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Abstract

The International Normalized Ratio (INR), introduced by the World Health Organization in 1983, is central to vitamin K antagonist (VKA) therapy 
monitoring. However, thromboplastin standardization alone does not ensure harmonized prothrombin time (PT)/INR results. Residual variability 
arises throughout the testing continuum. In this narrative review, we examine the principal sources of residual PT/INR non-equivalence across the 
“vein-to-report” pathway. Particular attention is devoted to clinical settings in which the assumptions underlying INR calibration are only partially 
satisfied, including advanced liver disease and exposure to direct oral anticoagulants. We further discuss postanalytical factors, such as determi-
nation of the mean normal prothrombin time and system-specific verification of the International Sensitivity Index, as well as quality assurance 
strategies, including the use of commutable external quality assessment materials and patient-based real-time quality control. Prothrombin time/
INR harmonization requires integrating preanalytical practices, recognizing reagent-instrument dependencies, and quality strategies reflecting re-
al-world testing conditions.
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Highlights 

•	 Prothrombin time/international normalized ratio (PT/INR) non-equivalence persists despite thromboplastin calibration due to variability 
across the total testing process

•	 INR does not reliably harmonize results in liver disease or direct oral anticoagulant exposure
•	 Reagent–instrument combinations introduce system-dependent biases not fully corrected by standard calibration
•	 Commutable external quality assessment materials and patient-based real-time quality control are essential for detecting clinically relevant bias
•	 True PT/INR harmonization requires management of the entire vein-to-report pathway

Introduction

The most well-established preanalytical determi-
nants of prothrombin time/international normal-
ized ratio (PT/INR) reliability originate from speci-
men collection. Proper venipuncture technique is 
essential to avoid local activation or contamina-
tion. Prolonged tourniquet application, traumatic 
venipuncture, incorrect collection order, and sam-

pling through indwelling lines may compromise 
sample quality and introduce variability in clot-
based assays (1,2).

The International Normalized Ratio, introduced by 
the World Health Organization (WHO) in 1983, 
uses the International Sensitivity Index (ISI) to re-
duce thromboplastin-related differences and es-
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tablish metrological traceability (3,4). Despite be-
ing one of the most influential standardization 
tools in laboratory medicine, “standardization” has 
not fully translated into “harmonization” - clinically 
equivalent results across all methods and settings 
(5-8).

Analytical variability also stems from how clot for-
mation is detected. Prothrombin time systems rely 
on mechanical or viscosity detection, or optical 
monitoring of light transmission changes during 
fibrin formation. These methods differ not only in 
physical basis but also in sensitivity to hemolysis, 
lipemia, icterus, hypofibrinogenemia, and other 
matrix abnormalities (9,10). Even when the same 
specimen is analyzed with closely related reagent 
systems, inconsistencies may persist because the 
clotting endpoint is operationally assigned rather 
than universally observed. In optical systems, the 
reported PT may depend on signal thresholds, 
clotting-curve processing rules, and platform-spe-
cific endpoint algorithms (11-13). Such differences 
may have clinical consequences when PT/INR re-
sults are used for vitamin K antagonist dose ad-
justment, interpretation of direct oral anticoagu-
lant exposure, liver-disease severity assessment, or 
comparison of results across institutions. 

The aim of this narrative review is therefore to criti-
cally examine residual PT/INR non-equivalence 
across the total testing process. We focus on how 
preanalytical conditions, reagent-instrument inter-
actions, endpoint-detection principles, postana-
lytical INR parameters, external quality assessment 
materials, and clinical context influence the de-
gree to which PT/INR results can be considered 
clinically interchangeable. By linking these sources 
of variability to patient-management consequenc-
es, we seek to clarify why PT/INR harmonization re-
quires more than correct application of the INR 
formula and why system-specific verification and 
context-aware interpretation remain necessary.

Prothrombin time and International 
Normalized Ratio 

The expanding use of direct oral anticoagulants 
(DOACs) illustrates an important boundary of PT/

INR harmonization beyond the vitamin K antago-
nist (VKA) model. Unlike VKAs, which reduce mul-
tiple vitamin K-dependent factors in a relatively 
coordinated manner, DOACs produce target-spe-
cific effects that reflect drug class, plasma concen-
tration, and reagent-dependent analytical respon-
siveness rather than biologically standardized pat-
terns (14-16). Accordingly, PT/INR results in DOAC-
exposed samples should not be interpreted as 
standardized measures of anticoagulant intensity. 
The clinical magnitude of this divergence is sub-
stantial. Tripodi and colleagues demonstrated that 
plasma from patients with advanced liver disease 
produced INR differences of 15-20% when tested 
with reagents at opposite ends of the ISI spectrum 
(ISI 0.9 vs. ISI 1.7), despite equivalent calibration 
traceability (17).

