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Abstract: Background: The International Normalized Ratio (INR) monitors anticoagulant treatment
but relies on laboratory-based services. This could limit access to rapid monitoring and increase
the diagnostic delay, both of which may be addressed by point-of-care testing (POCT). This study
investigated the LumiraDx POC platform for INR monitoring. Methods: INR was measured on
recalcified residual venous (n = 94) specimens from Chris Hani Baragwanath Hospital and capillary
blood specimens (n = 254) from consenting enrolled participants at Charlotte Maxeke Johannesburg
Academic Hospital Anticoagulation clinic, Johannesburg, South Africa. Standard-of-care (SOC)
INR was measured on sodium-citrated venous blood using the Sysmex-CS2500 platform (Siemens
Healthcare) and Neoplastin-R (Roche Diagnostics and Diagnostica Stago, Paris, France) within 2 h
post-venipuncture. Within run, precision was measured using 2 LumiraDx control levels. The
statistical agreement of paired INR measurements was also stratified by dosing decision. Results:
The precision was within the manufacturer’s claim for controls (level 1%CV: 3.63, level 2%CV: 2.24).
Accuracy analysis showed a moderate overall agreement compared to the SOC INR results with a
correlation coefficient of 0.94 (95% Cl, (0.9267 to 0.9497)). The overall precision (ρ > 0.9) and accuracy
(Cb = 0.9842) were good with an absolute bias of 0.07. The 95% confidence intervals for the slope and
intercept did not include 1.00 and 0.00, respectively; however, the total calculated error was within
the minimal acceptable limits. Conclusion: The LumiraDx INR Test showed a good performance
compared to laboratory-based testing and provided opportunity for rapid and patient-centric care.
Owing to an increasing positive bias for INR > 3.5, confirmation with laboratory INR measurements
may be required.

Keywords: international normalized ratio; warfarin; LumiraDx Platform; point of care; standard of
care; comparative study

1. Introduction

Warfarin is commonly prescribed for both preventive and therapeutic purposes in
various conditions, including venous thromboembolism, heart valve replacement, and
atrial fibrillation [1]. An overdose may lead to excessive bleeding, while insufficient levels
can result in blood clots [1–3]. To ensure optimal anticoagulation, the regular monitoring of
a patient’s International Normalized Ratio (INR) is crucial. The INR serves as the standard
method of monitoring anticoagulant in patients on warfarin. The recommended INR for
the treatment and prevention of deep-vein thrombosis, pulmonary embolism, and cardiac
conditions, like atrial fibrillation and left ventricular systolic dysfunction, is 2.5 (with a
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range from 2.0 to 3.0). Individuals with mechanical prosthetic valves are typically advised
a target INR of 3.0 (with a range from 2.5 to 3.5) [4–7].

The INR is conventionally determined by standard laboratory methods using citrated
plasma obtained from venous blood [8]. Although these methods are considered the
gold standard for monitoring anticoagulation, the process of obtaining results can be
time consuming leading to delayed therapy. Point-of-care (POC) testing can provide a
cost-effective and efficient alternative for INR monitoring and can be a valuable tool in
a rural setting, where access to comprehensive healthcare facilities can be limited. POC
testing enhances accessibility by reducing the need for long travel distances, allowing
for timely diagnosis and treatment. Additionally, POC testing in consulting rooms offer
significant advantages by providing immediate results, enabling rapid diagnosis and
treatment, and improving patient compliance. It also facilitates the real-time monitoring
of chronic conditions and reduces the need for multiple appointments, thereby lowering
healthcare costs.

The LumiraDx Platform (LumiraDx UK Ltd., London, UK; www.lumiradx.com) is a
POC system that comprises a portable LumiraDx Instrument and a LumiraDx Test Strip.
Single or multiple instruments can be connected to the LumiraDx Connect Manager for
extended functionality and configuration and results can be transmitted directly to the
laboratory information system through its EHR Connect mode. The LumiraDx INR assay
measures quantitative prothrombin time, which is converted to and reported as INR,
directly from a fingerstick blood sample. When a blood sample is applied to the test
strip, coagulation is activated by the recombinant thromboplastin, HemosIL, ReadiPlasTin.
Prothrombin is converted to thrombin. Rhodamine, a peptide sequence, is cleaved and the
substrate emits a fluorescent signal. The amount of signal detected over a specific time is
converted via an algorithm into an INR [9]. The assay has a wide measurable INR range of
0.8–7.5 INR units with results available within 2 min. The hematocrit (HCT) is also assessed
to ensure that specimens fall within the accepted 25–55% range.

The aim of this study was to assess the performance of the LumiraDx INR test in
comparison to standard-of-care (SOC) results among patients using warfarin therapy. The
evaluation involved utilizing citrated whole residual venous blood, an off-label specimen
type, as well as directly applying capillary blood samples from individuals attending an
anticoagulation clinic at the Charlotte Maxeke Johannesburg Academic Hospital (CMJAH).

2. Materials and Methods
2.1. Study Overview

Ethics approval for the use of residual samples was obtained from the University of the
Witwatersrand Human Research Ethics Committee Medical (WITS HREC, Johannesburg,
Gauteng, South Africa) under M1911201 to access residual clinical specimens. Ethics
approval for the use of capillary blood from informed and consenting participants was
obtained from WITS HREC under the clearance number M220657. Approval was also
obtained from the South African Health Products Regulatory Authority (SAHPRA) with
clearance number MD20220902 and the study was registered with the South African Clinical
trials registry (Trial number: DOH-27-102022-5848).

