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A B S T R A C T

Background: Prothrombin time (PT) and activated partial thromboplastin time (aPTT) are widely used coagu
lation assays whose results can vary due to pre-analytical and analytical factors. Understanding these sources of 
variability is essential for reliable laboratory practice and external quality assessment (EQA).
Objectives: This study evaluates the impact of pre-analytical storage and method-dependent sensitivity on PT and 
aPTT measurements and provides guidance for EQA programmes and clinical interpretation.
Methods: Plasma samples from 42 healthy volunteers were analysed within 4 h of collection or after storage at 
− 20 ◦C, − 80 ◦C, or snap-frozen in liquid nitrogen (LN₂) and subsequent storage at − 80 ◦C. Additionally, pooled 
plasma was spiked with direct oral anticoagulants, heparins, and lupus anticoagulant antibodies to assess 
reagent-specific sensitivity. PT and aPTT were measured on multiple routine platforms using commonly used 
reagents from 4 different manufacturers.
Results: Storage at − 80 ◦C or LN₂ preserved PT and aPTT values, whereas storage at − 20 ◦C caused variable 
prolongation. In healthy volunteers, PT and aPTT showed marked inter-method variability. Sensitivity to anti
coagulants and lupus anticoagulant also differed considerably between reagents, with the largest variation 
observed for edoxaban. This study provides an overview of inter-method variability, which may affect clinical 
decision-making and inter-laboratory comparability.
Conclusions: PT and aPTT are screening tests whose accurate interpretation depends on optimal sample handling 
and awareness of reagent- and method-specific sensitivities. These differences can affect clinical decision-making 
in anticoagulated patients. EQA programmes could increase their value by using frozen plasma, including 
clinically relevant anticoagulants, and implementing case-based scenarios rather than reporting only clotting 
times.
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1. Introduction

Prothrombin Time (PT) and Activated Partial Thromboplastin Time 
(aPTT) are two of the most commonly performed coagulation assays in 
routine clinical diagnostics. These assays are essential for assessing the 
coagulation cascade, and they play a central role in the evaluation of 
bleeding disorders and monitoring anticoagulant therapy. Given their 
widespread use, reliable and comparable PT and aPTT results across 
laboratories are essential for safe clinical decision-making.

Despite their routine application, PT and aPTT results are known to 
vary substantially depending on the analytical method used. Differences 
in reagents (e.g. type and source of activator), analysers, and detection 
principles (e.g. mechanical or optical clot detection) can lead to sys
tematic variation between laboratories, complicating the interpretation 
and comparability of coagulation testing results. Such method- 
dependent differences are visible in external quality assessment (EQA) 
schemes (Fig. S1), which aim to evaluate analytical performance and 
also reveal persistent inter-method variability that hampers harmo
nisation of coagulation testing. It is unclear to which degree differences 
as observed in EQA are representative for differences in patient samples.

In addition to analytical factors, pre-analytical characteristics of 
samples used in external quality assessment may contribute to vari
ability in PT and aPTT measurements. Coagulation EQA materials are 
commonly lyophilised to enable transport and storage at ambient tem
perature; however, lyophilisation and reconstitution may affect coagu
lation factor activity [1,2]. The extent to which such materials reflect 
native patient plasma remains uncertain. This complicates both the 
evaluation of laboratory performance and the interpretation of dis
crepancies observed during EQA rounds. In routine clinical practice, 
whole blood or plasma samples for most coagulation assays are rec
ommended to be analysed within a limited time frame due to coagula
tion factor instability, typically within 4 h after blood withdrawal when 
kept at room temperature, underscoring the sensitivity of coagulation 
testing to pre-analytical handling. An alternative approach for EQA 
programmes, particularly in well-resourced settings, could be the use of 
frozen plasma samples transported on dry ice. Freezing of plasma may 
better preserve the native matrix of patient samples, but the impact of 
different storage temperatures and freezing conditions on PT and aPTT 
results requires evaluation.

Beyond pre-analytical factors, the clinical context in which PT and 
aPTT are applied has also become increasingly complex over recent 
decades. An increasing proportion of patients are treated with antico
agulant medications, including low-molecular-weight heparins and, 
more recently, direct oral anticoagulants (DOACs) [3]. Although PT and 
aPTT are not indicated for quantitative monitoring of most DOACs, these 
assays are frequently performed in anticoagulated patients for diag
nostic, perioperative, or emergency indications. The presence of anti
coagulant drugs can influence PT and aPTT results, and the magnitude of 
this effect is known to vary considerably between reagents [4–6]. An up- 
to-date and systematic overview of reagent-dependent sensitivity of PT 
and aPTT assays to commonly used anticoagulant drugs is essential for 
the correct interpretation of test results in clinical practice and in EQA 
settings.

The aim of this study was to evaluate both pre-analytical and 
analytical sources of variability in order to support laboratories and 
clinicians with the interpretation of PT and aPTT results in daily prac
tice, particularly in patients receiving anticoagulant therapy. In addi
tion, our findings may inform the selection, preparation, and handling of 
materials used in external quality assessment programmes, which is 
essential to make these programmes representative for patient care. 
Ultimately these insights will contribute to longer-term efforts aimed at 
harmonisation of coagulation testing. To address our objectives, we 
compared reagent composition based on manufacturers' instructions for 
use (IFU) and mapped method-dependent variations in PT and aPTT 
measurements. Specifically, we assessed the impact of plasma storage 
conditions relevant to EQA material preparation on PT and aPTT results, 

and evaluated reagent-dependent differences in sensitivity to commonly 
used anticoagulant drugs.

2. Materials and methods

2.1. Study design

This study was designed as a multicentre, comparative method study 
to investigate sources of variability in PT and aPTT measurements that 
are relevant to EQA. The study consisted of three experimental arms: 

1) Evaluation and comparison of PT and aPTT reagent composition.
2) A pre-analytical storage study was performed using plasma samples 

from healthy volunteers to assess the impact of different storage 
conditions on PT and aPTT results.

