1 for 6 h) abolished
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rebound and reduced blood loss vs placebo, 34 and some 

guidelines now include this approach. 35 Our simulations 

suggest that a lower-dose infusion (7.5 mg h − 1 for 7 h) may 

suffice. The pronounced mismatch in half-lives (protamine ~3 

min vs UFH redistribution ~3.5 h) makes it unlikely that a 

single bolus at CPB termination, even if larger than our pro-

posed ratio, would prevent heparin rebound and may tran-

siently increase adverse-effect risk.

This study has several limitations. Firstly, anti-Xa activity 

was used as a surrogate for UFH exposure, and successful 

reversal was defined as an anti-Xa <0.10 IU ml − 1 . These mea-

sures are limited by the PD nature of anti-Xa and the absence of a 

universal threshold, respectively, yet both are regarded as valid 

and appropriate for research and routine clinical care. 36 

Secondly, given the single-centre design and use of one type of 

heparin, protamine, and ACT device, our findings might lack 

generalisability. The strategy might also be unsuitable for sub-

groups not represented here (e.g. patients with extreme body 

weight, heparin resistance, 37 or procedures without CPB). Thus, 

our results should be interpreted with caution pending external 

validation of the model and dosing strategy. In addition, our P:H 

ratio was derived from the total intraoperative heparin dose to 

capture cumulative exposure during CPB. This differs from 

other commonly used approaches, 16 such as ratios based on 

the initial pre-CPB bolus or titration-based estimates of circu-

lating heparin, 27,38 which were not assessed here. Our method 

did not account for time-dependent elimination of UFH, which 

would require PK modeling and dedicated point-of-care tools, 

adding complexity to routine practice. Accordingly, our ratio 

applies only when calculated from the total intraoperative UFH 

dose and should not be extrapolated to substantially longer 

procedures. Thirdly, our joint PK/PD model was constrained by 

data availability. Because protamine concentrations were not

measured, a latent compartment was used; peripheral distri-

bution was not identifiable and would risk overfitting. 30 More 

complex models incorporating additional covariate or 

physiological effects, such as heparin resistance or CPB-

related changes (haemodilution and reduced plasma protein 

concentrations, which can lower total drug concentrations, in-

crease the unbound fraction and modify pharmacologic activ-

ity), were beyond this study’s scope. Despite the model’s 
parsimony, diagnostic plots showed no systematic bias, con-

firming adequate description of the data and robustness of the 

protamine dosing recommendations. Finally, the clinical 

impact of the 0.625:1 ratio and the exploratory postoperative 

protamine infusion, both derived from simulations, was not 

evaluated. Randomised trials are needed to confirm whether 

this strategy reduces bleeding and improves other patient-

centred outcomes.

In conclusion, this pharmacometric study supports a P:H 

ratio of 0.625:1 as a minimal effective regimen for UFH reversal 

after CPB. The findings also reinforce the limitations of ACT in 

assessing anticoagulation reversal and suggest that fixed low-

ratio dosing could provide a pragmatic alternative when 

advanced monitoring is unavailable. Randomised trials are 

warranted to confirm the clinical benefits of this strategy.
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19. Hoenicka M, Rupp P, Mü ller-Eising K, et al. Anti-

coagulation management during multivessel coronary 

artery bypass grafting: a randomized trial comparing 

individualized heparin management and conventional 

hemostasis management. J Thromb Haemost JTH 2015; 13: 

1196—206

20. Taneja R, Szoke DJ, Hynes Z, Jones PM. Minimum prot-

amine dose required to neutralize heparin in cardiac 

surgery: a single-centre, prospective, observational cohort 

study. Can J Anaesth J Can Anesth 2023; 70: 219—27

21. Raner G, Hu Y, Trowbridge C, et al. Comparison of blood 

concentration and weight-based heparin and protamine 

dosing strategies for cardiopulmonary bypass: a system-

atic review and meta-analysis. Cureus 2024; 16, e54144

22. Miles LF, Burt C, Arrowsmith J, et al. Optimal protamine 

dosing after cardiopulmonary bypass: The PRODOSE 

adaptive randomised controlled trial. PLoS Med 2021; 18, 

e1003658

23. Kjellberg G, Sartipy U, van der Linden J, Nissborg E, 

Lindvall G. An adjusted calculation model allows 

for reduced protamine doses without increasing blood 

loss in cardiac surgery. Thorac Cardiovasc Surg 2016; 64: 

487—93

24. Kjellberg G, Holm M, Fux T, Lindvall G, van der Linden J. 

Calculation algorithm reduces protamine doses without 

increasing blood loss or the transfusion rate in cardiac 

surgery: results of a randomized controlled trial. 

J Cardiothorac Vasc Anesth 2019; 33: 985—92

25. Miles LF, Marchiori P, Falter F. Pilot validation of an indi-

vidualised pharmacokinetic algorithm for protamine 

dosing after systemic heparinisation for cardiopulmonary 

bypass. Perfusion 2017; 32: 481—8

26. Vander Zwaag S, Kukel I, Petrov A, Fassl J. Comparison of 

three mathematical models of the pharmacokinetics of 

heparin to guide the use of protamine in a large simulated 

cohort of patients. Semin Cardiothorac Vasc Anesth 2025; 29: 

258—64

8 ■  Lanoisel� ee et al.