International Normalized Ratio was introduced to 
reduce PT variability by transforming it into a 
standardized expression: INR = (PTpatient / MNPT)ISI, 
where MNPT denotes the mean normal prothrom-
bin time and ISI denotes the International Sensitiv-
ity Index (3,4). This transformation improves com-
parability mainly in patients receiving VKAs, in 
whom vitamin K-dependent coagulation factors 
decrease in a relatively coordinated manner. How-
ever, INR standardization remains conditional. 
When this biological assumption is not met, clini-
cally relevant non-equivalence may persist (18). To 
this end, we examine the harmonization of PT/INR 
from a preanalytical, analytical, and postanalytical 
perspective, which is primarily structured around 
a five-tier framework: patient-related biological 
context and non-parallel factor abnormalities; pro-
cedural preanalytical variation; reagent-instru-
ment and endpoint-detection dependence; posta-
nalytical INR parameters, including MNPT determi-
nation and ISI verification; and external quality as-
sessment (EQA) commutability and reporting 
practice.

Preanalytical phase

The preanalytical phase is a major source of 
coagulation testing variability. Preanalytical 
errors and unsuitable samples can account for 
up to 70-77% of all laboratory errors. In coagu-
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lation testing specifically, specimen rejection 
rates are significantly higher than for other 
test groups (19,20). This review distinguishes 
procedural preanalytical variables (directly af-
fecting specimen quality) from patient-related 
biological conditions (altering the clinical con-
text of PT/INR interpretation). Only procedural 
variables are cross-institutional standardiza-
tion targets; biological modifiers define the 
limits of interpretive comparability (21-23).

Patient-related biological determinants 
beyond procedural preanalytics

Not all influences preceding PT measurement are 
procedural. Before venipuncture, the patient’s bio-
logical state may already affect both the genera-
tion and interpretation of PT prolongation. Unlike 
classical preanalytical variables, these factors do 
not primarily impair specimen integrity, but alter 
the biological context in which PT/INR is produced 
and interpreted. 

This distinction is important because the INR mod-
el was developed in VKA-treated patients (24). In 
other conditions, PT prolongation reflects hetero-
geneous and often overlapping pathophysiologi-
cal mechanisms. In chronic liver disease, including 
cirrhosis, alterations involve not only reduced syn-
thesis of procoagulant factors but also concomi-
tant changes in anticoagulant and fibrinolytic 
pathways; therefore, PT/INR captures only a limit-
ed component of the rebalanced hemostatic sys-
tem. Moreover, because the INR was standardized 
primarily for monitoring vitamin K antagonist 
therapy, it does not reliably harmonize PT results 
across thromboplastin reagents in patients with 
chronic liver disease. Inter-reagent differences can 
reach approximately 0.7 INR units in this setting, 
underscoring that INR should not be used as a 
stand-alone measure of global coagulopathy or 
bleeding risk in cirrhosis (25). In sepsis, by contrast, 
PT prolongation is more closely related to inflam-
mation-driven coagulation activation, factor con-
sumption, endothelial dysfunction and consump-
tive coagulopathy, while reduced vitamin K availa-
bility in critical illness may provide a partially over-
lapping and potentially modifiable contribution 
(26,27).

From a harmonization perspective, these patient-
related determinants may therefore amplify resid-
ual differences between reagents and analytical 
systems even when procedural preanalytics are 
well controlled (21). They should therefore be con-
sidered biological modifiers of PT/INR interpreta-
bility rather than conventional preanalytical errors. 
This distinction is essential, because it explains 
why optimized collection and processing alone 
cannot ensure full PT/INR comparability across all 
clinical settings (3,8).

Blood collection and phlebotomy-related 
variables

Proper venipuncture technique is fundamental to 
the reliability of PT/INR assays. Preanalytical errors 
occur in roughly 5% of coagulation specimen col-
lections (28). Although the exact proportions re-
ported in different studies differ, insufficient fill 
volume and clot formation consistently remain the 
predominant issues (29,30). In accordance with 
Clinical and Laboratory Standards Institute (CLSI) 
guidance, the recommended order of draw posi-
tions sodium citrate tubes (light blue, 3.2% citrate) 
immediately after blood culture bottles and be-
fore any serum, heparin, EDTA, or glycolytic inhibi-
tor tubes (31). When a winged (“butterfly”) collec-
tion set is used, a discard tube (non‑additive or cit-
rate) must be drawn first to offset tubing dead 
space and avert under‑filling; this discard remains 
mandatory even if only a coagulation tube is col-
lected. No discard is required for standard evacu-
ated tubes without a winged set.