3) An analytical sensitivity study was conducted using pooled plasma 
spiked with anticoagulant drugs and lupus anticoagulant antibodies 
to evaluate reagent-dependent differences in assay sensitivity.

The study was conducted in accordance with applicable legislation 
and was reviewed by the Commissie Mensgebonden Onderzoek (CMO) 
Radboudumc as non-WMO research (file number 2025-18090).

2.2. Reagents and equipment

PT and aPTT measurements were performed using routine reagents 
and analytical platforms from multiple manufacturers, reflecting current 
clinical laboratory practice. The selected analyser–reagent combinations 
are summarised in Table 1. Participating laboratories were Radboudumc 
(Werfen and Diagnostica Stago platforms), Deventer Ziekenhuis (Roche 
Diagnostics), and Maastricht UMC+ (Siemens Healthineers).

For all experiments, previously frozen plasma samples were trans
ported on dry ice where applicable and stored at the designated tem
peratures at the site of analysis. Prior to measurement, samples were 
thawed for 10 min in a 37 ◦C water bath and mixed manually. PT and 
aPTT were then measured in single measurements according to the 
manufacturers' instructions on the respective platforms. Internal quality 
control materials were analysed alongside study samples to monitor 
assay performance throughout the study period.

2.3. Pre-analytical storage study

To assess the impact of pre-analytical storage conditions on PT and 
aPTT measurements, plasma samples were collected from 42 healthy 
volunteers who were not receiving anticoagulant therapy. Samples were 
obtained from two sites: Maastricht UMC+ (n = 20) and Sanquin/Rad
boudumc Nijmegen (n = 22). PT and aPTT were either measured within 

Table 1 
Overview of equipment and reagents used in this study.

Manufacturer Analyser PT reagent aPTT reagent

Siemens 
Healthineers

CS-2500 Dade Innovin Dade Actin FS

Thromborel S Actin FSL

Pathrombin SL

Diagnostica Stago STA-R MAX STA Neoplastin R PTT/Autom.Sta 
APTT

STA NeoPTimal C.K. PREST 5

HEPATO-PREST

Werfen ACL-TOP 
350

ReadiPlasTin HemosIL 
SynthASil

HemosIL 
RecombiPlasTin 2G

Roche Diagnostics cobas t711 PT Rec cobas aPTT cobas
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Table 2 
Overview of the composition of PT reagents used in this study.

Manufacturer Reagent Activator Phospholipid source Additives Formulation Sensitivity/limitations Heparin neutraliser IFU reference 
interval (s)

IFU reference 
interval based on

Roche 
Diagnostics

PT Rec cobas Recombinant human 
thromboplastin

None specified None specified Lyophilised Used for monitoring vitamin K 
antagonist therapy affected by 
lupus anticoagulants, direct 
thrombin inhibitors, FXa 
inhibitors;

Heparin-neutralising 
substance, blocks UFH 
up to 1.0 IU/mL, LMWH 
up to 1.5 IU/mL

8.40–10.6 s 2.5–97.5 percentile 
of 200 human 
plasma samples

Siemens  
Healthineers

Dade Innovin Purified recombinant 
human tissue factor 
produced in E. coli 
(reconstituted ~100–200 
μg/L)

Synthetic 
phospholipids

Stabiliser bovine serum 
albumin (BSA)

Lyophilised Highly sensitive to factor 
deficiencies and vitamin K 
antagonist therapy; 
responsiveness allows detection of 
mild factor depletion; not sensitive 
to lupus anticoagulant

Heparin-neutralising 
compound, blocks UFH 
up to 2 IU/mL

9.7–11.8 2.5–97.5 percentile 
of 248 human 
plasma samples on 
CS-2500 system

Siemens 
Healthineers

Thromborel S Human placental tissue 
factor (thromboplastin)/ 
placenta dry (reconstituted: 
≤ 60 g/L)

Human placental 
origin

Preservatives: 
gentamicin, 5-chloro-2- 
methyl-4-isothiazol-3- 
one, 2-methyl-4- 
isothiazol-3-one

Lyophilised Sensitive to Factors II, V, VII, X; 
suitable for monitoring vitamin K 
antagonist therapy; may be 
influenced by lupus 
anticoagulants, direct thrombin 
inhibitors

None indicated, blocks 
UFH up to 0.6 IU/mL

9.9–12.3 2.5–97.5 percentile 
of 242 human 
plasma samples on 
CS-2500 system

Diagnostica 
Stago

HEPATO-PREST Thromboplastin from fresh 
rabbit cerebral tissues

Bovine plasma, free of 
factors II, VII, X. 
Bovine plasma 
provides factor V and 
fibrinogen.

None specified Lyophilised Measures only factors II, VII, X; 
affected by thrombin inhibitors; 
rare anti-bovine factor V 
antibodies may interfere

None indicated, blocks 
unfractionated heparin 
levels up to 2 IU/mL

Normal PT 
expressed as % 
activity >70%; 
labs must establish 
own reference

NA

Diagnostica 
Stago

STA Neoplastin R Human recombinant tissue 
factor

Phospholipids Preservative sodium 
azide (<1 g/L), 
stabiliser cadmium 
sulphate (0.05%)

Lyophilised Sensitive to factors II, V, VII, X, 
and fibrinogen; affected by 
thrombin inhibitors.