The LumiraDx INR assay is intended to be used for testing capillary blood specimens
from a finger stick. A rapid laboratory evaluation, using off-label recalcified plasma
specimens as a proxy for the recommended finger stick protocol, was however performed
initially to ensure analytical precision. This was followed by a clinical assessment in an
anticoagulation clinic using finger stick capillary blood specimens. Results from both
studies were combined for downstream analysis and compared to the standard-of-care
(SOC) assay. Figure 1 provides an overview of the study workflow.

www.lumiradx.com
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2.2. Patient Specimens

The laboratory evaluation was conducted using residual venous blood specimens
(n = 100) at the SANAS accredited National Health Laboratory Services (NHLS) Haematol-
ogy Laboratory at Chris Hani Baragwanath Academic Hospital Johannesburg, Gauteng,
South Africa (CHBAH). Venous blood specimens from patients receiving warfarin ther-
apy were collected in sodium citrate tubes (Becton-Dickinson, Oxford, UK) and referred
for routine laboratory testing on the Sysmex CS2500 platform (Siemens Healthineers, EL,
Forchheim, Germany) SOC assay. Once SOC testing was complete, the selected specimens,
with varying levels of INR results, were recalcified according to the off-label protocol
developed by LumiraDX and tested on the LumiraDx INR test. Briefly, 190 µL of plasma
was recalcified with the addition of 10 µL CaCl2 solution and briefly mixed. Eight micro-
liters were immediately tested on the LumiraDx INR assay using the instruments quality
control mode.

For the clinical study, capillary blood specimens from 280 consenting adult patients
receiving warfarin and visiting an anticoagulation clinic at Charlotte Maxeke Johannesburg
Academic Hospital (CMJAH) were obtained by trained study staff over a period of 3 months.
These were analyzed directly on the LumiraDX INR assay, according to the instrument’s
standard operating procedures. Paired venous blood samples in citrate tubes were collected
for SOC testing on the Stago STA R Max® coagulation analyzers (Stago Diagnostica, Paris,
France) using Neoplastin-R (Roche Diagnostics and Diagnostica Stago, Paris, France).

2.3. Precision Analysis (Within-Run and Between-Run Precision)

LumiraDx INR assay precision was determined by using 2 controls (low control:
range of 1.0–1.6; and high control: range of 3.2–5.6) provided by the manufacturer. These
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were tested as 5 replicates over 5 days according to the EP15 protocol [10]. The mean
and standard deviation (SD) were used to calculate the percentage coefficient of vari-
ance (%CV), which was compared to the manufacturer’s precision limits as well as Ri-
cos biological variation acceptance criteria [11] www.westgard.com/biodatabase1.htm
(accessed on 10 July 2024) and the European Federation of Clinical Chemistry and Labo-
ratory Medicine (EFLM; https://biologicalvariation.eu/ (accessed on 10 July 2024)) [12]
acceptable variation as outlined in Table 1. Ricos criteria and CLIA acceptance variation
(https://www.govinfo.gov/content/pkg/FR-2022-07-11/pdf/2022-14513.pdf (accessed
on 10 July 2024)) [13] were used to compare the %Bias and total analytical error, respectively.

Table 1. Precision limits and allowable error used in this study.

Analyte Manufacturer Precision
Claim

Westgard *, EFLM + and CLIA #

Biological Variation Allowable
Bias (%)

Optimal Total
Allowable Error

Minimal Total
Allowable ErrorInternational

Normalised
Ratio (INR)

Level 1
Control

Level 2
Control

CVI CVG

6.5 6.5 4 * 6.8 * 2.0 *+ 5.3 *+ 15 #

* Ricos Criteria; + EFLM; # CLIA, CVI intra-variability; CVG inter-variability.

2.4. Method Comparison

The LumiraDx INR Test was compared to the SOC results. Concordance correlation
was applied to determine the degree to which data pairs align along the 45◦ line through
the origin (measured by the correlation coefficient Pc) and provide an overall measure of
precision (P, Pearson) and accuracy (Cb, bias correction factor) [14]. Overall agreement was
considered poor for Pc < 0.9, moderate for Pc = 0.9–0.95, substantial for Pc = 0.95–0.99 and
almost perfect for Pc > 0.99 [15]. The Bland–Altman [16] and percentage similarity [17]
tools were applied as measures of agreement between the LumiraDx and SOC INR. The
slopes and intercepts from the Passing–Bablok regression scatter plots were also evaluated
to further assess the performance of the LumiraDx INR test. The results were deemed
acceptable if the 95% confidence intervals for the slope included 1.00 and the intercept
included 0.00.

Using previously defined criteria for the analysis of POC INR analyzers, the INR
results were assessed overall and were further divided for sub-analysis into the following
categories: sub-therapeutic (INR < 2.0), therapeutic (INR = 2.0–3.5), and supra-therapeutic
(INR > 3.5) [7,18].