Tourniquet application should not exceed one 
minute and must be released as soon as blood 
flow is established (32). Sodium citrate tubes must 
be filled to at least 90% of the nominal volume to 
maintain the critical 9:1 blood‑to‑anticoagulant ra-
tio; under‑filling leads to relative citrate excess and 
consequent falsely prolonged PT/INR values. Stud-
ies demonstrate that underfilling 3.8% sodium cit-
rate collection tubes significantly prolongs PT (33). 
However, when using the 3.2% sodium citrate cur-
rently recommended by CLSI,  no statistically sig-
nificant difference in PT results was observed be-
tween 60% and 100% fill volumes (31). Immediate-
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ly after collection, the tube should be gently in-
verted four to five times to ensure thorough mix-
ing, whereas vigorous shaking should be avoided 
to prevent hemolysis (34). A clean, minimally trau-
matic venipuncture minimises tissue factor con-
tamination, and severely hemolyzed samples are 
considered unacceptable (35). Collectively, strict 
adherence to these standardised procedures and 
to the correct order of draw effectively minimises 
collection‑related variability (36).

Anticoagulant ratio, processing, and sample 
stability

After collection, the in vitro specimen environment 
is critical. Prothrombin time depends on accurate 
reversal of citrate-mediated calcium chelation. In 
markedly elevated hematocrit (> 55%), reduced 
plasma fraction produces relative anticoagulant 
excess. Guidelines recommend adjusted citrate 
volumes, yet the evidence base derives predomi-
nantly from indirect studies of underfilled tubes or 
artificially constructed hematocrit values rather 
than direct patient data (31). A study demonstrat-
ed that the impact of citrate adjustment depends 
critically on reagent type: recombinant tissue fac-
tor thromboplastin showed strong agreement be-
tween adjusted and unadjusted INRs (R² = 0.823; 
median 2.25 vs 2.22), with > 10% deviation only 
when hematocrit exceeded 62%, whereas rabbit 
brain thromboplastin exhibited only moderate 
correlation (R² = 0.427) and a clinically significant 
median INR difference (2.51 vs 3.45), challenging 
the universal application of current guidelines (37). 
From a practical standpoint, manual CLSI H21 ad-
justment is burdensome in high-throughput labo-
ratories, requiring individual patient hematocrit 
values, manual tube preparation, and careful labe-
ling, each step introducing potential human error, 
while automation strategies such as pre-labeled 
adjusted tubes or barcode-integrated calculation 
systems remain underutilized in most routine set-
tings. Laboratories thus face a trade-off between 
theoretical accuracy and operational reality.

Prothrombin time/INR stability is time- and tem-
perature-dependent: CLSI recommends up to 24 
hours at room temperature, though refrigerated 
storage data are nuanced (plasma PT/INR is stable 

for up to 24 hours at 4 °C in some studies; whole 
blood PT/INR can also be refrigerated for up to 24 
hours per the updated guideline, which super-
sedes previous recommendations against refriger-
ation (31,38). For patients receiving unfractionated 
heparin, whole blood specimens must be centri-
fuged within 1 hour at room temperature, and 
plasma analysis completed within 4 hours of col-
lection; delays beyond these thresholds may com-
promise reliability due to platelet factor 4 mediat-
ed heparin neutralization (39). Ultimately, ade-
quate centrifugation, defined as centrifugation of 
capped citrated whole blood at 1500xg for no less 
than 15 minutes at room temperature (15-25 °C), 
preferably using a swing-out bucket rotor with the 
brake deactivated, to achieve platelet-poor plas-
ma with a residual platelet count < 10,000/μL, and 
strict adherence to standardized collection, pro-
cessing, and timing protocols remain essential pre-
requisites for inter-laboratory comparability 
(40,41). Major procedural sources of preanalytical 
variability affecting PT/INR are shown in Table 1.

Analytical phase

The analytical phase is a critical determinant of PT/
INR comparability. Although the ISI framework 
was introduced to reduce variability attributable 
to differences in thromboplastin responsiveness, 
analytical harmonization remains incomplete in 
routine practice. Residual non-comparability may 
persist because differences in reagent composi-
tion, analyzer-specific clot detection principles, 
and context-dependent sample behavior are only 
partially corrected by INR transformation (1-4). An-
alytical disagreement should therefore be under-
stood not simply as the result of isolated technical 
imperfections, but as the combined consequence 
of biological complexity and system-dependent 
measurement design. This issue is particularly im-
portant in multi-center clinical trials, transplant 
networks involving cross-border organ allocation, 
or regions with high population diversity. Labora-
tories should consider local MNPT establishment 
or formal transfer validation when patient demo-
graphics or analytical systems differ substantially 
from reference conditions (41).
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Variation category Source Mechanism Effect on PT/INR Controllability