Specific inhibitor of 
heparin, blocks UFH up 
to 1 IU/mL, LMWH up to 
2 anti-Xa IU/mL)

Normal PT 
expressed as % of 
normal: >70%; 
labs must establish 
own reference

NA

Diagnostica 
Stago

STA-NeoPTimal Thromboplastin derived 
from rabbit brain

None specified Stabiliser nickel 
sulphate hexahydrate 
<0.1%, preservative 
sodium azide

Lyophilised Thrombin and factor Xa inhibitors 
prolong PT

Specific heparin 
inhibitor, blocks UFH up 
to 1.0 IU/mL and LMWH 
up to 1.5 IU anti-Xa/mL

11.7–15.3 13.5 ± 1.8 SD, CLSI 
EP28-A3c

Werfen HemosIL 
Readiplastin

Recombinant human tissue 
factor

Synthetic phospholipid 
blend (liposomal 
preparation)

Preservative <0.1% 
sodium azide

Liquid PT affected by direct inhibitors 
(DOACs)

Polybrene, blocks UFH 
up to 1.0 IU/mL, LMWH 
up to 1.4 IU/mL

10.2–12.9 Normal range study 
(n = 199) in 
accordance with 
CLSI C28-A3 on 
ACL TOP

Werfen HemosIL 
RecombiPlasTin 
2G

Recombinant human tissue 
factor

Synthetic phospholipid 
blend (liposomal 
preparation)

Preservative sodium 
azide

Lyophilised Very high sensitivity to 
deficiencies of factors II, V, VII, X; 
PT may be affected by some drugs

Polybrene, blocks 
heparin up to 1.0–1.6 U/ 
mL

9.4–12.5 CLSI C28-A, n =
130
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4 h of blood collection using the routine analytical platforms available at 
each site (Maastricht UMC+: Siemens; Nijmegen: Werfen and Stago; no 
fresh samples measured using Roche, see Table 1), or stored for later 
analysis under one of three conditions: storage at − 20 ◦C, storage at 
− 80 ◦C, or snap-freezing in liquid nitrogen followed by storage at 
− 80 ◦C (LN₂). For measurements within 4 h of collection, samples were 
centrifuged at 2000g for 10 min without refrigeration. For stored sam
ples, this initial centrifugation step was followed by an additional 
centrifugation at 10,000g for 10 min without refrigeration, after which 
plasma was immediately aliquoted and frozen under the specified con
ditions. Stored samples were analysed after 4–12 weeks of storage and 
paired analyses were used to evaluate the effect of storage conditions 
within individual samples.

2.4. Anticoagulant and lupus antibody spiking experiments

To evaluate platform- and reagent-dependent sensitivity to antico
agulants and lupus anticoagulant antibodies, spiking experiments were 
performed using pooled normal citrated plasma. The following antico
agulants were added to the pooled plasma: apixaban (Selleckchem 
Cat#S1593), rivaroxaban (Selleckchem, Cat#366789-02-8), edoxaban 
(Selleckchem, Cat#S4429), dabigatran (Selleckchem, Cat#211914-51- 
1), unfractionated heparin (Leo Pharma, 5000 IE/mL), nadroparin 
(GSK, 9.500 IE anti-Xa/mL), and dalteparin (Pfizer BV, 12.500 IE/0.2 
mL). Concentration ranges were selected to encompass therapeutic and, 
where applicable, supratherapeutic levels commonly encountered in 
clinical practice [7]. In addition, a concentration series of lupus anti
coagulant antibodies was generated by serial dilution of a pooled lupus 
anticoagulant–positive plasma sample in normal pooled plasma.

After spiking, samples were aliquoted and stored at − 80 ◦C. PT and 
aPTT measurements were performed within one week of preparation 
using the reagents and analytical platforms described above. All mea
surements were performed as single determinations.

2.5. Statistical analysis

Statistical analyses were performed using Rstudio version 2023.09.1 
+ 494 and Jamovi version 2.6.26.0. For the pre-analytical storage study, 
PT and aPTT results obtained under different storage conditions were 
compared using repeated-measures analysis of variance (ANOVA), with 
storage condition as the within-subject factor. When a significant overall 
effect was observed, Bonferroni's post hoc test was applied to compare 
each storage condition with fresh plasma as the reference. A p-value 
<0.05 was considered statistically significant. For the anticoagulant and 
lupus antibody spiking experiments, assay sensitivity was determined by 
the slope of the response curve relative to baseline measurements ob
tained in the absence of anticoagulants. CT2 values were calculated by 
linear interpolation between the two concentrations immediately below 
and above the threshold corresponding to a twofold increase in baseline 
clotting time, with baseline defined as the value in drug-free plasma.

3. Results

3.1. Comparison and selection of reagents

To map method-dependent variation in PT and aPTT measurements, 
we selected frequently used reagents from four distinct manufacturers in 
the Netherlands based on participation numbers in the SKML EQA 
program. Information on reagent composition and performance char
acteristics was extracted from the manufacturers' instructions for use 
(IFUs) and is summarised in Tables 2 and 3. Although the level of detail 
provided in IFUs is limited, several relevant differences between re
agents could be identified.

PT reagents (Table 2) differed in the source and composition of tissue 
factor and phospholipids, the inclusion of heparin neutralisers, and the 
presence of stabilisers, preservatives and buffers. Tissue factor was Ta
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either recombinant human (produced in E. coli) or derived from human 
placenta or rabbit brain. Phospholipids were either synthetic or sourced 
from rabbit brain or human placental tissue, and formulations varied 
between liquid and lyophilised. All reagents contained heparin neu
tralisers and some specified polybrene as heparin inhibitor. The blocking 
potential of heparin neutralisers varied between potential to neutralise 
up to 0.6 IU/mL to 2 IU/mL unfractionated heparin. Stabilisers and 
preservatives included bovine serum albumin, cadmium sulphate 
(0.05%, carcinogen), nickel sulphate hexahydrate (<0.1%), and sodium 
azide (<1 g/L). HEPATO-PREST was the only reagent containing bovine 
plasma free of factors II, VII, X. This reflects the principle of Owren's PT, 
in which the reagent is supplemented with bovine plasma. Since the 
bovine plasma provides factor V and fibrinogen, measurements with this 
reagent are only influenced by differences in concentration of factors II, 
VII and X in the patient plasma.