The clinically relevant agreement [6] was assessed by measuring discrepant INR mea-
surements between SOC and LumiraDx, which would result in different warfarin dosages.
This was measured using misclassification based on the SOC result across the three dosage
categories. While not a clinically validated method, clinical agreement was additionally
assessed by published criteria used for expanded and narrow clinical agreement [7,19].
Expanded agreement was achieved when both (SOC and LumiraDX) INR measurements
were within ±0.5 INR units of each other, and narrow agreement was considered when
both results between INR = 2–3.5 or INR > 3.5 were within 0.8 INR units or when INR < 2.0
and were within 0.4 INR units

2.5. Data and Statistical Analysis

Clinical study data were collected and managed using Research Electronic Data Cap-
ture (REDCap) electronic data capture tools [20,21]. Laboratory data were recorded on
data collection sheets. Both clinical and laboratory data were combined and transferred to
Microsoft® Excel (Redmond, WA, USA) for analysis. Statistical analysis was performed
using the MedCalc software package version 22.021 (Ostend, West-Vlaanderen, Belgium).

www.westgard.com/biodatabase1.htm
https://biologicalvariation.eu/
https://www.govinfo.gov/content/pkg/FR-2022-07-11/pdf/2022-14513.pdf
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3. Results

During the laboratory phase of the study, six specimens were disregarded due to
instrument errors. In the clinical phase, among the 280 participants initially enrolled,
26 were excluded for the following reasons: 18 due to HCT out of range or insufficient
specimen errors, 5 due to SOC assay values exceeding the LumiraDx INR limit of detection,
and 3 due to the unavailability of SOC results. The male:female ratio of the clinical study
population was 1:1.6, with atrial fibrillation, valvular heart disease, and deep venous
thromboembolism being the most common indications for anticoagulation.

The overlap between the two datasets was determined by an overlay scatter plot
(Figure 2), which showed that both sets had similar attributes/spread of INR values. The
results from both laboratory and clinical phase data were therefore combined (n = 348
paired results) for method comparative analyses. The specimens tested across both phases
displayed an overall INR range from 0.9 to 5.52 on the standard-of-care test.
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3.1. Precision and Accuracy Analysis

The results for both within- and between-run imprecision of both low and high
manufacturer-provided controls are presented in Table 2. The results obtained are within
the manufacturer’s claims, as well as meeting the acceptance criteria outlined by EFLM,
CLIA, and Ricos biological variation, as shown in Table 1. Minimal variability was noted
with the low control (expected range: 1.0–1.6), while increased variability was observed for
the high control (expected range: 3.2–5.6). However, it is important to note that no results
were reported outside the expected ranges. The calculated total analytical error was within
the optimum allowable error and therefore acceptable.

3.2. Method Comparison Analysis

Method comparison was carried out with a total of 348 paired results. This included
96 specimens tested during the laboratory phase and 254 results from the clinical phase.
An overall error rate of 6% (24/380) was observed across both phases. Table 3 summarizes
the results obtained from data collected across both phases and includes concordance
correlation, Bland–Altman, and percentage similarity analyses.



Diagnostics 2024, 14, 2683 6 of 14

Table 2. Measure of precision of the LumiraDx INR tested on the manufacturer control material.

Manufacturer claims

Control 1

Mean 1.25

SD 0.081

CV% 6.5

Control 2

Mean 4.78

SD 0.31

CV% 6.5

Capillary blood CV% 3.73

Within run variability (CVi)

Control 1

Mean 1.2

SD 0.00

CV% 0.00

Control 2

Mean 4.11

SD 0.17

CV% 4.01

Between run variability (CVg)

Control 1

Mean 1.2

SD 0.00

CV% 0.00

Control 2

Mean 4.12

SD 0.22

CV% 5.31

%Bias
Control 1 4

Control 2 13.81

Total analytical error (TAE)
Control 1 4

Control 2 5.05

Westgard *, EFLM +, CLIA #
Optimal Allowable Error 5.3 *+

Minimal Allowable Error 15 #

Acceptable (Y or N) Yes

* Ricos Criteria; + EFLM; # CLIA.

3.2.1. Overall Result Analysis

The overall mean obtained with SOC results (mean INR of 2.42 ± 0.89) was slightly
lower than the LumiraDx INR mean (mean INR of 2.49 ± 1.02). The difference observed,
however, was found to be non-significant (p = 0.3227). The LumiraDx INR assay showed a
moderate overall agreement compared to the SOC INR results with a small absolute bias
as noticed from Bland–Altman analysis (Table 3, Figures 3A and 4A). The Passing–Bablok
regression analysis indicated that 95% confidence intervals for the slope and intercept
excluded 1.00 and 0.00, respectively (Table 4). The total calculated error was 10.9 and within
the minimal acceptable limits.

3.2.2. Sub-Therapeutic Category Analysis

A lower correlation was noticed between SOC and LumiraDx INR (Table 3, Figure 3B);
however, a very good similarity of 99% was observed with an acceptable variation. The
mean bias was notably small at −0.04, as evidenced by the Bland–Altman plot suggesting
a minor but consistent deviation from the expected values. While a few outliers were
observed, 95% of the values fell within the 2-standard deviation of the mean difference
(Figure 4B). The 95% confidence intervals for both the slope and intercept included 1.00 and
0.00, respectively (Table 4), and the total calculated error was within the minimal acceptable
limits (Table 3).
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Table 3. Method comparison analysis for the overall dataset and clinically relevant sub-groups.