Blood collection Prolonged or difficult 
venipuncture (41)

Partial activation during 
sampling; specimen quality 

compromise
Unreliable PT/INR High

Blood collection
Incorrect order of draw 
in open systems / line 

contamination (41)

Carry-over of anticoagulants 
or other additives

Prolonged or unreliable 
PT/INR, especially when 
contamination occurs

High

Sample processing Underfilled citrate tube 
(41,42)

Excess citrate → calcium 
over-chelation

Prolonged PT / elevated 
INR High

Sample processing
Extreme hematocrit (> 

55%) without citrate 
adjustment (42)

Relative excess of citrate in 
reduced plasma volume

Prolonged PT / elevated 
INR Medium

Sample processing Inadequate centrifugation 
(40,42)

Residual cellular components 
and platelet phospholipid

Potentially altered or less 
reliable PT/INR (direction 

assay-dependent)
High

Transport / storage
Delay in processing or 

inadequate temperature 
control (42)

Time- and 
condition-dependent 

alteration of coagulation 
factor/activity stability

Usually prolonged or less 
reliable PT/INR High

PT/INR - prothrombin time/international normalized ratio. PT – prothrombin time.

Table 1. Major procedural sources of preanalytical variability affecting PT/INR

Thromboplastin reagents and analytical 
sensitivity

The limitations of the ISI model’s foundational as-
sumptions become especially evident outside the 
classic vitamin VKA setting. The model presuppos-
es coordinated declines in vitamin K-dependent 
factors, thereby allowing universal calibration cor-
rection. When factor abnormalities are non-paral-
lel, the PT prolongation-to-deficiency relationship 
becomes reagent- and system-dependent. In ad-
vanced liver disease, disproportionate factor VII re-
duction produces reagent-dependent PT respons-
es that cannot be fully corrected by a single ISI 
conversion (17,42).

Current guidelines recommend evaluating at least 
20 normal plasmas and 60 stable VKA-treated 
samples spanning INR approximately 1.5-4.5, with 
log-transformed PT results compared to the refer-
ence system via orthogonal regression (43,44). To 
address method-dependent bias, Tripodi and col-
leagues developed INR calibrated for cirrhosis 
(INR(liver)), using a cirrhosis-specific ISI derived 
from chronic liver disease patients (45). Independ-

ent validation yielded mixed results: Bechmann et 
al. reported that INR(liver) reduced but did not 
eliminate method-related Model for End-Stage 
Liver Disease (MELD) variation, with residual 8-12% 
disagreement at INR > 2.0 (46). White et al. con-
firmed improvement was most pronounced at 
lower INR ranges (1.5-2.5) but diminished with se-
vere factor VII depletion. These data indicate 
INR(liver) is a partial solution; clinical harmoniza-
tion requires complementary strategies including 
ISI optimization and thrombin generation assay 
(TGA) integration (47,48). Similar divergence has 
been documented in sepsis-associated coagulop-
athy and other non-VKA conditions where factor 
consumption patterns are heterogeneous (49).

Another issue concerns MNPT sourcing. Laborato-
ries may locally determine MNPT from healthy do-
nors or, in some settings, rely on manufacturer as-
signments. The latter assumes manufacturer refer-
ence conditions match the local reagent-instru-
ment combination, an assumption that may not 
hold in practice (41,50). Direct adoption of manu-
facturer-assigned MNPT may introduce systematic 
bias if local normal PT values differ. Postanalytical 
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harmonization requires not only correct formula 
application but validation that the MNPT is suita-
ble for the local measurement system.

Detection principles and endpoint definition

Analytical variability also arises from the way clot 
formation is detected and translated into a report-
able endpoint. Clotting time is assigned through 
platform-specific detection principles (Table 2). 
Prothrombin time systems use mechanical, viscos-
ity-based, or optical methods. These differ in sus-
ceptibility to interference from hemolysis, lipemia, 
bilirubin, and hypofibrinogenemia (13).

Traditional internal quality control (IQC) and EQA 
remain laboratory quality assurance foundations. 
However, satisfactory performance in traditional 
quality systems does not guarantee clinically 
equivalent results across laboratories, because PT/
INR comparability depends not only on analytical 
precision but also on whether quality assessment 
materials behave like real patient plasma across 
different reagent-instrument systems (51).

Analytical non-comparability is therefore not re-
ducible to reagent sensitivity alone. Instead, PT/
INR performance should be understood at the lev-
el of the integrated analyzer–reagent system, in 
which the same biological reaction may be trans-
lated into different clotting times depending on 
how endpoint formation is detected and pro-
cessed. For PT/INR harmonization, the relevant 
unit of comparison is thus not the reagent in isola-
tion, but the full measurement system through 
which coagulation is measured and converted into 
reportable data (see Table 2).