APTT reagents (Table 3) differed in the type of contact activator used 
(ellagic acid, silica, kaolin) and in the source and composition of phos
pholipids (synthetic phospholipids, soy phospholipids, rabbit brain 
cephalin, or mixtures thereof). Furthermore, stabilisers and pre
servatives and buffer composition varied between manufacturers. Only 

two manufacturers explicitly specified sodium azide as the preservative 
in their IFU and only one manufacturer specified HEPES including the 
pH as the buffer. The physical formulation of the reagent also varied 
between liquid and lyophilised. Finally, manufacturers reported 
different sensitivity profiles to intrinsic factor deficiencies, lupus anti
coagulant, and heparin.

Together, these differences in reagent composition and declared 
analytical sensitivity provide a plausible mechanistic basis for the 
method-dependent variability observed in PT and aPTT measurements 
across analyser and reagent systems.

3.2. Effect of storage conditions on PT and aPTT

To assess the effect of storage temperature on PT and aPTT results, 
measurements from freshly drawn plasma from healthy volunteers were 
compared to those obtained from aliquots of the same blood samples 
after storage. Storage of samples at − 80 ◦C or LN2 did not significantly 
affect PT and aPTT results (Fig. 1). For most reagents included in the 
study, storage of plasma at − 20 ◦C resulted in extended PT and aPTT 
values. The magnitude of prolongation was highly variable, with some 

Fig. 1. PT (A) and aPTT (B) results per storage condition. Reagents were used on test systems of their respective providers. The grey shaded areas represent the 
reference intervals as specified in the manufacturers’ instructions for use (IFUs). Reference intervals are not shown when not specified in the corresponding IFUs. 
Statistical significance is indicated relative to the Fresh condition when available; for PT Rec cobas and aPTT Rec cobas, where no Fresh condition was available, 
comparisons were made relative to the − 80◦C condition. Fresh, measured within 4 hours after collection; n.s., not significant.
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samples exhibiting substantial increases in coagulation time while 
others remained largely unchanged. As a result, not all differences were 
statistically significant. Nevertheless, this variability poses an unac
ceptable risk in clinical practice, where consistent and reliable results for 
every patient are essential. Notably, PT values measured using HEPATO- 
PREST (Stago), the only reagent in this study measuring Owren's PT, 
were slightly shorter after storage at − 20 ◦C compared to fresh plasma 
(Fig. 1).

3.3. Inter-method variability in PT and aPTT

Since storage of samples at − 80 ◦C or LN2 did not affect PT and aPTT 
results, the effect of the reagent used to measure PT or aPTT of healthy 
individuals was analysed using samples stored at − 80 ◦C and LN2. For 
the PT, the PT Rec cobas reagent (Roche) yielded the shortest clotting 
times while STA Neoplastin R and STA-NeoPTimal (Stago) resulted in 
the longer clotting times (Fig. 2 (-80 ◦C), S2 (LN2)). HEPATO-PREST 
(Stago) gave higher clotting times for PT compared to the other re
agents, possibly because this reagent is the only one based on the Owren 
method. In the Owren method, patient plasma is diluted more before the 
reaction compared to PT assays based on the original Quick procedure 
[8,9].

Regarding reagent composition, we did not find an explanation in 

Roche's PT Rec cobas reagent IFU for its shorter clotting times, as the 
activator (recombinant human thromboplastin) is also present in other 
reagents that yielded longer PTs. Similarly, the prolonged PTs observed 
with STA Neoplastin R and STA-NeoPTimal could not be attributed to 
specific reagent components. A possible explanation is that the STA MAX 
analyser used with these reagents uses mechanical clot detection, 
whereas all other instruments rely on optical detection.

For the aPTT, the Dade Actin FS reagent (Siemens) yielded the 
shortest clotting times together with Actin FSL (Siemens) and aPTT 
cobas (Roche), while PTT/Autom.Sta APTT (Stago) resulted in the 
longest clotting times (Figs. 2, S2). Notably, the reagents with the 
shortest aPTTs contain ellagic acid and soy phosphatides, while the 
other aPTT reagents contain different activators (e.g., silica, kaolin, 
rabbit brain cephalin) and/or phospholipids (rabbit brain cephalin, 
synthetic phospholipids) (Table 2).

The PT and aPTT values obtained in our experiments were largely 
consistent with the reference intervals provided by the manufacturers 
(Fig. 2). Minor deviations were observed for a subset of reagents: several 
healthy volunteers had clotting times exceeding the reference intervals 
specified in the manufacturers' IFUs when measured with PTT/Autom. 
Sta APTT, STA Neoptimal, and Thromborel S. For other reagents 
including Actin FSL and Pathromtin SL, the manufacturer-defined upper 
limit appeared wide relative to our highest measured values. Notably, 

Fig. 1. (continued).
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the median of our measured values for Actin FSL lies near the lower end 
of the manufacturer's reference interval. These findings highlight both 
inter-individual variability and differences in how reference intervals 
were established, which possibly depend on the specific population 
analysed as well as instrument settings, calibration, and laboratory 
conditions such as temperature. They reinforce the statement in the 
manufacturers' IFUs that each laboratory should determine their own 
reference intervals.

3.4. Sensitivity of PT and aPTT reagents to anticoagulants and lupus 
antibodies

The sensitivity of PT and aPTT reagents to anticoagulant therapy and 
lupus antibodies was evaluated by measuring PT and aPTT across con
centration ranges of DOACs (apixaban, rivaroxaban, edoxaban, and 
dabigatran), heparin, LMWH, and lupus antibodies in normal citrated 
pool plasma (Figs. 3, S3).

