Analytical performance and user-friendliness of four commercially available point-of-care devices for C-reactive protein
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HIGHLIGHTS: 
· Correct POCT-CRP implementation in routine practice can decrease the inappropriate use of antibiotics. 
· The analytical performance of POCT-CRP devices varied among manufacturers and did not fulfill the minimal allowable limits for clinical application for all instruments, emphasizing the need for quality assurance supervised by a central laboratory.
· The user-friendliness significantly varied among the instruments.


LIST OF ABBREVIATIONS 
APS:		Analytical Performance Specifications
ASZ:		Algemeen Stedelijk Ziekenhuis 
CRP: 		C-reactive protein
CV: 		Coefficient of variation
ERM:		European Reference Materials
GP:		General practitioners
IFCC:		International Federation of Clinical Chemistry
IRMM:		Joint Research Centre Institute for Reference Materials and Measurements
iQC:		Internal quality control
ISO:		International Organization for Standardization
LRTI:		Lower respiratory tract infections
MAU:		Maximum fit for purpose allowable MU
MU:		Measurement uncertainty
Uref:		Uncertainty of reference materials
Ucal:		Uncertainty of calibrators
Urw:		Random variability of measuring systems
NAPAMR:	National action plan on antimicrobial resistance
OLV		Onze-Lieve-Vrouw 
POCT:		Point-of-Care testing
 r²:		Coefficient of determination
rho or ρ:	Spearman’s rank correlation
SKUP:		Scandinavian evaluation of laboratory equipment for point of care testing


ABSTRACT 
Introduction
Proper implementation of Point-of-Care testing (POCT) for C-reactive protein (CRP) in primary care can decrease the inappropriate use of antibiotics, thereby tackling the problem of growing antimicrobial resistance. 
Objective
The analytical performance and user-friendliness of four POCT-CRP assays were evaluated: QuikRead go easy, LumiraDx, cobas b 101 and Afinion 2. 
Materials and methods
Imprecision was evaluated using plasma pools in addition to manufacturer-specific control material. Trueness was assessed by verification of traceability to ERM-DA474/IFCC in parallel to method comparison towards the central laboratory CRP method (cobas c 503) using i) retrospectively selected plasma samples (n=100) and ii) prospectively collected capillary whole blood samples (n=50). User-friendliness was examined using a questionnaire.
Results 
Between-day imprecision on plasma pools varied from 4.5% (LumiraDx) to 11.5% (QuikRead). Traceability verification revealed no significant difference between cobas c 503 CRP results and the ERM-DA474/IFCC certified value. cobas b 101 and Afinion achieved the best agreement with the central laboratory method. LumiraDx and QuikRead revealed a negative mean difference, with LumiraDx violating the criterion of >95% of POCT-CRP-results within        ±20% of the comparison method. Regarding user-friendliness, Afinion obtained the highest Likert-scores. 
Conclusion
The analytical performance and user-friendliness of POCT-CRP devices varies among manufacturers, emphasizing the need for quality assurance supervised by a central laboratory. 