Pharmacodynamic interference from direct 
oral anticoagulants 

The increasing use of DOACs illustrates an impor-
tant boundary of PT/INR harmonization outside 
the VKA model. Unlike VKAs, which reduce several 
vitamin K-dependent clotting factors in a relative-
ly coordinated manner, DOACs exert target-specif-
ic effects on coagulation assays (14). Their influ-
ence on PT therefore reflects drug-specific and re-
agent-dependent analytical effects rather than a 

biological pattern that can be reliably normalized 
through conventional INR transformation. A sys-
tematic review by Samuelson et al. demonstrated 
that the performance of standard anticoagulation 
tests varies across DOACs and reagents, with most 
assays showing insufficient correlation to provide 
a reliable assessment of DOAC effects (16).

However, recent developments include the MRX 
PT DOAC assay, which generates a DOAC Normal-
ised Ratio (DNR) from a DOAC-sensitive PT and an 
INR from a DOAC-insensitive PT, with the Clot Time 
Ratio (CTR) calculated as DNR/INR (52). In a 2024 
evaluation, the MRX PT DOAC assay demonstrated 
100% sensitivity and 100% negative predictive val-
ue for edoxaban concentrations > 50 ng/mL, and 
can be run on widely available coagulation analyz-
ers (53). This suggests that reagent-dependent 
DOAC effects may be harnessed for detection pur-
poses rather than dismissed solely as confounding 
variability. Direct oral anticoagulant stop reagents, 
such as DOAC Stop and DP-Filter, offer another 
pathway: these products can effectively neutralize 
the in vitro effect of all DOACs, including rivaroxa-
ban, enabling accurate baseline PT/INR determina-
tion in DOAC-exposed samples (54,55). Future 
guidelines may evolve to incorporate DOAC-spe-
cific verification protocols, particularly for emer-
gency settings where rapid exclusion of clinically 
relevant DOAC concentrations is required. Typical 
effects of selected DOACs on PT assays and associ-
ated interpretation risks are shown in Table 3.

Artificial intelligence and machine learning in 
PT/INR quality assurance

Artificial intelligence (AI) and machine learning 
(ML) approaches have recently been explored in 
laboratory quality systems, particularly for patient-
based real-time quality control (PBRTQC) and co-
agulation waveform analysis (58-60). Existing stud-
ies using ensemble learning and rule-based hybrid 
models suggest that ML may improve the early 
detection of analytical drift; however, the magni-
tude of improvement is strongly dependent on 
dataset structure, local patient mix, and calibra-
tion strategy, and cannot be generalized as a fixed 
performance gain across laboratories (58). For ex-
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Analytical 
aspect

Mechanical/
viscosity-based detection Optical detection Selected magnetic 

bead-based platforms
Relevance to PT/INR 

comparability

Physical 
principle

Detects changes in sample 
movement, oscillation, 

or viscosity as fibrin 
polymerization progresses

Detects changes in light 
transmission, absorbance, 

or turbidity during clot 
formation

Detects clot-related 
changes in magnetic 
particle motion using 

platform-specific sensing 
systems

Different detection 
principles may translate the 
same coagulation reaction 
into different PT seconds, 

which are not always 
fully normalized by INR 

conversion

Endpoint 
definition

Endpoint is assigned when 
movement attenuation or 
viscosity-related threshold 

criteria are reached

Endpoint is assigned from 
optical curve thresholds 

and platform-specific 
signal-processing 

algorithms

Endpoint is assigned from 
changes in magnetic 

particle behavior together 
with platform-specific 
threshold algorithms

Endpoint assignment 
is operational rather 

than universal, and may 
therefore contribute to 
inter-system variability

Susceptibility 
to hemolysis/
lipemia/icterus

Less susceptible to purely 
optical interference, 

although biological and 
matrix-related effects may 

still influence results

More susceptible to 
optical interference, 

although modern HIL 
checks and correction 

algorithms may mitigate 
some effects

In some comparative 
studies, showed lower 
susceptibility to optical 

interference than 
photo-optical systems; 
performance remains 
platform-dependent