3.4.1. DOACs
For PT measurements, STA-NeoPTimal (Stago) exhibited high 

sensitivity to most of the DOACs tested (Figs. 3A, S3A). HemosIL 
RecombiPlasTin 2G and ReadiPlasTin (Werfen) showed comparable 
sensitivity to apixaban. For rivaroxaban, STA-Neoplastin R (Stago) 
demonstrated the greatest sensitivity. The high DOAC sensitivity of STA 
Neoplastin R and STA-NeoPTimal could not be attributed to specific 
reagent components disclosed in the IFU's. A possible explanation could 
be that the STA MAX analyser used with these reagents employs me
chanical clot detection rather than optical detection. The least sensitive 
PT reagent for all DOACs was Dade Innovin (Siemens), although PT 
values obtained with this reagent did increase with higher levels of 
dabigatran. These observations could not be related to reagent compo
nents based on the IFU's.

For aPTT measurements, Pathrombin SL (Siemens) showed the 
largest increases with rising DOAC concentrations except edoxaban 
(Figs. 3A, S3A). For apixaban, the aPTT cobas reagent from Roche 
yielded an exceptionally elevated measurement at a supraphysiological 
concentration of 600 ng/mL. When analysis was limited to 

concentrations up to 300 ng/mL, Pathrombin SL (Siemens) demon
strated the highest sensitivity to apixaban. Pathrombin SL contains sil
icon dioxide particles as activator; however, PTT/Autom.Sta APTT and 
HemosIL SynthASil also contain a silica activator but did not show 
comparable DOAC sensitivity.

The least sensitive reagent to all tested DOACs was Actin FSL 
(Siemens). In the presence of apixaban and edoxaban, all aPTT mea
surements obtained with Actin FSL remained within the reference range 
specified in the IFU (Fig. S3A). Actin FSL contains ellagic acid and soy 
phosphatides as activators, similar to the Roche aPTT cobas reagent, yet 
these reagents showed markedly different responses particularly to 
edoxaban. This suggests that factors other than the disclosed activator 
and phospholipid source contribute to the observed differences in DOAC 
sensitivity.

Consistent with the observed differences in reagent sensitivity, CT2 
values (defined as the DOAC concentration required to double the 
baseline clotting time) varied substantially between reagents and are 
summarised in Table 4.

3.4.2. Heparin and LMWH
Most PT reagents tested showed limited sensitivity to increasing 

concentrations of heparin, dalteparin, and nadroparin (Figs. 3B, S3B). 
STA-NeoPTimal, HEPATO-PREST (Stago) and Thromborel S (Siemens) 
showed the most notable increases in PT values, particularly for heparin 
at concentrations above 1 IU/mL. Notably, STA-NeoPTimal already 
yielded PT values above the upper limit of the reference interval at 0.75 
IU/mL. This shows that the manufacturer's claim in the IFU that 
unfractionated heparin is neutralised up to 1.0 IU/mL could not be 
reproduced under our experimental conditions.

Pathrombin SL (Siemens) showed the largest increases in aPTT 
values with increasing concentrations of heparin, dalteparin, and 
nadroparin, while Actin FSL (Siemens) exhibited a more subtle response 
(Fig. 3B).

Although Pathrombin SL contains silica as an activator, other silica- 
based reagents included in this study (PTT/Autom.Sta APTT and 
HemosIL SynthASil) were less sensitive to heparin, indicating that the 
presence of silica alone does not explain the observed differences in 

Fig. 2. PT and aPTT results of healthy individuals measured with different reagents (samples stored at − 80 ◦C). Reagents were used on test systems of their 
respective providers. The grey shaded areas represent the reference intervals as specified in the manufacturers’ instructions for use (IFUs). Reference intervals are not 
shown when not specified in the corresponding IFUs. For most reagents, statistically different means were found in the tested sample set; therefore, only statistically 
non-significant differences are indicated. HEPATO-PREST results are not shown because PT clotting times were above the range of the y-axis. n.s., not significant.
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sensitivity. Likewise, the subdued response observed with Actin FSL 
could not be attributed to its activator ellagic acid, as other ellagic 
acid–based reagents showed high sensitivity to heparin. These findings 
suggest that differences in reagent formulation beyond the type of 
activator—such as activator concentration, phospholipid composition, 
or other proprietary components—likely contribute to the observed 
variability in heparin sensitivity.

3.4.3. Lupus antibodies
Among the PT reagents, none showed noteworthy sensitivity to lupus 

antibodies (Figs. 3B, S3B). Among the aPTT reagents tested, only PTT/ 
Autom.Sta APTT (Stago) and Actin FSL (Siemens) demonstrated sensi
tivity to lupus anticoagulant, with PTT/Autom.Sta APTT showing the 
greatest sensitivity in our study. With the combination of the pooled 
plasma and lupus antibody mixture used in this study, the values 
measured with Actin FSL (Siemens) did not exceed the upper limit of the 
reference interval specified in the IFU. Actin FSL PTT/Autom.Sta APTT 
contains silica as activator combined with rabbit brain cephalin, 
whereas Actin FSL contains ellagic acid and soy phosphatides. HemosIL 
SynthASil (Werfen) claims lupus sensitivity in the IFU and also contains 
silica but uses synthetic phospholipids, and showed a minor response in 
our experiments only at undiluted lupus anticoagulant concentrations. 
Pathrombin SL (Siemens), which is also described by the manufacturer 
as being lupus sensitive, did not demonstrate increased sensitivity in our 
study. These observations reinforce that differences in reagent formu
lation beyond the type of activator or phospholipids, e.g. phospholipid 
composition or concentration, determines lupus antibody sensitivity.

Supplemental Fig. S4A (aPTT) and B (PT) show the results of the 
spiking experiments, comparing all methods across concentrations of 
DOACs, heparin, LMWH, and lupus antibodies in normal plasma. This 
comparison helps interpret method-specific differences, such as when a 
sample affected by interference in one assay is analysed using an alter
native method. Together, these data also emphasise that laboratories 
should not only establish their own reference intervals, but also consider 
the intended use of their assays and validate assay performance within 
their own setting.