1 INTRODUCTION 
Point-of-Care testing (POCT) can be defined as a clinical diagnostic test performed in a health care setting outside a clinical laboratory, bedside or in proximity of the patient usually performed by non-laboratory-trained personnel [1-3]. POCT is widely used in hospital settings and routinely in primary care settings in several Scandinavian countries, the Netherlands and Switzerland. Interest in expanding to more general practice (GP) settings is increasing for C-reactive protein (CRP) testing to guide management of lower respiratory tract infections (LRTI), particularly. The overuse of antibiotics for LRTI is a widespread problem leading to antimicrobial resistance. POCT-CRP appears to be one of the top strategies to reduce inappropriate antibiotic prescribing and to combat increasing antimicrobial resistance in a cost-effective manner in adults [4-6]. The negative predictive value of CRP in combination with clinical signs and symptoms for serious infections can support physicians in clinical work-up, prescribing of antibiotics and follow-up of patients. Various European guidelines recommend POCT-CRP testing to guide treatment in LRTI to improve antimicrobial stewardship in primary care [7, 8]. In Belgium, the use of antibiotics in outpatient care is mainly prescribed by GPs and is higher than the European average. Unfortunately, there is currently no legal framework in place for the use of POCT outside the hospital in Belgium [6]. Therefore, the ‘National Action Plan on Antimicrobial Resistance’ (NAPAMR) study 2020-2024 “Evaluation of the organizational challenges of out-of-hospital implementation of POCT-CRP in adults with cough” was funded to evaluate the application and the economic feasibility of POCT-CRP outside hospitals and the creation of a legal framework with reimbursement for decentralized POCT-CRP in primary care. Evidently, POC-devices must generate accurate and robust results compared to laboratory testing and must comply to analytical performance specifications (APS) stated by (inter)national expert organizations [6, 9-13]. Therefore, patients’ benefit and POCT reimbursement could only be provided and maintained when POCT is performed according to well-defined evidence-based guidelines and is integrated into a quality assurance program supervised by a certified, clinical laboratory [3, 6, 11, 14]. 
In this study, we aim to evaluate the analytical performance and user-friendliness of four different POCT-CRP assays based on POCT-specific international guidelines [11, 14, 15] and general and CRP-specific APS [9, 10, 16-18]. 
2 MATERIALS AND METHODS
The analytical performance study was executed by the POCT-team of the OLV Hospital Aalst, a Belgian secondary care hospital with 959 beds. 
2.1 CRP measuring systems 
Four quantitative POCT-CRP devices used in the FOD project ‘Evaluation of the organizational challenges of out-of-hospital implementation of POCT-CRP in adults with cough’ were evaluated. An overview of the assay characteristics of the different POCT-CRP methods and the specific reagent lot numbers used (one for each POCT-CRP device) are summarized in Table 1. Every POCT-CRP method included in the study protocol, claims traceability to the currently available international CRP-standard, ERM-DA474/IFCC (Table 1) [19, 20]. 
The Tina-Quant CRP IV performed on cobas c 503 analyzer, routinely performed at the central laboratory of OLV Hospital Aalst and ISO (International Organization for Standardization) 15189 certified (Belgian accreditation system certificate 350-MED), was chosen as the comparison method.
2.2 Validation of the traceability of the comparison method
Measurement uncertainty (MU) of cobas c 503 was calculated towards ERM-DA474/IFCC using ISO 20914:2019 as a practical reference guide [21]. 
In addition, the traceability of the cobas c 503 CRP-method was verified by the analysis of the ERM-DA474/IFCC [19] in three runs during three consecutive days. The mean CRP result of the ERM, obtained on cobas c 503, is regarded as unbiased, if the combined expanded uncertainty of the certified value includes the difference between the certified value and the measurement result [19]. 
2.3 Analytical performance evaluation of POCT-CRP devices
2.3.1 TRACEABILITY POCT-CRP TOWARDS ERM-DA474/IFCC 
Based on the mean cobas c 503 results of a 5-point dilution series of the ERM with 0.7% phosphate buffered saline, a regression line was calculated plotting the ERM theoretical results on the Y-axis and the cobas c 503 results on the X-axis. As the ERM-DA474/IFCC is not commutable to the POCT-CRP methods, verification of the traceability of the POCT-CRP devices was applied based on the results obtained by the method comparison study (see section 2.3.2). For CRP study results up to 41.2 mg/L (=certified value of the ERM-DA474/IFCC)  [19], the c 503-ERM regression equation was used to recalculate the c 503 results of the study samples to more objective ‘ERM’ results.
2.3.2 METHOD COMPARISONS 
Retrospectively, 100 left-over samples from lithium heparin plasma routinely sent to the central laboratory of OLV Hospital Aalst for CRP-analysis (Tina-Quant C-Reactive protein IV on cobas c 503 analyzer (Roche Diagnostics, Mannheim, Germany)), were purposively selected, to obtain CRP concentrations spread over the measuring range (e.g. 1 mg/L to 350 mg/L) of the different POCT-CRP devices [15]. Hemolytic, icteric or lipemic samples were excluded. All lithium heparin plasma samples were stored at 2-8°C for less than 5 days after sampling. After selection, all plasma samples were stored at -20°C and thawed prior to POCT-CRP analysis. CRP analyses were spread over at least 5 days for each POC device. Analytical performance was assured by daily iQC measurement.
Additionally, at least 50 capillary blood samples were prospectively collected from patients at the Pneumology and Gastroenterology ward of OLV Hospital Aalst and were immediately analyzed with the POCT-CRP device. All physicians and nurses from the Pneumology and Gastroenterology ward involved, were informed about the study design. The POCT-CRP samples were collected by the POCT-team and within a time frame of 30 minutes, a lithium heparin plasma sample was drawn from the same patient and sent to the laboratory for routine CRP analysis on the cobas c 503 (turnaround time less than 1 hour). All patients in whom capillary samples were collected, gave written informed consent before sample collection during the study period.
2.3.3 IMPRECISION 
Imprecision was determined using the manufacturer specific internal quality control material (iQC) with low and high CRP concentration, a patient lithium heparin plasma pool with a low concentration of +/- 20 mg/L and a patient lithium heparin plasma pool with a high concentration of +/- 100 mg/L. All iQC samples and patient pools were measured during 10 consecutive days with each analyzer [17]. Every day a fresh frozen aliquot was used for the patient pools. 
2.3.4 STATISTICAL ANALYSIS
Statistical analyses were performed with Excel-Analyse-It (Analysis Software, Ltd, UK) and MedCalc Statistical Software version 19.3 (MedCalc Software Ltd, Ostend, Belgium). Continuous variables are reported as mean value with a standard deviation (SD). 
A Passing Bablok regression and Spearman’s rank correlation was used to evaluate agreement between methods. Mean difference was examined using relative Bland–Altman plots for all POCT-CRP devices [13]. The 95% limits of agreement of the mean difference represents the 95% confidence interval [-1.96*SD;+1.96*SD]. 
2.3.5 ANALYTICAL PERFORMANCE SPECIFICATIONS (APS)
Based on the intended use of the POCT-CRP measuring systems in the FOD project ‘Evaluation of the organizational challenges of out-of-hospital implementation of POCT-CRP in adults with cough’, the APS were set in concordance to the APS used by SKUP, an international and independent POCT expert organization [9, 13]. An acceptable accuracy is obtained when >95% of the CRP results measured on the POCT devices are within +/- 20% of the comparison method [9]. The criterion of an acceptable correlation between the POCT devices and the comparison method is defined as i) a slope and intercept not significantly differing from 1.0 and 0.0, respectively and ii) a Spearman’s rank correlation rho ≥ 0.975. Regarding imprecision, a coefficient of variation (CV%) less than or equal to 10% is defined as acceptable [9].
2.4 User-friendliness 
To include all stakeholders’ objectives in the implementation of POCT, a user-friendliness survey was organized for on the one hand the POCT-experts of OLV Hospital Aalst/Asse (n=5/3) and Algemeen Stedelijk Ziekenhuis Aalst (ASZ) (n=2) and on the other hand non-experienced nursing personnel from the OLV Pneumology and Gastroenterology ward (n=6). After a professional instruction of the POCT-CRP device by the manufacturer or a qualified POCT-team member, a 7-point Likert scale (0-6) questionnaire was filled out, comprising questions related to the pre-analytical, analytical, and post-analytical phase. Twenty-three questions were bundled in the following topics: packaging and manipulation of pre-analytical device, blood collection, timespan between collection and analysis, duration of test and error codes. Based upon these categories, radar charts were created. For the POCT-team, 13 additional questions were asked concerning reagents conservation, risk of results misinterpretation and failure detection. 
2.5 Ethical approval
The research related to human use complied with all the relevant national regulations, institutional policies and in accordance the Helsinki Declaration. The study has been reviewed and approved by the local ethical committee of OLV hospital Aalst (Belgian registration number B1262023000002). 