Matrix-dependent bias 
differs across systems and 
may reduce comparability 
in visually compromised 

samples

Performance in 
low fibrinogen 
states

Weak clot formation 
may still impair endpoint 

recognition, particularly in 
severe hypofibrinogenemia

Weak or shallow optical 
clotting curves may 

reduce signal robustness

Performance may remain 
acceptable on some 

platforms, but depends 
on assay design and 

signal-processing rules

Severe hypofibrinogenemia 
can accentuate 

system-dependent 
differences in clot endpoint 

assignment

Additional 
analytical 
output

Usually limited to 
endpoint-based clotting 

results

May provide full clotting 
curves and derived 

waveform parameters; 
clot waveform analysis is 
primarily associated with 

photo-optical systems

Usually limited in routine 
PT output, depending on 
platform implementation

Additional algorithmic 
output may improve 

interpretation, but 
also increases platform 

dependence

Practical 
implication

Often advantageous in 
optically compromised 

samples, but not inherently 
interchangeable with other 

systems

Informative and 
waveform-capable, but 

more sensitive to optical 
artifacts

Potentially useful in 
selected optically 

compromised specimens, 
but not inherently 

interchangeable with 
other systems

PT/INR harmonization 
should evaluate the 

reagent–instrument pair as 
the analytical unit rather 
than the reagent alone

PT/INR - prothrombin time/international normalized ratio. HIL - hemolysis/icterus/lipemia index. PT – prothrombin time.

Table 2. Detection principles in coagulation analyzers and their relevance to PT/INR

ample, reported improvements in drift detection 
sensitivity vary widely across simulation-based 
and retrospective datasets, and are influenced by 
baseline analytical stability and signal-to-noise ra-
tio rather than algorithm type alone (58,59). Con-
sequently, performance estimates should be inter-
preted as context-specific rather than transferable 
metrics, and prospective multicenter validation re-
mains limited.

Deep learning models applied to optical clot 
waveform data have demonstrated promising ca-
pability in identifying preanalytical interference 
such as hemolysis, lipemia, and icterus. Neverthe-
less, most published studies remain retrospective 
or single-platform in design, and clinical imple-
mentation requires validation across heterogene-
ous analyzer-reagent systems before routine 
adoption (61). Importantly, current evidence sup-
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Drug class/
example Typical effect on PT Inter-reagent 

variability
Main interpretation 

risk
Recommended reporting 

implication References

Direct factor 
Xa inhibitor 
(rivaroxaban)

Often moderate 
to marked PT 
prolongation

High

PT prolongation 
may be misread as a 

standardized estimate of 
anticoagulant intensity

PT/INR should not be used 
to estimate rivaroxaban 

intensity; if assessment is 
clinically required, use a 
drug-appropriate assay

(14,15,56)

Direct factor Xa 
inhibitor (apixaban)

Usually minimal, 
absent, or 

inconsistent effect in 
many PT systems

High

A normal PT may falsely 
reassure clinicians 
despite clinically 

relevant drug exposure

A normal PT does not 
exclude clinically relevant 

apixaban exposure
(14,15,57)

Direct thrombin 
inhibitor 
(dabigatran)

Usually weak 
and inconsistent 

PT effect; 
prolongation is 

more likely at higher 
concentrations

Moderate to 
high

PT is relatively 
insensitive and may 
underestimate drug 

presence

PT is not suitable for 
excluding dabigatran; 

dilute thrombin time or 
ecarin-based assays are 

preferred when assessment 
is required

(14,56,57)

Direct factor 
Xa inhibitor 
(edoxaban)

Moderate PT 
prolongation, 
greater than 

apixaban but less 
than rivaroxaban 
in most systems 

(1.5-2.5 x control at 
peak)

Moderate to 
high

INR may appear 
falsely elevated; 

edoxaban-specific 
anti-Xa assay preferred 

for quantitative 
assessment

PT/INR should not be used to 
estimate edoxaban intensity; 
anti-Xa assay recommended 
if quantitative data required

(14,56)

DOACs overall

Drug-specific and 
reagent-dependent 

PT effects that do 
not conform to the 

VKA calibration 
model

High

INR reporting may give 
a misleading impression 
of standardization and 

comparability

PT results in DOAC-treated 
patients should not be 
interpreted within the 

conventional VKA-oriented 
INR framework

(14,56,57)

DOACs - direct oral anticoagulants. PT – prothrombin time. PT/INR - prothrombin time/international normalized ratio. VKA - vitamin 
K antagonist.

Table 3. Typical effects of selected DOACs on PT assays and associated interpretation risks

ports AI as an adjunctive interpretive layer rather 
than a replacement for standardized analytical 
quality systems. Integration into routine laborato-
ry workflows will require resolution of key barriers, 
including model transparency, regulatory valida-
tion, interoperability with laboratory information 
systems, and dataset harmonization across institu-
tions (60,62).

Point-of-care testing INR devices and clinical 
harmonization implication

The expansion of point-of-care testing (POCT) has 
extended the PT/INR harmonization challenge be-
yond centralized laboratories into decentralized 
clinical settings (63). While POCT INR devices im-

prove care accessibility and enable rapid feedback 
for outpatient and home VKA monitoring, they 
cannot be assumed analytically interchangeable 
with central laboratory assays without formal veri-
fication (64). Point-of-care testing systems adopt 
strip- or cartridge-based whole-blood detection, 
whereas laboratory assays use platelet-poor plas-
ma with optical or mechanical clot detection, cre-
ating inherent gaps in detection principle and ma-
trix susceptibility (65,66).