Category

Concordance Correlation Bland-Altman Percentage Similarity Total Error

Correlation
Coefficient

(95%Cl)

Pearson ρ
(Precision)

Bias
Correction
Factor Cb

(Accuracy)

Agreement
Score Bias SD of Bias

Mean
%

Similarity

%
SD %CV Calculated

Mean % Bias

Calculated
Total Analytical

Error (TAE)

Optimal
TAE/Minimal TAE
(Westgard * EFLM +

and CLIA #)

Acceptable

Overall (venous
and capillary)

(n = 348)

0.94 (0.93
to 0.95) 0.95 0.99 moderate 0.07 0.33 101.05 6.36 6.29 2.11 10.87

5.3 *+/15 #

yes

Sub-therapeutic
(n = 117)

0.89
(0.84–0.92) 0.90 0.99 poor −0.04 0.14 98.54 4.6 4.69 −2.91 5.85 yes

Therapeutic
(n = 185)

0.73
(0.66–0.78) 0.79 0.91 poor 0.13 0.37 102.41 7.1 6.92 4.83 13.59 yes

Supra-therapeutic
(n = 46)

0.67 (0.49
to 0.79) 0.72 0.93 poor 0.15 0.41 101.9 5.1 5.01 3.26 12.02 yes

clinical capillary
FS (n = 254)

0.96 (0.94
to 0.96) 0.96 0.99 substantial 0.06 0.3 101.13 5.1 5.05 2.26 11.02 yes

Lab residual
venous (n = 94)

0.89 (0.84
to 0.92) 0.92 0.96 poor 0.09 0.4 100.82 8.9 8.87 1.75 10.51 yes

* Ricos Criteria; + EFLM; # CLIA.
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3.2.3. Therapeutic Category Analysis

The mean bias between the SOC and LumiraDx INR was small at 0.13 (Figure 4C), with
a low standard deviation of 0.37. While the agreement noticed was low (Figure 3C, Table 3),
the similarity between the measurements was good at 102%. The slope and intercept values
were 1.4 and −0.9, with the 95% confidence intervals excluding 1.00 and 0.00 (Table 4),
respectively. The total calculated error remained within the acceptable limits (Table 3).

3.2.4. Supra-Therapeutic Category Analysis

In the supra-therapeutic category, a low agreement was observed (Table 3, Figure 3D);
the absolute bias however remained small at 0.15 with an acceptable SD of 0.41 (Table 3,
Figure 4D). The percentage similarity was good at 101%. The 95% confidence interval did
not include 0.00 for intercept and 1.00 for slope (Table 4); however, the total calculated error
was within the minimal acceptable limits (Table 3).

3.2.5. Clinically Relevant Agreement

Table 5 summarizes the clinically relevant agreement between paired INR readings
obtained from both the LumiraDx and the Laboratory SOC. Overall, 91% of dual INR
measurements met the expanded agreement criteria, while 97% met the narrow agreement
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criteria. Sub-category analysis revealed lower agreement levels, particularly in the supra-
therapeutic range when assessed using the expanded criteria.

Diagnostics 2024, 14, x FOR PEER REVIEW 9 of 14 
 

 

 
Figure 4. Bland–Altman difference plot comparing the laboratory INR (SOC) and Lumira POC de-
vice INR for all ranges (A), sub-therapeutic range (B), therapeutic range (C), and supra-therapeutic 
range (D). A small absolute bias was seen across all analysis with a random scatter, suggesting mi-
nor deviation from expected values. Blue lines indicate 95% confidence interval for upper and lower 
limits. INR, international normalized ratio; SOC, standard of care. 

Table 4. Passing–Bablok analysis between the SOC and LumiraDx INR. 

Parameter n Intercept Slope Comment 
Overall INR data 

range 348 
−0.28 (−0.363 to 

−0.205) 
1.15 (1.111 to 

1.186) 
Systematic and pro-
portional difference 

Sub-therapeutic INR 
data range 117 

−0.11 (−0.266 to 
0.009737) 

1.04 (0.9524 to 
1.154) _ 

Therapeutic INR data 
range 185 

−0.9 (−1.1784 to 
−0.6165) 

1.4 (1.2795 to 
1.5286) 

Systematic and pro-
portional difference 

Supra-therapeutic 
INR data range 46 −0.22 (−4.16 to −0.32) 1.57 (1.11 to 2.08) 

Systematic and pro-
portional difference 

3.2.2. Sub-Therapeutic Category Analysis 
A lower correlation was noticed between SOC and LumiraDx INR (Table 3, Figure 

3B); however, a very good similarity of 99% was observed with an acceptable variation. 
The mean bias was notably small at −0.04, as evidenced by the Bland–Altman plot sug-
gesting a minor but consistent deviation from the expected values. While a few outliers 
were observed, 95% of the values fell within the 2-standard deviation of the mean 

Figure 4. Bland–Altman difference plot comparing the laboratory INR (SOC) and Lumira POC device
INR for all ranges (A), sub-therapeutic range (B), therapeutic range (C), and supra-therapeutic range
(D). A small absolute bias was seen across all analysis with a random scatter, suggesting minor
deviation from expected values. Blue lines indicate 95% confidence interval for upper and lower
limits. INR, international normalized ratio; SOC, standard of care.