3 RESULTS
3.1. Validation of the traceability of the comparison method
Primordially, to be considered as a valuable comparison method, MU of cobas c 503 towards ERM-DA474/IFCC was calculated [21]. The estimated combined standard MU for cobas c 503 method was 5.18%, which is  lower than the ‘maximum fit for purpose allowable MU’ (MAU) at minimum quality level of 5.64% [16, 18] (Supplemental data 1). 
In addition, the traceability of the cobas c 503 CRP-method was verified by the  analysis of the ERM-DA474/IFCC (Supplemental data 2) [19]. The absolute difference (Dm) between this  measured mean value (41.3 mg/L) and the certified value, i.e. 41.2 mg/L, was 0.1 mg/L, which was lower  than the certified combined expanded MU of the material of 2.5 mg/L (Supplemental data 2). Therefore, at  a confidence level of 95%, our results revealed no significant difference between the CRP result obtained  with cobas c 503 and the certified ERM value [19]. 
Furthermore, based on the mean cobas c 503 results of a 5-point dilution series of the ERM with 0.7% phosphate buffered saline, a regression line was calculated plotting the ERM theoretical results on the Y-axis and the cobas c 503 results on the X-axis, revealing a very good coefficient of determination (r2= 0.9993) (Supplemental data 2). 
3.2 Analytical performance evaluation of POCT-CRP devices 
3.2.1 TRACEABILITY POCT-CRP TOWARDS ERM-DA474/IFCC 
For CRP study results up to 41.2 mg/L (=certified value of the ERM-DA474/IFCC), the c 503-ERM regression equation (y = 0.986x – 0.437) (Supplemental data 2) was used to recalculate the c 503 results of the study samples to more objective ‘ERM’ results. Results of the four POCT-CRP devices towards ERM-DA474/IFCC are presented in relative Bland-Altman and Passing Bablok plots in in Supplemental data 3 and Supplemental data 4. Overall, similar results were obtained as when compared directly with the cobas c 503 results (see section 3.2.2), with LumiraDx providing a marked and inaccurate underestimation of CRP values.
3.2.2 METHOD COMPARISONS 
The results of the four POCT-CRP devices towards the cobas c 503 comparison method are presented in relative Bland-Altman and Passing Bablok plots in Figure 1 and Table 2. Considering the whole measuring range, an acceptable agreement (rho ≥ 0.975) (Figure 1 A-D) and mean difference (Figure 1 E-H) towards the comparison method was obtained for all POCT-CRP devices. The highest relative mean difference was shown for LumiraDx, i.e. -13.66% [-36.68-9.37] (Table 2). The relative Bland-Altman plot elucidates (Figure 1 H) two groups of results, i.e. below 60 mg/L and higher than 6 mg/L, revealing a significantly higher mean difference for results below 60 mg/L. Consequently, LumiraDx obtained an unacceptable percentage of POCT-CRP results within the +/- 20% accuracy criterion, i.e. 66.3%, versus 97.8%, 100.0% and 97.5% for respectively cobas b 101, Afinion 2 and QuikRead go (Table 2).
Regarding the method comparison on capillary blood samples, cobas b 101, Afinion 2 and QuikRead go showed an acceptable agreement with the comparison method (rho ≥ 0.975) (Figure 2 A-C), however LumiraDx had a lower Spearman’s rho compared to the other devices (ρ=0.971) (Figure 2D; Table 3). cobas b 101 and Afinion 2 obtained the best correlation with the reference method as the slope and intercept are the closest to 1.0 and 0.0, respectively (Table 3). The slope of QuikRead go was 0.854, indicating a systemic underestimation of capillary blood CRP-levels. For all devices an acceptable relative mean difference towards the comparison method was obtained. QuikRead go had the highest relative mean difference, being -12.01% [-31.68-7.65] (Table 3). The percentage of POCT-CRP results within the +/- 20% accuracy criterion was 97.2%, 97.2%, 83.7% and 86.0% for respectively cobas b 101, Afinion 2, QuikRead go and LumiraDx (Table 3).
3.2.3 IMPRECISION
With CV% from 1.7% to 8.9% for the manufacturer’s specific iQC samples, imprecision met the criterion of ≤10% for each POCT-CRP device (Supplemental data 5 and 6). In the iQC patient pools, CV% varied among the analyzers from 4.9% to 11.5%. Revealing CV% of 11.5% and 10.2%, QuikRead go exceeded the CV% criterion of 10% for both levels (not significantly, Chi2-test p=0.8 and p=0.9, respectively; Table 4). Consecutively, the imprecision experiment was repeated, using a calibrated pipet for sample application instead of the QuikRead go specific sampling device; CV% significantly dropped to 5.9% and 4.9% for the low and high iQC level respectively. 