Agreement between the two methods is generally 
acceptable within conventional therapeutic INR 
ranges, but bias progressively increases at higher 
values, driven by analytical non-linearity and in-
trinsic matrix effects of whole-blood testing (67). 
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Discordance risk is further amplified in patients 
with advanced liver disease or abnormal hemato-
crit and fibrinogen concentrations. This carries 
clinical relevance: MELD scores are standardized to 
laboratory INR, while POCT results commonly seen 
in emergency or ambulatory settings may lead to 
misclassification of disease severity (63,68).

Regular comparative verification against local cen-
tral laboratory systems is essential. Current guid-
ance recommends method comparison in stable 
VKA-treated patients, with an acceptable paired 
deviation of approximately 0.5 INR units (69). Ve-
nous laboratory confirmation should be prioritized 
before major clinical decisions at high INR levels 
(65). U.S. Food and Drug Administration (FDA) re-
calls of INRatio devices further underscore the ne-
cessity of device-specific validation, even as newer 
platforms show improved performance (67,70). 
Point-of-care testing does not undermine the 
broader INR framework, but clarifies that cross-
system comparability remains conditional on 
measurement method, specimen matrix, and clini-
cal context.

Owren-Quick Divergence and Fiix-PT 
Calibration

The persistent methodological divergence be-
tween Owren and Quick PT systems remains a rel-
evant source of inter-laboratory variability despite 
shared ISI-based calibration (71). Although INR 
transformation improves comparability, residual 
bias has been consistently demonstrated at higher 
INR ranges and in complex patient populations, 
particularly in the context of liver disease and in-
tensive anticoagulation regimens (68).

The Fiix-PT concept offers an innovative approach 
to reducing analytical variability by selectively pri-
oritizing factor II and X activity while attenuating 
sensitivity to factor VII-driven fluctuations (72). 
This strategy may enhance analytical stability in 
VKA monitoring; however, its clinical adoption re-
mains at an early validation stage, with current evi-
dence largely derived from observational and re-
gionally confined studies (73). Notably, while the 
Icelandic nationwide cohort study demonstrated 
improved VKA stability and reduced bleeding 

events, these findings were obtained within a rela-
tively homogeneous healthcare system with cen-
tralized laboratory standardization, which may 
limit their direct extrapolation to more heteroge-
neous international settings (74).

Accordingly, Fiix-PT should currently be regarded 
as a promising yet context-sensitive calibration 
strategy, requiring robust multicenter validation 
across diverse reagent–instrument systems before 
broad implementation can be recommended (73). 
From a harmonization perspective, it is more ap-
propriately viewed as part of a broader conceptual 
evolution toward mechanism-informed coagula-
tion assessment rather than as a direct substitute 
for conventional PT/INR. Future research should 
prioritize: (i) multicenter validation across different 
reagent classes; (ii) head-to-head comparisons 
with standardized INR in diverse populations; and 
(iii) integration into clinical decision algorithms, 
rather than relying on isolated numerical substitu-
tion.

Postanalytical phase

Postanalytical variability in PT/INR testing arises 
mainly from the parameters used to convert PT 
seconds into INR, the compatibility of those pa-
rameters with the local reagent–instrument sys-
tem, and the way INR results are subsequently in-
terpreted or incorporated into clinical decision 
tools (43). Although these factors occur after clot 
detection, they can introduce clinically relevant 
bias because INR is a calculated result rather than a 
directly measured analyte.

Determination of the mean normal 
prothrombin time

Mean normal prothrombin time serves as the 
baseline denominator in the INR formula, and sys-
tematic bias in this value propagates directly into 
all patient INR results (43). Manufacturers typically 
provide a default MNPT value established under 
reference conditions, but this value may not trans-
fer reliably to local reagent-instrument combina-
tions or patient populations. Population-related 
variation in normal PT values represents an often-
overlooked source of systematic bias: reference in-
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tervals for coagulation tests established in West-
ern cohorts may not be appropriate for non-West-
ern populations, and direct adoption of imported 
MNPT values can introduce consistent offset 
across all patient results (75).