Table 4. Passing–Bablok analysis between the SOC and LumiraDx INR.

Parameter n Intercept Slope Comment

Overall INR
data range 348 −0.28 (−0.363

to −0.205)
1.15 (1.111
to 1.186)

Systematic and
proportional

difference

Sub-therapeutic
INR data range 117 −0.11 (−0.266

to 0.009737)
1.04 (0.9524

to 1.154) _

Therapeutic INR
data range 185 −0.9 (−1.1784

to −0.6165)
1.4 (1.2795
to 1.5286)

Systematic and
proportional

difference

Supra-
therapeutic INR

data range
46 −0.22 (−4.16

to −0.32) 1.57 (1.11 to 2.08)
Systematic and

proportional
difference
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Table 5. Percentage agreement of paired INR measurements (LumiraDx INR and SOC) using clinically
relevant agreement criteria.

Classification n Clinical Agreement Agreement Based on
Expanded Criteria

Agreement Based on
Narrow Criteria

Overall 348 88% (307/348) 91.1% (317/348) 97.13% (338/348)
Sub-therapeutic 117 91% (106/117) 100% (117/117) 100% (117/117)

Therapeutic 185 86% (160/185) 89.7% (166/185) 95.68% (177/185)
Supra-therapeutic 46 81% (37/46) 73.91 (34/44) 95.7% (44/46)

The further analysis of results that did not meet either the expanded or the narrow
acceptance criteria revealed that 15 specimens (Table 6) would have required warfarin dose
adjustments [6]. Of these, eight (shaded grey) were from the laboratory validation phase,
while seven were from the clinical phase of the study. Most of these specimens (13 out of
15) were in the supra-therapeutic category, with only 7 falling within this range during the
clinical evaluation phase. This highlights the potential need to re-test patients using a SOC
assay for results falling in the supra-therapeutic category, as measured by the LumiraDx.

Table 6. List of specimens (n = 15) where warfarin dosage categories differ between the two testing
methods. Grey shaded specimens were from the laboratory validation phase and unshaded were
from the clinical phase of the study.

SOC_INR Lumira_INR Difference Dose Adjustment Needed

2.10 0.90 −1.2 Warfarin dosage increased by ~20% for LumiraDx

2.11 4.10 1.99 No change on SOC. Omit one dose and decrease weekly dose
by ~10–20% on LumiraDx

3.18 4.60 1.42 No change on SOC. Omit one dose and decrease weekly dose
by ~10–20% on LumiraDx

3.22 4.10 0.88 No change on SOC. Omit one dose and decrease weekly dose
by ~10–20% on LumiraDx

3.23 4.20 0.97 No change on SOC. Omit one dose and decrease weekly dose
by ~10–20% on LumiraDx

3.39 4.10 0.71 No change on SOC. Omit one dose and decrease weekly dose
by ~10–20% on LumiraDx

3.69 4.30 0.61 No change on SOC. Omit one dose and decrease weekly dose
by ~10–20% on LumiraDx

3.89 4.50 0.61 No change on SOC. Omit one dose and decrease weekly dose
by ~10–20% on LumiraDx

3.15 1.8 −1.35 No change on SOC. Increase weekly dose
by ~10% on LumiraDX

3.18 4.1 0.92 No change on SOC. Omit one dose and decrease weekly dose
by ~10–20% on LumiraDx

3.41 4.2 0.79 No change on SOC. Omit one dose and decrease weekly dose
by ~10–20% on LumiraDx

3.56 4.1 0.54 No change on SOC. Omit one dose and decrease weekly dose
by ~10–20% on LumiraDx

3.71 4.4 0.69 No change on SOC. Omit one dose and decrease weekly dose
by ~10–20% on LumiraDx

3.79 4.5 0.71 No change on SOC. Omit one dose and decrease weekly dose
by ~10–20% on LumiraDx

3.89 4.9 1.01 No change on SOC. Omit one dose and decrease weekly dose
by ~10–20% on LumiraDx
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4. Discussion

This study provides a comprehensive evaluation of the LumiraDx INR assay as a POC
tool for monitoring anticoagulation therapy in patients undergoing warfarin treatment.
Due to the release of thromboplastin as a result of the finger stick injury, the validation of
the LumiraDx INR assay compared to the standard venesection is critical if one is to use
this method clinically. The LumiraDx INR test was compared to SOC INR measurements,
and the findings indicate that the LumiraDx INR assay demonstrates moderate to good
agreement with the SOC results, highlighting its potential for use in clinical settings.

The precision analysis of the LumiraDx INR assay revealed that both within-run and
between-run variabilities were within the manufacturer’s claims and met the acceptance
criteria set by the European Federation of Clinical Chemistry and Laboratory Medicine
(EFLM), Clinical Laboratory Improvement Amendments (CLIA), and Ricos biological
variation guidelines. The LumiraDx INR assay exhibited minimal variability, particularly
with the low control, and slightly increased variability with high control samples. However,
all results remained within the expected ranges, suggesting that the LumiraDx INR assay
provides accurate results across the tested control ranges. Similarly, Tait et al. [22] in their
study on the performance analysis of the LumiraDx INR assay obtained an overall precision
of <4%. This was, however, derived by direct application or via a capillary transfer pipette
of paired blood samples.