 3.3 User-friendliness
Overall, all POCT-CRP devices were scored user-friendly. QuikRead go easy CRP, Afinion 2 and cobas b 101 had comparable results, with mainly the analytical device, the duration of the test and the time span between the sampling and analysis being assessed as satisfactory (Figure 3). Scoring differences were mainly related to the packaging of reagents and the manipulation of the pre-analytical device, for which Afinion 2 clearly scored best (median Likert-score of 5.25). The ease of sampling was rated highest for Afinion 2 with a median Likert score of 5.75, thanks to its all-in-one system and capillary aspiration system. The sampling with the cobas b 101 disc was somewhat hampered by the protective sheath of the sampling device, only allowing a one-sided sample aspiration resulting in a lower median Likert score of 4.75. Overall, LumiraDx was rated less than the other devices, except for the error messages. However, since only a few error codes were encountered during the validation period, this category was often answered as ‘nor agree, nor disagree’ (median Likert-score of 3), which may have biased this result. The overall results of the POCT-survey were displayed in a radar chart (Figure 3 and Supplemental data 8).
Supplemental data 7 A-D provides the radar charts of every POCT-CRP device individually. The user-friendliness of cobas b 101, Afinion 2 and QuikRead go was scored similarly by all participants (14 for LumiraDx and Quikread go and 16 for Afinion 2 and cobas b 101). For the ‘Aalst POCT’ users however, the time span between sampling and analysis for Afinion 2 was scored lower (median Likert-score of 2). In contrast to the other instruments, this time span according to the manufacturer’s instructions is limited to 1 minute (Table 1), necessitating the proximity of an Afinion 2 instrument during sampling. The ratings of LumiraDx were somewhat depending on the rating group; ‘Aalst POCT’ scored the clarity of the error messages and the time between sampling and analysis better than other participants (median Likert-scores of 5 and 3, respectively) while the nurses and ASZ POCT scored the packaging and manipulation of the pre-analytical device higher (median Likert-scores of 5). 