4. Discussion

In this study, we investigated two principal sources of variability in 
PT and aPTT measurements that are relevant to clinical practice and 
external quality assessment (EQA). First, we evaluated the impact of 
plasma storage conditions on clotting times, demonstrating that storage 
at − 80 ◦C preserves native samples for accurate analysis, whereas 
storage at − 20 ◦C leads to prolonged clotting times. Second, we assessed 
method- and reagent-dependent differences in sensitivity to commonly 
used anticoagulant drugs, including unfractionated and low molecular 
weight heparins as well as direct oral anticoagulants (DOACs). Our re
sults demonstrate that the intrinsic characteristics of reagents contribute 
substantially to variation in PT and aPTT outcomes. Together, these 
findings underscore the importance of optimizing pre-analytical 
handling and understanding reagent sensitivity for accurate interpre
tation of clotting times in both clinical practice and EQA programmes.

Fig. 3. PT and aPTT results of normal pool plasma of healthy individuals spiked with direct oral anticoagulants (A), heparin, low molecular weight heparins 
(dalteparin, nadroparin) and lupus antibodies (B). Reagents were used on test systems of their respective providers. Results are expressed as ΔPT or ΔaPTT (y-axis), 
calculated by subtracting the baseline value obtained in the absence of anticoagulants. Measurements were performed using different reagents, as specified by the 
colours. Missing aPTT values in the plots indicate that the measured aPTT exceeded the maximum range of the assay.
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4.1. Pre-analytical effects and storage

Currently, EQA programmes including ECAT and SKML distribute 
lyophilised plasma. Lyophilisation and reconstitution may alter plasma- 
reagent interactions and contribute to matrix effects [10]. To explore 
whether frozen plasma could provide a more representative alternative 
for EQA, we tested the effects of freezing on PT and aPTT by comparing 
fresh plasma with samples stored under three conditions. Overall, 
plasma stored at − 20 ◦C led to prolongation of the PT and aPTT, likely 
reflecting degradation of coagulation factors or conformational changes 
that reduce assay sensitivity. In contrast, plasma stored at − 80 ◦C or 
snap-frozen in liquid nitrogen maintained clotting times comparable to 
fresh material.

This is consistent with previous studies showing that PT and aPTT 
results remain comparable to baseline after storage at − 80 ◦C for up to 
one year for PT and six months for aPTT, whereas at − 20 ◦C, PT results 
are only maintained for approximately one month and aPTT results for 
up to 15 days [11,12]. CLSI H21 ED6:2024 provides similar guidance, 
specifying that plasma stored at − 20 ◦C is suitable only for short-term 
use (on the order of days to a few weeks depending on the assay), 
while long-term storage of coagulation samples requires freezing at 
− 70 ◦C or below, where PT and aPTT stability is preserved for several 
months to a year. Although storage at refrigerated or ambient temper
atures would be operationally advantageous for EQA programmes, the 
CLSI guideline permits refrigerated storage of PT (INR) samples for only 
24 h [13], which is insufficient for practical EQA logistics.

Paradoxically, we observed that for measurements with HEPATO- 
PREST, PT was shortened in samples stored at − 20 ◦C. HEPATO- 
PREST is the only reagent containing bovine plasma free of factors II, 
VII, X that provides factor V and fibrinogen. Addition of fibrinogen could 
potentially reduce PT [14]; but this speculation does not explain why 
clotting times were only decreased upon storage at − 20 ◦C.

Together, these findings have practical implications for diagnostic 
laboratories and EQA providers: plasma intended for proficiency testing 

should be stored at − 80 ◦C to avoid artificial prolongation and misin
terpretation. Although our study focused primarily on storage condi
tions, pre-analytical variability in PT and aPTT testing is multifactorial 
and also includes factors such as blood collection, centrifugation, 
transport, and freeze–thaw cycles [12]. We recognise that in some parts 
of the world, transportation of frozen samples on dry ice may not be 
feasible; however, in areas where this is possible, the use of frozen 
samples more closely reflects routine clinical sample handling in labo
ratories. These insights into storage temperature may not only be rele
vant for EQA material but also for situations in which PT or aPTT cannot 
be measured immediately, and for routine laboratory practice when 
considering the feasibility and reliability of add-on or repeat testing 
using stored patient plasma. These considerations are likely to apply to 
PT- and aPTT-based factor activity assays used for the assessment of 
coagulation factor deficiencies too. However, most published data are 
derived from healthy volunteers [15,16] or patients without factor de
ficiencies [17], highlighting an important knowledge gap in the stability 
of plasma from patients with coagulation factor deficiencies.

4.2. Analytical sources of variability

Both PT and aPTT demonstrated substantial method-dependent 
variability, as reflected both in the differing reference intervals re
ported in the IFUs and in the measurements obtained from healthy 
volunteers. Plasma samples from these healthy individuals were ali
quoted and analysed in a paired manner across methods, effectively 
excluding biological variation as a source of the observed differences. 
The evaluated reagents differed in reagent composition, formulation, 
and instrument detection principles, all of which contribute to assay 
performance.

For PT, variability arises from differences in thromboplastin source 
and composition, ranging from recombinant human tissue factor to 
tissue-derived thromboplastins from rabbit brain. The inclusion of 
heparin neutralisers further modulates assay responsiveness, 

Table 4 
DOAC concentrations required to double baseline PT and aPTT clotting times (CT2).