https://doi.org/10.1016/j.bja.2025.11.057
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref1
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref1
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref1
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref2
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref2
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref2
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref3
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref3
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref3
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref4
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref4
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref4
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref4
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref5
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref5
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref5
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref5
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref6
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref6
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref6
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref6
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref6
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref6
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref7
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref7
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref7
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref7
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref8
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref8
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref8
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref8
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref9
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref9
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref9
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref10
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref10
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref11
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref11
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref11
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref11
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref12
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref12
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref12
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref12
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref13
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref13
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref13
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref13
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref13
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref14
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref14
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref14
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref14
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref15
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref15
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref15
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref16
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref16
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref16
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref17
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref17
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref17
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref17
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref17
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref18
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref18
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref18
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref19
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref19
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref19
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref19
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref19
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref19
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref20
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref20
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref20
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref20
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref21
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref21
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref21
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref21
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref22
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref22
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref22
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref22
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref23
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref23
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref23
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref23
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref23
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref24
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref24
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref24
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref24
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref24
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref25
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref25
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref25
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref25
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref26
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref26
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref26
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref26
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref26


27. Jain P, Silva-De Las Salas A, Bedi K, Lamelas J, Epstein RH, 

Fabbro M. Protamine dosing for heparin reversal after 

cardiopulmonary bypass: a double-blinded prospective 

randomized control trial comparing two strategies. Anes-

thesiology 2025; 142: 98—106

28. Finley A, Greenberg C. Review article: heparin sensitivity 

and resistance: management during cardiopulmonary 

bypass. Anesth Analg 2013; 116: 1210—22

29. Teoh KH, Young E, Bradley CA, Hirsh J. Heparin binding 

proteins. Contribution to heparin rebound after cardio-

pulmonary bypass. Circulation 1993; 88: II420—5

30. Butterworth J, Lin YA, Prielipp RC, Bennett J, Hammon JW, 

James RL. Rapid disappearance of protamine in adults 

undergoing cardiac operation with cardiopulmonary 

bypass. Ann Thorac Surg 2002; 74: 1589—95

31. Butterworth J, Lin YA, Prielipp R, Bennett J, James R. 

The pharmacokinetics and cardiovascular effects of a 

single intravenous dose of protamine in normal vol-

unteers. Anesth Analg 2002; 94: 514—22. table of 

contents

32. Lasne D, Toussaint-Hacquard M, Delassasseigne C, et al. 

Factors influencing anti-Xa assays: a multicenter pro-

spective study in critically ill and noncritically ill patients 

receiving unfractionated heparin. Thromb Haemost 2023; 

123: 1105—15

33. Hollestelle MJ, van der Meer FJM, Meijer P. Quality per-

formance for indirect Xa inhibitor monitoring in patients 

using international external quality data. Clin Chem Lab 

Med 2020; 58: 1921—30

34. Teoh KHT, Young E, Blackall MH, Roberts RS, Hirsh J. Can 

extra protamine eliminate heparin rebound following 

cardiopulmonary bypass surgery? J Thorac Cardiovasc Surg 

2004; 128: 211—9

35. Shore-Lesserson L, Baker RA, Ferraris VA, et al. The Soci-

ety of Thoracic Surgeons, The Society of Cardiovascular 

Anesthesiologists, and The American Society of Extra-

Corporeal Technology: clinical practice guidelines-

anticoagulation during cardiopulmonary bypass. Anesth 

Analg 2018; 126: 413—24

36. Newall F. Anti-factor Xa (anti-Xa) assay. Methods Mol Biol 

Clifton NJ 2013; 992: 265—72

37. Levy JH, Sniecinski RM, Maier CL, et al. Finding a common 

definition of heparin resistance in adult cardiac surgery: 

communication from the ISTH SSC subcommittee on 

perioperative and critical care thrombosis and hemosta-

sis. J Thromb Haemost JTH 2024; 22: 1249—57

38. Lee MH, Beck M, Shann K. Protamine dose to neutralize 

heparin at the completion of cardiopulmonary bypass can 

be reduced significantly without affecting post-operative 

bleeding. J Extra Corpor Technol 2023; 55: 105—11

Handling Editor: Jiapeng Huang

Protamine dosing for heparin reversal after CPB ■  9

http://refhub.elsevier.com/S0007-0912(25)00892-X/sref27
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref27
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref27
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref27
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref27
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref28
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref28
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref28
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref29
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref29
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref29
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref30
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref30
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref30
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref30
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref31
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref31
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref31
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref31
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref31
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref32
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref32
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref32
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref32
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref32
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref33
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref33
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref33
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref33
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref34
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref34
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref34
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref34
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref35
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref35
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref35
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref35
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref35
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref35
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref36
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref36
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref37
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref37
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref37
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref37
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref37
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref38
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref38
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref38
http://refhub.elsevier.com/S0007-0912(25)00892-X/sref38

	Optimising protamine dosing for heparin reversal after cardiopulmonary bypass: a population pharmacokinetic–pharmacodynamic ...
	Editor’s key points
	Methods
	Study design and ethics
	Study population and clinical procedure
	Biological sampling and analysis
	Pharmacokinetic/pharmacodynamic modeling
	Monte Carlo simulations of unfractionated heparin reversal
	Heparin rebound and postoperative bleeding

	Results
	Clinical and biological data
	Optimal protamine-to-heparin ratio
	Relationship between activated clotting time and anti-factor Xa activity
	Heparin rebound

	Discussion
	flink4
	aclink2
	flink5
	flink6
	flink7
	References