4 DISCUSSION
The usefulness of POCT-CRP in the diagnostic setting of LRTI is substantiated by its implementation in numerous European guidelines [7, 8]. In this setting, the patients’ benefit is guaranteed by the integration of POCT-CRP in the quality assurance program supervised by a central clinical laboratory. Such a program ensures, but is not limited to, the monitoring of the analytical performance according to (inter)nationally available guidelines [2, 6, 9, 11, 14]. This implies the evaluation of measurement uncertainty of the total analysis process from sampling, by means of the collection material supplied by the manufacturer, to result interpretation. In Belgium, there is only a legal framework of the POCT application within hospitals [2, 11] and a proposal was recently submitted to the Ministry of Health to extend this to general practitioners, following the example of the Netherlands [6].
In the present study, we’ve evaluated the analytical performance of four POCT-CRP devices towards APS set by SKUP [9]. These criteria posed were less stringent than APS set for central lab CRP methods [12, 13], but justified considering the (i) specific clinical context in which the POC systems were intended to be used (in routine primary care), (ii) the variability observed in previous studies [22-26], (iii) the inherent biological variation of CRP [27, 28] and (iv) the clinical implications of CRP measurement within our patient population (adults with cough presenting to primary care) [29]. However, which APS to use is always a matter of discussion and we acknowledge that different APS could be preferred by other authors.
To ensure ‘fit-for-purpose’ of the cobas c 503 as a comparison method in our method validation section, we firstly confirmed that both the MU (Supplemental data 1) and verification of the traceability to the ERM-DA474/IFCC (Supplemental data 2) fulfilled the APS stated by (inter)national expert organizations  [16, 18]. The cobas c 503’s MU (5.18%) revealed to be lower than the minimum MAU goal of 5.64% as stated by Braga et al. [16]. The lack of selection bias due to the comparison method used was recently confirmed by Borrillo et al. showing that the harmonization of method specific CRP calibration material against this ERM-DA474/IFCC standard, reduces the inter-assay variability of central laboratory CRP methods to less than 10% [16]. 
As the ERM standard revealed incommutable for the different POCT-CRP instruments [19], traceability to the ERM was verified by a head-to-head comparison to re-calculated ERM test results, based on the cobas c 503-ERM regression equation (Supplemental data 3 and 4). In general, cobas b 101 and Afinion 2 displayed a better alignment with the ERM (for results up to 40 mg/L; Supplemental data 3 and 4) and with the cobas c 503 CRP method (for results covering the whole measuring range; Table 2 and Figure 1) than LumiraDx and QuikRead go, revealing low mean differences and regression equations with slopes and intercepts around 1.0 and 0.0, respectively. Although Brouwer et al. [30] described an underestimation of results obtained with Afinion 2, the findings of most other papers are in line with ours [22, 23, 31]. 
The imprecision of every device met the pre-established criterion of ≤ 10% [9], both for the manufacturer specific iQC materials (Supplemental data 5 and 6) as for the patient pools (Table 4). Bearing commutability aspects in mind, only the latter iQC materials ensure a correct imprecision evaluation among the different CRP methods. The higher imprecision obtained by QuikRead go could be fully attributed to the imprecision of the sample applicator, as the imprecision significantly improved by performing the sample application using a calibrated pipette. Therefore, the device specific user training should primarily focus on the variability of the sampling. 
In previous studies performed in children and adults, QuikRead go seems to provide reliable, precise results with a good agreement with central laboratory values [22, 24-26, 32]. In our method comparison, QuikRead go revealed a wider spread of results and a considerable negative mean difference ranging from -6.34% to -12.01% (Table 2 and 3). The finding of underestimation of CRP-results is concordant with a previous study of Brouwer and colleagues [30]. Similar to the findings of Monteny et al.[33], the mean difference increased for CRP-values < 40mg/L. The wide spread of results in the method comparison study using capillary samples, is reflected by the higher CV in the imprecision study (Table 4) and the lower percentage of samples, i.e. 83.7%, within the +/- 20% accuracy criterion (Table 3). 
LumiraDx revealed the highest mean difference towards ERM-traceable results of -20.46% [-38.14;-2.78] (Supplemental data 3 and 4). The use of a calibrated pipette did not improve the underestimation of the results (data not shown), supporting the assumption of a systematic analytical error. Nevertheless, this negative difference was not retained in the prospective method comparison on capillary whole blood samples (Table 3). However, a greater spread of the data was observed, inherent to the larger sample volume required, which complicated sample collection, and resulted in a lower percentage of samples (86.0%) exceeding the +/- 20% accuracy criterion (Table 3). We acknowledge however that in our evaluation, only one reagent lot of test strips was used on two different devices. Additional tests will be performed to exclude any bias due to device and reagent variability. Nevertheless, due to the violation of the APS for both lithium heparin and capillary blood samples, the use of LumiraDx in the FOD project ‘Evaluation of the organizational challenges of out-of-hospital implementation of POCT-CRP in adults with cough’ was temporally discontinued.