The comparability of the LumiraDx INR Test was assessed by correlating the INR mea-
surements of capillary and venous whole blood to the venous plasma samples measured
by the SOC instruments. The method comparison analysis showed that the LumiraDx INR
assay had a moderate overall agreement of 0.94 with SOC results, similar to that obtained
by Tait et al. [22] across the INR range from 0.8 to 7.5. The Bland–Altman plot indicated an
acceptable absolute bias with low variability, indicating a consistent relationship between
the two testing methods.

Sub-category analysis showed varying degrees of agreement across different thera-
peutic ranges. For sub-therapeutic range, the LumiraDx INR assay exhibited excellent
accuracy and precision, with a 99% similarity to SOC results. The Bland–Altman plot
indicated a minor but consistent deviation from the expected values, with 95% of the values
falling within 2-standard deviations of the mean difference. The minor bias observed
indicates that the LumiraDx assay is highly reliable for detecting sub-therapeutic INR
levels. The agreement of 0.7 was less robust in the therapeutic range. The slight bias and
the percentage similarity between the assays suggest that, while the LumiraDx INR assay
can effectively identify therapeutic INR levels, there may be occasional discrepancies that
warrant careful interpretation. Additionally, the total calculated error remained within
acceptable limits, supporting the utility of the LumiraDx INR assay for patients within the
therapeutic range. The poorest agreement of 0.67 was observed in the supra-therapeutic
range. Despite the lower agreement, the bias remained small, suggesting that the LumiraDx
assay can still be useful for detecting supra-therapeutic levels but may require confirmation
with SOC testing.

Proportional and systematic differences were observed between the LumiraDx and
SOC methods in all categories except for the sub-therapeutic range. These discrepancies
are likely attributable to differences in the types of instruments used (benchtop vs. point-
of-care testing).

The clinically relevant agreement was 88% (307/348) overall, with 91% of paired INR
measurements meeting the expanded agreement criteria and 97% meeting the narrow
agreement criteria. Sub-category analysis revealed a lower clinical agreement in the supra-
therapeutic range, which highlights the potential need for retesting patients with SOC
methods when LumiraDx results fall in this category. Patients with elevated LumiraDx INR
results in the supra-therapeutic range should be promptly informed and retested using SOC
methods. This retesting is crucial for accurately confirming their INR levels, preventing
potential mismanagement of anticoagulant therapy and adverse outcomes, and ensuring
that appropriate therapeutic decisions are made. Additionally, follow-up appointments
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should be scheduled to discuss the results of the formal INR testing and to implement
any necessary adjustments to their management plan. Importantly, 15 specimens required
different warfarin dose adjustments based on discrepancies between the two methods,
predominantly in the supra-therapeutic range, underscoring the need for rigorous follow-
up in such cases.

The study has several limitations. First, it did not assess lot-to-lot variation, linearity, or
potential interference from certain medications, which may introduce variability and affect
result reliability across a broader range of INR values. Second, differences in hematocrit
levels among patients could have influenced INR measurements, as hematocrit impacts
the accuracy of INR POC devices [23]. Third, the number of samples with INR values in
the supra-therapeutic range was limited compared to those in the sub-therapeutic and
therapeutic ranges, reducing the study’s statistical power at higher INR values. Fourth,
while this study was conducted in a controlled hospital environment, stress testing on the
device under varying temperatures or humidity was not performed, limiting insights into
device performance in real-world conditions. Finally, although healthcare staff received
training on the Lumira Dx INR assay, proper technique in capillary blood sampling and
testing remains crucial for reliable outcomes. These limitations highlight areas for future
investigation and emphasize the need for caution in interpreting the study’s findings.

5. Conclusions

The LumiraDx INR assay provides a POC testing method for monitoring warfarin
therapy, with a good overall precision and accuracy compared to SOC methods. Its use can
enhance patient care by providing timely results, reducing the turnaround time for INR
monitoring, and potentially improving anticoagulation management. While the LumiraDx
performs well for INR values below 3.5, caution is advised when interpreting results in
the supra-therapeutic range (INR > 3.5), where confirmation with SOC testing may be
necessary. With regards to usability, the LumiraDx INR assay has advantages over the
laboratory-based SOC INR assay, for its use at point of care, its ease of use, and wide
reportable range. In addition, the assay requires a smaller volume of blood and results are
available within 2 min, which can be transmitted to the lab information system. Overall, the
LumiraDx INR assay represents a valuable tool in the management of patients requiring
anticoagulation therapy.

Author Contributions: Conceptualization, L.E.S., E.S. and B.J.; Data curation, R.M., E.S. and L.E.S.;
Funding acquisition, L.E.S. and W.S.S.; Investigation, R.M., M.M., S.L. and L.N.; Methodology,
R.M., M.M., S.L., L.N. and E.S.; Project administration, L.N. and R.M.; Supervision, L.E.S. and N.A.;
Writing—original draft, R.M.; Clinical oversight and insights, B.J. and L.E.S. All authors have read
and agreed to the published version of the manuscript.