Current CLSI guidelines recommend that laborato-
ries establish or verify MNPT locally using at least 
20 plasma samples from healthy donors matched 
to the local patient demographic (43). For open 
analytical systems where reagents are used on 
non-validated instrument platforms, local MNPT 
determination is not optional but a methodologi-
cal requirement to maintain metrological tracea-
bility. Field evidence indicates that laboratories 
performing local MNPT verification exhibit signifi-
cantly lower between-laboratory INR bias than 
those relying exclusively on manufacturer-as-
signed values (76). In multinational clinical trials or 
cross-border organ allocation networks, formal 
transfer validation of MNPT is particularly critical, 
as even small deviations in baseline PT can pro-
duce clinically meaningful INR differences near 
therapeutic or prognostic thresholds.

International Sensitivity Index verification 
and postanalytical system compatibility

The ISI is the core calibration parameter that nor-
malizes thromboplastin sensitivity differences 
across reagents. However, manufacturer-assigned 
ISI values are validated only for specific reagent-
instrument combinations; when reagents are de-
ployed on alternative platforms in open systems, 
the ISI may no longer be accurate, introducing sys-
tematic bias into INR calculations (3,77).

Per CLSI H54-A guidelines, local ISI calibration or 
verification requires testing at least 20 normal 
plasmas and 60 stable VKA-treated samples span-
ning an INR range of approximately 1.5-4.5, with 
orthogonal regression applied to log-transformed 
PT results against a reference measurement sys-
tem (43). This procedure corrects for platform-spe-
cific differences in clot endpoint detection, optical 
signal processing, and reagent-instrument interac-
tion that cannot be captured by a generic reagent 
ISI. Multi-center evaluation data demonstrate that 
local ISI calibration reduces between-laboratory 

INR bias compared with using manufacturer-as-
signed values alone, particularly at higher INR val-
ues (78). Despite this well-documented benefit, lo-
cal calibration remains underimplemented in rou-
tine practice, contributing to persistent postana-
lytical variability across institutions.

Postanalytical harmonization therefore requires 
recognition that INR is generated by an integrated 
reagent-instrument-calculation system, not by re-
agent sensitivity alone. Regulatory frameworks in-
creasingly emphasize that manufacturers should 
provide system-specific ISI values for each certi-
fied reagent-instrument pair, rather than a single 
generic reagent ISI, to reduce the burden on indi-
vidual laboratories and improve baseline stand-
ardization.

Clinical amplification of INR variability

The clinical impact of postanalytical INR variability 
is disproportionately magnified when INR values 
are incorporated into validated prognostic scoring 
systems, most notably the MELD score (68). The 
MELD algorithm uses a log-transformed INR term, 
meaning that even small absolute differences in 
INR (0.2-0.3 units) can alter calculated disease se-
verity and shift patient priority near liver trans-
plantation eligibility thresholds (79).

This amplification effect is particularly consequen-
tial in advanced liver disease, where INR itself is al-
ready subject to substantial reagent-dependent 
analytical bias due to non-parallel factor deficien-
cy (25). Postanalytical errors in MNPT or ISI thus 
compound pre-existing analytical non-equiva-
lence, leading to clinically significant misclassifica-
tion of cirrhosis severity. To minimize this cumula-
tive variation, laboratories serving liver transplant 
centers are advised to prioritize thromboplastin 
reagents with ISI values closest to 1.0, implement 
local ISI/MNPT calibration, and participate in EQA 
programs using commutable human plasma ma-
terials (25,80).

Future outlooks

Although the INR system has substantially im-
proved comparability of PT results for monitoring 
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vitamin K antagonist therapy, complete harmoni-
zation across laboratories remains difficult (5,8). 
Future research should focus on four areas: local 
verification of MNPT and ISI in open reagent-in-
strument systems; broader use of commutable 
EQA materials; indication-specific interpretation 
for clinical settings in which conventional INR as-
sumptions are not fulfilled; and prospective valida-
tion of complementary approaches such as Fiix-PT, 
thrombin generation assays, PBRTQC, and AI-as-
sisted quality surveillance. These priorities require 
multicentre studies including diverse patient pop-
ulations, different thromboplastin reagents, Quick 
and Owren methods, central-laboratory and de-
centralized testing environments, and clinically 
relevant outcomes.

Conclusion

The INR remains one of the most influential stand-
ardization tools in laboratory medicine, but its suc-
cess should not obscure its limitations. As this re-
view shows, calibration of thromboplastin respon-
siveness alone does not ensure full PT comparabil-
ity across the total testing process or across all clin-
ical settings. Residual variability may arise from 
patient-related biological context, specimen han-
dling, reagent-instrument interactions, postanalyt-
ical parameter validity, and decentralized testing 
conditions. Prothrombin time/INR harmonization 
should therefore be understood not as a complet-

ed achievement, but as an ongoing process re-
quiring integrated control across preanalytical, an-
alytical, and postanalytical phases together with 
quality systems that reflect real-world patient 
samples and routine practice.
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