A shortcoming of our study is that we could not provide an estimated MU for the different POCT-CRP methods due to i) the unavailability of ucal and ii) the limited urw, based on only a 14-day time period, a limited number (n=2) of instruments, one reagent lot and a trained POCT-team performing the analyses. A more representative urw should cover at least a six-month consecutive period, including most changes affecting measuring conditions, such as different lots of reagents, different calibrations, and different users [21]. For the urw of the cobas c 503 CRP method, the requested time frame was encountered (Supplemental data 1), but the results were based on a third-party quality control material instead of a commutable plasma pool, targeting a CRP concentration of 10 mg/L, indicative for detecting sub-clinical infection [16, 21]. Furthermore, all blood collections and analyses were performed by the POCT team of OLV Hospital Aalst. In routine practice, however, healthcare professionals will perform the POCT analyses. Therefore, although secondary to the analytical performance, the evaluation of the user-friendliness of a POCT method is an essential cornerstone in a POCT performance analysis. The user-friendliness survey showed that each device is acceptable for routine use. Overall, Afinion 2, cobas b 101 and QuikRead go received the highest Likert-scores. However, a (system-dependent) operating point was also retained for each device: e.g. the pre-analytical phase of QuikRead go was quite cumbersome because it consists of different steps, unlike cobas b 101 and Afinion 2, where the pre-analytical device offers an all-in-one solution; the blood collection with cobas b 101 was somewhat difficult given the design of the disc; for Afinion 2, the time between blood collection and the analysis (1 minute) was experienced as too short if the device is not in the vicinity of the patient, which can be resolved by the use of an available appliance battery. LumiraDx obtained the lowest Likert-score within each of the categories. The main comments were related to the three minutes start-up time, a pre-heating time per analysis strip of two minutes, the need of constant proximity of the operator to complete intermediate steps and the larger sample volume needed, which is very difficult to apply from the finger directly on the strip and the capillary delivered is not very practical. Each of these working points were raised in a constructive feedback meeting with the various manufacturers. 
Previous studies have shown that point-of-care CRP testing can help reduce antibiotic prescribing and can be used in the ambulatory care setting [22, 29, 34]. Before widespread implementation can be recommended, the devices need to be fit-for-purpose and the analytical performance and user-friendliness should be verified. Especially at clinically relevant thresholds, imprecision and measurement uncertainty can lead to detrimental effects on clinical decision making and ultimately impact quality of care for patients in primary care. Therefore, manufacturers and lab specialists have a shared responsibility in realizing accurate POCT-CRP diagnostics, by, respectively, continuously improving the diagnostic performance of their in-vitro diagnostic medical devices based on increasing insights, and by maintaining a thorough quality assurance program on the devices routinely installed [6, 12, 13] 
5 CONCLUSION
In conclusion, the analytical performance and user-friendliness of POCT-CRP devices varies among manufacturers, emphasizing the need for quality assurance supervised by a central laboratory.
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Figure 1. Method comparison of lithium heparin plasma samples represented by a Passing Bablok (A-D) and relative Bland-Altman plots (E-H). A-D: the regression line, with corresponding regression equation and Spearman’s ρ is represented by a solid line. The confidence interval for the regression is represented by the dashed lines and x=y is represented by the dotted line. E-H: The mean difference is represented by a solid green line, the 95% confidence interval of the bias by a dotted green line, the total acceptable error (+/- 20%) as solid red line and the acceptable CV (+/-10%) standard error as dotted red line.
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Figure 2. Method comparison of capillary blood samples (5-200 mg/L) represented by Passing Bablok plots (A-D) and relative Bland-Altman plots (E-H). A-D: the regression line, with corresponding regression equation and Spearman’s ρ, is represented by a solid line. The confidence interval for the regression is represented by the dashed lines and x=y is represented by the dotted line. E-H: The mean difference is represented by a solid green line, the 95% confidence interval of the bias by a dotted green line, the total acceptable error (+/- 20%) as solid red line and the acceptable CV (+/-10%) standard error as dotted red line.
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Figure 3. Radar chart of the user-friendliness survey, comprising twenty-three questions covering following topics: packaging and manipulation of pre-analytical device, blood collection, timespan between collection and analysis, duration of test and error codes. The median Likert score obtained from 14 participants for LumiraDx (LumiraDx), and QuidRead go (Aidian Diagnostics) and 16 participants (cobas b 101 (Roche Diagnostics), Afinion 2 (Abbott)) is presented.
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TABLES 
Table 1. Assay characteristics of the four POCT-CRP methods.
	