Funding: This study was supported by funding received from the Bill and Melinda Gates Founda-
tion through the Innovation in Laboratory Engineered Accelerated Diagnostics investment (grant
number INV006726).

Institutional Review Board Statement: The study was approved by the University of the Witwa-
tersrand Human Research Ethics Committee on 07/12/2022 (M1911201 to access residual clinical
specimens and M220657 for the use of capillary blood from informed and consenting participants).
Final approval from the South African Health Products Regulatory Authority for clinical trials was
obtained on 17/11/2022 (SAHPRA: MD20220902).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available upon request from the
contact author.



Diagnostics 2024, 14, 2683 13 of 14

Acknowledgments: We would like to acknowledge the laboratory and clinical staff at NHLS Haema-
tology laboratory, Chris Hani Baragwanath Academic Hospital, and Anticoagulation clinic at Char-
lotte Maxeke Johannesburg Hospital Gauteng, South Africa. We also acknowledge Annie Chan and
Clarence Yah for assistance with figures and study size. We thank all study participants for agreeing
to enroll in the study. The LumiraDx instruments and testing strips were provided by LumiraDx
South Africa.

Conflicts of Interest: The other authors declare no conflicts of interest.

References
1. Björck, S.; Palaszewski, B.; Friberg, L.; Bergfeldt, L. Atrial fibrillation, stroke risk, and warfarin therapy revisited: A population-

based study. Stroke 2013, 44, 3103–3108. [CrossRef] [PubMed]
2. Potpara, T.S.; Lip, G.Y. Oral anticoagulant therapy in atrial fibrillation patients at high stroke and bleeding risk. Prog. Cardiovasc.

Dis. 2015, 58, 177–194. [CrossRef] [PubMed]
3. Hirsh, J.; Fuster, V.; Ansell, J.; Halperin, J.L. American Heart Association/American College of Cardiology foundation guide to

warfarin therapy. Circulation 2003, 107, 1692–1711. [CrossRef] [PubMed]
4. Shikdar, S.; Vashisht, R.; Bhattacharya, P.T. International Normalized Ratio (INR). 2018. Available online: https://europepmc.

org/article/nbk/nbk507707 (accessed on 12 April 2023).
5. Keeling, D.; Baglin, T.; Tait, C.; Watson, H.; Perry, D.; Baglin, C.; Kitchen, S.; Makris, M.; British Committee for Standards in

Haematology. Guidelines on oral anticoagulation with warfarin. Br. J. Haematol. 2011, 154, 311–324. [CrossRef] [PubMed]
6. Jacobson, B.; Schapkaitz, E.; Haas, S.; Dalby, T.; Mer, M.; Patel, M.; Middlemost, S.; Munster, M.; Adler, D.; Alli, N. Maintenance of

Warfarin Therapy at an Anticoagulation Clinic: Guideline: SAMJ forum. S. Afr. Med. J. 2007, 97, 1259–1265. [PubMed]
7. Benade, E.; Jacobson, B.; Louw, S.; Schapkaitz, E. Validation of the CoaguChek XS international normalised ratio point-of-care

analyser in patients at Charlotte Maxeke Johannesburg Academic Hospital, South Africa. S. Afr. Med. J. 2016, 106, 280–283.
[CrossRef] [PubMed]

8. Kim, Y.-S.; Choi, J.-W.; Song, S.H.; Hwang, H.Y.; Sohn, S.H.; Kim, J.S.; Kang, Y.; Gu, J.-Y.; Kim, K.H.; Kim, H.K. Comparison of the
International Normalized Ratio Between a Point-of-Care Test and a Conventional Laboratory Test: The Latter Performs Better in
Assessing Warfarin-induced Changes in Coagulation Factors. Ann. Lab. Med. 2023, 43, 337–344. [CrossRef] [PubMed]

9. LumiraDx INR Test Package Insert. Available online: https://www.lumiradx.com/en-uk/products/inr (accessed on 11 May 2023).
10. Westgard, J. CLSI EP15-A3: Verification of Precision and Estimation of Bias. 2018; Volume 8. Available online: https://westgard.

com/essays/guest-essay/clsi-ep15a3.html (accessed on 4 December 2022).
11. Ricós, C.; Alvarez, V.; Cava, F.; Garcia-Lario, J.; Hernandez, A.; Jimenez, C.; Minchinela, J.; Perich, C.; Simon, M. Current databases

on biological variation: Pros, cons and progress. Scand. J. Clin. Lab. Investig. 1999, 59, 491–500.
12. Aarsand, A.K.; Fernandez-Calle, P.; Webster, C.; Coskun, A.; Gonzales-Lao, E.; Diaz-Garzon, J.; Jonker, N.; Minchinela, J.; Simon, M.;

Braga, F. The EFLM Biological Variation Database. Available online: https://biologicalvariation.eu/ (accessed on 5 November 2023).
13. Medicare, C.f.; Services, M. Department of health and human services clinical laboratory improvement amendments of 1988

(CLIA). Fed Regist. 2003, 1047, 68.
14. Scott, L.E.; Galpin, J.S.; Glencross, D.K. Multiple method comparison: Statistical model using percentage similarity. Cytom. Part B

Clin. Cytom. J. Int. Soc. Anal. Cytol. 2003, 54, 46–53. [CrossRef] [PubMed]
15. Lawrence, I.; Lin, K. A concordance correlation coefficient to evaluate reproducibility. Biometrics 1989, 45, 255–268.
16. Bland, J.M.; Altman, D.G. Measuring agreement in method comparison studies. Stat. Methods Med. Res. 1999, 8, 135–160.