DOAC PT reagent CT₂ (ng/L) aPTT reagent CT₂ (ng/L)

Apixaban Dade Innovin >600 Actin FSL >600
HemosIL RecombiPlasTin 2G >600 aPTT cobas >600
HEPATO-PREST >600 C.K. PREST 5 >600
PT Rec cobas >600 Dade Actin FS >600
ReadiPlasTin >600 HemosIL SynthASil >600
STA Neoplastin R >600 Pathrombin SL >600
STA-NeoPTimal >600 PTT/Autom.Sta APTT >600
Thromborel S >600

Rivaroxaban Dade Innovin >400 Actin FSL >400
HemosIL RecombiPlasTin 2G 345 aPTT cobas >400
HEPATO-PREST >400 C.K. PREST 5 >400
PT Rec cobas >400 Dade Actin FS >400
ReadiPlasTin 327 HemosIL SynthASil >400
STA Neoplastin R 242 Pathrombin SL >400
STA-NeoPTimal 302 PTT/Autom.Sta APTT >400
Thromborel S >400

Edoxaban Dade Innovin >600 Actin FSL >600
HemosIL RecombiPlasTin 2G 538 aPTT cobas 424
HEPATO-PREST >600 C.K. PREST 5 >600
PT Rec cobas >600 Dade Actin FS >600
ReadiPlasTin 497 HemosIL SynthASil >600
STA Neoplastin R 404 Pathrombin SL >600
STA-NeoPTimal 266 PTT/Autom.Sta APTT >600
Thromborel S >600

Dabigatran Dade Innovin 473 Actin FSL 343
HemosIL RecombiPlasTin 2G >500 aPTT cobas 166
HEPATO-PREST >500 C.K. PREST 5 167
PT Rec cobas 412 Dade Actin FS 190
ReadiPlasTin >500 HemosIL SynthASil 210
STA Neoplastin R 426 Pathrombin SL 127
STA-NeoPTimal 378 PTT/Autom.Sta APTT 197
Thromborel S 465
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contributing to the wide range of PT values observed across methods. 
Additional variability may be introduced by reagent formulation and 
storage, as some reagents are lyophilised while others are supplied in 
liquid form. Finally, instrument-specific clot detection principles (me
chanical versus optical) may further influence clot detection kinetics and 
enhance reagent-dependent effects.

For aPTT, variability is primarily driven by differences in contact 
activators that differentially initiate the intrinsic pathway. In addition, 
reagents contain phospholipids derived from rabbit brain, soy, or fully 
synthetic sources. As phospholipid concentrations and composition are 
typically not disclosed, their relative contribution to coagulation com
plex assembly and inhibitor sensitivity cannot be directly assessed but is 
likely substantial [18–20]. These differences are particularly relevant 
for lupus anticoagulant sensitivity [21,22]. Besides, lupus anticoagulant 
is not a uniform entity but represents a heterogeneous group of anti
bodies with variable target specificities and functional effects [23]. 
Consequently, the interaction between lupus anticoagulant and aPTT 
reagents may differ between patients and between reagent formulations, 
providing a plausible explanation for method-dependent differences in 
lupus anticoagulant sensitivity observed in clinical practice. Although 
pooled lupus anticoagulant-positive plasma, as used in the current 
study, provides a practical approach to evaluate assay interference 
under controlled conditions, it may not fully capture the inter-individual 
variability observed in clinical samples.

Lot-to-lot variation was minimised by using identical reagent lots 
within each experimental series because the present study was not 
designed to assess lot-to-lot variation, or biological variability. Never
theless, such factors will further contribute to variability in both PT and 
aPTT results in clinical practice, beyond the method-dependent differ
ences observed here.

Overall, these findings emphasise that both PT and aPTT are com
plex, method-defined assays, in which reagent composition, formula
tion, and analytical platform jointly determine test performance. 
Consequently, harmonisation of these methods is challenging.

4.3. Sensitivity to anticoagulants and clinical implications

Our findings confirm previous observations that PT and aPTT 
responsiveness is strongly influenced by reagent composition, analytical 
platform, and the type of anticoagulant present in patient plasma. A 
certain degree of sensitivity is desirable, e.g. for monitoring unfractio
nated or low-molecular-weight heparins or vitamin K antagonists. 
However, excessive or unpredictable sensitivity can complicate inter
pretation, particularly when anticoagulant use is unknown. For clini
cians, it can be helpful to understand how a patient's medication 
influences PT or aPTT results, as this supports appropriate interpretation 
of abnormal clotting times. However, the expanding range of available 
anticoagulants, particularly DOACs, has introduced increasing analyt
ical complexity: different drugs and concentrations can have markedly 
different effects depending on the reagent used, with PT reagents in 
particular showing highly variable responsiveness to DOAC 
concentrations.

To our knowledge, no previously published data are available spe
cifically evaluating DOAC sensitivity for Roche cobas PT or aPTT assays. 
This highlights a relevant gap in the current literature [24] and illus
trates the contribution of our findings. Overall, our findings generally 
showed agreement with earlier studies (Supplementary Tables 1 and 2). 

A few noteworthy observations were made: for rivaroxaban, the CT2 
value obtained with HemosIL Recombiplastin 2G was lower in our study 
compared with the values reported by others [25,26]. However, our 
results were more comparable to previously published values obtained 
with HemosIL Recombiplastin (without 2G) [27–29]. For edoxaban, 
limited comparative data are available in the literature, possibly because 
this was the last of the four major DOACs to reach the market [30] and is 
prescribed less frequently than apixaban and rivaroxaban [31]. Several 
PT reagents in our study demonstrated CT2 values below 600 ng/mL. 
Among the most sensitive aPTT reagents for edoxaban was the aPTT 
cobas assay (Roche). Most reagents were relatively sensitive to dabiga
tran. Compared to previous findings, the CT2 value observed with Dade 
Actin FS was approximately twofold higher than the value reported 
previously [32]. Notably, information on DOAC sensitivity is generally 
not included in the IFUs of PT and aPTT reagents, as these assays are not 
officially intended for DOAC assessment. Nevertheless, in clinical 
practice PT and aPTT testing is frequently performed in patients using 
DOACs, making awareness of reagent-specific DOAC sensitivity clini
cally relevant despite the lack of formal manufacturer guidance.