	QuikRead go 
(Aidian Diagnostics Espoo, Finland)
	Afinion 2
(Abbott, Oslo, Norway)
	cobas b 101
(Roche Diagnostics, Mannheim, Germany)
	LumiraDx CRP
(LumiraDx, Stirling, UK)

	Test principle
	Immunoturbi-dimetric assay
	Solid phase, sandwich-format, Immunochemical assay
	Immunoturbi-dimetric assay
	Immunofluore-scent assay

	Required sample volume
	10 µL
	2.5 µL
	12 µL
	20 µL

	Measurement range whole blood
	1-200 mg/L
	5-200 mg/L
	3-400 mg/L
	5-250 mg/L

	Measurement range plasma/serum
	1-120 mg/L
	5-160 mg/L
	3-400 mg/L
	5-250 mg/L

	Max. time between collection and analysis
	2 hours
	1 min
	2 min
	Unspecified

	Analysis time 
	2 min
	3-4 min
	3-4 min
	4 min

	Hematocrit correction
	15%-75%
	20%-60%
	20%-60%
	15%-55%

	Traceability
	ERM DA 474/IFCC
	ERM DA 474/IFCC
	ERM DA 474/IFCC
	ERM DA 474/IFCC

	Lot number iQC low / high
	1911044 /
1910072
	10214493 / 10214494
	020143-10 /
020143-20
	1009000273000161 / 1009000274000162