[CrossRef] [PubMed]
17. McBride, G. A Proposal for Strength-of-Agreement Criteria for Lin’s Concordance Correlation Coefficient; NIWA Client Report: HAM2005-

062; NIWA: Auckland, New Zealand, 2005; Volume 45, pp. 307–310.
18. Mbokota, N.; Schapkaitz, E.; Louw, S. Verification of the qLabs international normalized ratio point-of-care device for monitoring

of patients attending an anticoagulation clinic. Int. J. Lab. Hematol. 2018, 40, 508–514. [CrossRef] [PubMed]
19. Douketis, J.D.; Lane, A.; Milne, J.; Ginsberg, J.S. Accuracy of a portable International Normalization Ratio monitor in outpatients

receiving long-term oral anticoagulant therapy: Comparison with a laboratory reference standard using clinically relevant criteria
for agreement. Thromb. Res. 1998, 92, 11–17. [CrossRef] [PubMed]

20. Harris, P.A.; Taylor, R.; Thielke, R.; Payne, J.; Gonzalez, N.; Conde, J.G. Research electronic data capture (REDCap)—A metadata-
driven methodology and workflow process for providing translational research informatics support. J. Biomed. Inform. 2009, 42,
377–381. [CrossRef] [PubMed]

21. Harris, P.A.; Taylor, R.; Minor, B.L.; Elliott, V.; Fernandez, M.; O’Neal, L.; McLeod, L.; Delacqua, G.; Delacqua, F.; Kirby, J. The
REDCap consortium: Building an international community of software platform partners. J. Biomed. Inform. 2019, 95, 103208.
[CrossRef] [PubMed]

https://doi.org/10.1161/STROKEAHA.113.002329
https://www.ncbi.nlm.nih.gov/pubmed/23982711
https://doi.org/10.1016/j.pcad.2015.07.003
https://www.ncbi.nlm.nih.gov/pubmed/26162958
https://doi.org/10.1161/01.CIR.0000063575.17904.4E
https://www.ncbi.nlm.nih.gov/pubmed/12668507
https://europepmc.org/article/nbk/nbk507707
https://europepmc.org/article/nbk/nbk507707
https://doi.org/10.1111/j.1365-2141.2011.08753.x
https://www.ncbi.nlm.nih.gov/pubmed/21671894
https://www.ncbi.nlm.nih.gov/pubmed/18271119
https://doi.org/10.7196/SAMJ.2016.v106i3.9422
https://www.ncbi.nlm.nih.gov/pubmed/26915943
https://doi.org/10.3343/alm.2023.43.4.337
https://www.ncbi.nlm.nih.gov/pubmed/36843402
https://www.lumiradx.com/en-uk/products/inr
https://westgard.com/essays/guest-essay/clsi-ep15a3.html
https://westgard.com/essays/guest-essay/clsi-ep15a3.html
https://biologicalvariation.eu/
https://doi.org/10.1002/cyto.b.10016
https://www.ncbi.nlm.nih.gov/pubmed/12827667
https://doi.org/10.1177/096228029900800204
https://www.ncbi.nlm.nih.gov/pubmed/10501650
https://doi.org/10.1111/ijlh.12849
https://www.ncbi.nlm.nih.gov/pubmed/29761633
https://doi.org/10.1016/S0049-3848(98)00098-X
https://www.ncbi.nlm.nih.gov/pubmed/9783669
https://doi.org/10.1016/j.jbi.2008.08.010
https://www.ncbi.nlm.nih.gov/pubmed/18929686
https://doi.org/10.1016/j.jbi.2019.103208
https://www.ncbi.nlm.nih.gov/pubmed/31078660


Diagnostics 2024, 14, 2683 14 of 14

22. Tait, R.C.; Hung, A.; Gardner, R.S. Performance of the LumiraDx platform INR test in an anticoagulation clinic point-of-care
setting compared with an established laboratory reference method. Clin. Appl. Thromb./Hemost. 2019, 25, 1076029619890423.
[CrossRef] [PubMed]

23. Wool, G.D. Benefits and pitfalls of point-of-care coagulation testing for anticoagulation management: An ACLPS critical review.
Am. J. Clin. Pathol. 2019, 151, 1–17. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1177/1076029619890423
https://www.ncbi.nlm.nih.gov/pubmed/31773973
https://doi.org/10.1093/ajcp/aqy087
https://www.ncbi.nlm.nih.gov/pubmed/30215666

	Introduction 
	Materials and Methods 
	Study Overview 
	Patient Specimens 
	Precision Analysis (Within-Run and Between-Run Precision) 
	Method Comparison 
	Data and Statistical Analysis 

	Results 
	Precision and Accuracy Analysis 
	Method Comparison Analysis 
	Overall Result Analysis 
	Sub-Therapeutic Category Analysis 
	Therapeutic Category Analysis 
	Supra-Therapeutic Category Analysis 
	Clinically Relevant Agreement 


	Discussion 
	Conclusions 
	References