We provide an up-to-date, systematic overview of the sensitivity of 
currently available PT and aPTT methods to commonly used anticoag
ulants. Having this overview is essential not only for anticipating po
tential drug–test interactions, but also for understanding differences 
between laboratories and guiding the acquisition and implementation of 
new methods. This knowledge benefits: 

1. laboratory staff, who can identify and manage assay interference and 
use the information when setting reference intervals;

2. clinicians, who can interpret results in the context of a patient's 
medication and recognise method-dependent differences in sensi
tivity when monitoring anticoagulant therapy or interpreting 
abnormal results;

3. researchers, who must account for potential assay variability in 
multicentre studies; and ultimately

4. patients, who will receive safer and more reliable diagnostics.

Interferences by the expanding range of anticoagulants not only re
mains highly relevant in routine coagulation testing, but also in external 
quality assessment (EQA) programmes. The complexity extends beyond 
the range of anticoagulants evaluated in the present study: novel hae
mophilia therapies (e.g., non-factor replacement therapies and extended 
half-life products) are increasingly used in clinical practice and are 
known to interfere with routine coagulation assays [33–35]. Likewise, 
we did not assess the influence of varying coagulation factor concen
trations on PT and aPTT results, which may further contribute to inter- 
method variability in clinical samples [36]. In addition, the DOAC 
reversal agent idarucizumab was not included in this study despite its 
use in contemporary clinical practice [37]. Notably, current EQA 
schemes include samples containing heparins, lupus anticoagulant, and 
factor deficiencies, whereas samples containing DOACs are generally 
not yet incorporated. This is despite their frequent use in clinical prac
tice and the regular occurrence of patient samples in which PT and aPTT 
results must be interpreted in the context of both DOAC-related effects 
and assay- or reagent-dependent sensitivity. Our findings highlight the 
need for EQA programmes to adapt sample composition to reflect cur
rent anticoagulant use, thereby improving the clinical relevance of 
proficiency testing of PT and aPTT results.

Table 5 
Recommendations for EQA schemes.

Recommendation for EQA schemes

Use plasma stored at − 80 ◦C
Include relevant interference conditions, extending existing schemes (UFH, LMWH, DOACs, reversal agents, novel haemophilia therapies where feasible)
Account for reagent- and method-specific sensitivities, e.g. by calculating separate All-Laboratory Trimmed Mean values per reagent type
Implement case-based scenarios instead of reporting only clotting times
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4.4. Harmonisation potential

Harmonisation of laboratory tests is often desirable, as it allows re
sults to be directly comparable and ensures that the measured analyte 
reflects the same quantity across laboratories worldwide. This offers 
benefits for patients, who assume consistent results, diagnoses, and 
treatment decisions across healthcare settings, with low risk of misin
terpretation. Laboratories benefit from improved interpretability of 
their own performance in EQA schemes, while laboratory specialists and 
clinicians benefit from not having to redefine reference intervals and 
clinical decision limits with a change of method, reducing the need for 
extensive training of all stakeholders.

In haemostasis, however, PT and aPTT are primarily used as 
screening assays, with results reflecting the complex interplay of 
numerous coagulation factors and cofactors. This, combined with vari
ations in detection methods (optical versus mechanical) and the fact that 
the reported unit is in seconds—a measure of a process rather than a 
quantification of molecules—makes harmonisation particularly chal
lenging. In addition, modification of extensively validated reagents and 
protocols by manufacturers would require comprehensive revalidation, 
documentation, and regulatory approval, creating substantial practical 
and regulatory barriers to harmonisation.

Unlike many other assays, PT and aPTT are not universally cali
brated. INR standardization against a normal plasma pool, combined 
with an International Sensitivity Index (ISI), is widely applied to reduce 
inter-laboratory differences for PT. Even so, differing reagent sensitiv
ities complicate standardization and EQA results for INR still show 
considerable variation, particularly at higher clotting times [38]. This 
underscores the persistent challenges in achieving full harmonisation 
[39] and indicates that our conclusions for PT also apply to INR. In 
practice however, the clinical relevance may not always lie in the exact 
number of seconds, but rather in whether the clotting time is within or 
outside the expected range, emphasizing that qualitative interpretation 
can be sufficient for guiding treatment.

An alternative approach may be to embrace the differences in sen
sitivities between reagents and use them diagnostically, though this 
requires thorough knowledge of reagent-specific behaviour to interpret 
results. For instance, one must consider whether it is desirable that a PT 
assay should detect DOAC presence in a patient's plasma or remain 
relatively insensitive. This ultimately depends on the specific diagnostic 
question being asked. To make intended differences in sensitivity both 
useful and safe, In Vitro Diagnostics (IVD) manufacturers will need to 
specify and communicate the impact of these differences in the intended 
use when marketing their products.

EQA programmes could reflect this approach by presenting case- 
based scenarios in which laboratories interpret results in the context 
of reagent sensitivity and the patient's clinical situation, suggesting 
additional diagnostics as appropriate, rather than simply reporting a 
clotting time in seconds. Such an approach would be educational to 
laboratory professionals and help them to communicate the impact and 
increase the awareness of clinicians.

5. Conclusions

In conclusion, our study demonstrates that accurate PT and aPTT 
assessment depends on both careful pre-analytical handling (such as 
storage at − 80 ◦C to preserve factor stability) and awareness of sub
stantial method- and reagent-dependent variability. The sensitivity of 
these assays to a growing range of anticoagulants underscores the need 
for EQA programmes to update sample composition to reflect contem
porary clinical practice. Based on our findings, we have formulated 
several recommendations specifically aimed at improving EQA schemes 
to better reflect current anticoagulant use and assay variability 
(Table 5).

By accounting for these sources of variation, laboratories, clinicians, 
and researchers can ensure more reliable interpretation of clotting 

times, improve proficiency testing relevance, and ultimately enhance 
patient safety in anticoagulant monitoring and screening.
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