	Lot number reagents
	KT87-2
	10220588
	218151-01
	50000752



Table 2. Lithium heparin plasma method comparison versus cobas c 503 (values 5-200 mg/L): results for Passing Bablok regression, Bland-Altman plot analysis (mean percentage difference) and the % of samples within the +/- 20% accuracy criterion.
	
	Number of samples
	Passing Bablok regression
	Bland-Altman plot
	% samples < +/- 20% mean difference

	
	
	Slope 
[95% CI]
	Intercept
[95% CI]
	Spearman’s ρ
[95% CI]
	Mean difference (%) 
[95% CI]
	

	cobas b 101
	93
	0.954
[0.931-0.980]
	0.4
[-0.7-1.7]
	0.996 
[0.994-0.997]
	-2.58 
[-17.19-12.04]
	  97.8

	Afinion 2
	87
	1.039 
[1.016-1.058]
	-0.5 
[-1.6-0.7]
	0.996 
[0.994-0.997]
	2.53 
[-8.21-13.28]
	  100.0

	QuikRead go
	81
	0.904 
[0.872-0.934]
	1.5 
[0.1-2.5]
	0.991 
[0.985-0.994]
	-6.34
[-22.82-10.15]
	97.5

	LumiraDx
	92
	0.987 
[0.949-1.028]
	-5.5 
[-8.2;-3.7]
	0.992 
[0.987-0.994]
	-13.66
[-36.68-9.37]
	66.3




Table 3. Capillary blood method comparison versus cobas c 503 (values 5-200 mg/L): results for Passing Bablok regression, Bland-Altman plot analysis (mean percentage difference) and the % of samples within the +/- 20% accuracy criterion.
	
	Number of samples
	Passing Bablok regression
	Bland-Altman plot
	% samples < +/- 20% mean difference

	
	
	Slope 
[95% CI]
	Intercept
[95% CI]
	Spearman’s ρ
[95% CI]
	Mean difference (%) [95% CI]
	

	cobas b 101
	36
	0.988 
[0.972-1.000]
	-1.0 
[-2.0;-0.4]
	0.998 
[0.995-0.999]
	-5.22
[-20.29-9.86]
	97.2

	Afinion 2
	36
	1.035 
[0.999-1.079]
	-0.6 
[-2.1-0.2]
	0.995 
[0.990-0.997]
	1.50
[-15.50-18.49]
	97.2

	QuikRead go
	43
	0.854 
[0.817-0.906]
	0.6 
[-0.8-1.8]
	0.985 
[0.972-0.992]
	-12.01
[-31.68-7.65]
	83.7

	LumiraDx
	43
	1.047 
[0.938-1.108]
	-0.3 
[-4.2-1.1]
	0.971 
[0.947-0.985]
	1.68
[-28.52-31.88]
	86.0



Table 4. Results of the between-day imprecision study for low- and high-level patient pools (n=10) performed on four POCT-CRP devices with mean and standard deviation (SD) in mg/L and CV in %.
	
	Low patient pool 
cobas c 503 (mg/L)
	Mean (SD) (mg/L)
	CV (%)

	cobas b 101
	18.6
	20.6 (1.01)
	4.91

	Afinion 2
	
	18.4 (1.39)
	7.56

	QuikRead go
	
	18.1 (2.07)
	11.5

	LumiraDx
	
	16.1 (1.45)
	9.01

	
	High patient pool 
cobas c 503 (mg/L)
	Mean (SD) (mg/L)
	CV (%)

	cobas b 101
	98.6
	93.1 (4.52)
	4.86

	Afinion 2
	
	98.7 (7.59)
	7.69

	QuikRead go
	
	88.8 (9.04)
	10.2

	LumiraDx
	
	91.3 (4.44)
	4.47
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