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Michael Eberhardsond,e and Jonas Halfvarsona 
aDepartment of Gastroenterology, Faculty of Medicine and Health, Örebro University, Örebro, Sweden; bDepartment of Laboratory Medicine, 
Clinical Microbiology, Faculty of Medicine and Health, Örebro University, Örebro, Sweden; cDepartment of Medical Epidemiology and 
Biostatistics, Karolinska Institutet, Stockholm, Sweden; dDepartment of Gastroenterology and Hepatology, Linköping University Hospital, 
Linköping, Sweden; eDepartment of Medicine, Solna, Karolinska Institutet, Stockholm, Sweden

ABSTRACT
Background:  Proactive therapeutic drug monitoring (TDM) is often challenged by long turnaround 
time when using enzyme-linked immunosorbent assays (ELISAs), especially when analyses are 
centralised. Point-of-care tests (POCTs) allow rapid assessments, but data on their agreement with 
existing in-house methodologies are scarce.
Objective: To examine the agreement between a POCT by ProciseDx (San Diego, CA) and the most 
frequently used in-house ELISA for infliximab (IFX) quantification in Sweden.
Methods:  Serum samples were analysed using the in-house ELISA, Karolinska University Hospital, 
Stockholm, Sweden and a POCT by ProciseDx (San Diego, CA). Agreement was assessed and 
differences were examined.
Results:  Samples from 61 inflammatory bowel disease (IBD) patients were analysed with a median 
IFX concentration of 7.9 μg/mL (interquartile range (IQR) 5.5–13) for the POCT and 7.9 μg/mL (IQR 
5.2–12) for the ELISA (Pearson’s correlation coefficient = 0.95 (95% CI 0.92–0.97, p <  .01)). A Passing–
Bablok regression yielded an intercept of −0.44 and a slope of 1.09. The Bland–Altman plot showed 
a systemic bias of −0.77 μg/mL (95% CI −0.18 to −1.4) between the methods. The upper limit of 
agreement was 3.7 (95% CI 2.7–4.8) (μg/mL), whereas the lower limit agreement was −5.3 (95% CI 
−6.3 to −4.3) (μg/mL). An excellent reliability was observed, intraclass correlation showed = 0.94 
(95% CI 0.89–0.96, p  <  .0001). When defining IFX concentration as subtherapeutic (<3.0 μg/mL), 
therapeutic (3.0–7.0 μg/mL) or supratherapeutic (>7.0 μg/mL) drug levels, Kappa statistics showed a 
substantial agreement (0.79).
Conclusions:  The POCT by ProciseDx (San Diego, CA) demonstrated a good agreement with the 
in-house ELISA, supporting its use for rapid IFX quantification.

Abbreviations:  TDM: therapeutic drug monitoring; ELISA: enzyme-linked immunosorbent assay; 
POCT: point-of-care test; IFX: infliximab; IBD: inflammatory bowel disease; IQR: interquartile range; 
CI: confidence interval; TNF: tumour necrosis factor; FRET: fluorescence resonance energy transfer; 
BMI: body mass index; SCCAI: Simple Clinical Colitis Activity Index; PBS: phosphate-buffered saline; 
ICC: intraclass correlation; LOA: limits of agreement; SD: standard deviation; CLSI: Clinical and 
Laboratory Standards Institute; WHO: World Health Organisation

Introduction

The introduction of anti-tumour necrosis factor (TNF) agents, 
such as infliximab (IFX), has changed the treatment landscape 
and improved outcomes for patients with inflammatory bowel 
disease (IBD). However, 10–30% of patients do not respond to 
induction treatment with an anti-TNF agent (primary 
non-response) and the annual risk of loss of response to IFX 
per patient year is approximately 10% [1,2]. The precise mech-
anism for treatment failure is not known, but subtherapeutic 
drug concentrations and the development of anti-drug 

antibodies seem to play a critical role [1]. Specifically, low IFX 
concentrations have been associated with immunogenicity 
and the formation of anti-drug antibodies [3]. Therapeutic 
drug monitoring (TDM) is defined as the measurement of drug 
concentrations and, in patients with low drug concentrations, 
also anti-drug antibodies. Proactive drug monitoring, i.e., opti-
mising drug dosing regardless of disease activity [4], is increas-
ingly used in IBD care [5]. Studies suggest that proactive TDM 
could also be beneficial for other immune-mediated disorders, 
e.g., rheumatoid arthritis and psoriasis [6,7]. The application of 
proactive TDM is challenged by a considerable lag time 
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between obtaining blood samples and IFX results when using 
a standard enzyme-linked immunosorbent assay (ELISA) for 
measurements of IFX concentrations.

In some countries, the measurement of IFX is centralised. In 
Sweden, most analyses are done using an in-house ELISA at 
the Department of Clinical Immunology, Karolinska University 
Hospital, Stockholm, Sweden. Results are obtained after 
approximately 1–2  weeks, and the method has been described 
in detail elsewhere [8]. An introduction of point-of-care tests 
(POCTs) could shorten the turnaround time and overcome 
logistic obstacles associated with sending blood samples. 
POCTs such as the ProciseDx (San Diego, CA), using fluores-
cence resonance energy transfer (FRET), produce results within 
minutes and allow clinicians to timely individualise the IFX 
dose based on the concentration. However, the use of differ-
ent methodologies for IFX measurements raises concerns 
regarding the agreement between tests since previous studies 
examining variations across different assays have reported 
mixed results (Supplementary Table 1). On a national scale, 
introducing novel assays in combination with the usage of the 
existing Swedish in-house ELISA could cause uncertainty about 
comparability and potentially influence clinical decision-making. 
Therefore, we aimed to compare the agreement between the 
POCT by ProciseDx for measurements of IFX with the currently 
used in-house ELISA at Karolinska University Hospital.

Materials and methods

Patients included in this study were previously recruited as 
part of a prospective cohort of patients treated with biolog-
ics at Örebro University Hospital, Örebro, Sweden. To be eli-
gible for inclusion in the cohort, patients had to be aged 
≥18  years and have a confirmed diagnosis of IBD, i.e., Crohn’s 
disease or ulcerative colitis, using internationally accepted cri-
teria [9]. No exclusion criterion was applied in the cohort. 
After obtaining written informed consent, information on dis-
ease characteristics according to the Montreal classification 
was recorded [10] and body mass index (BMI) was docu-
mented. Blood samples were collected before administration 
of biological therapy and serum aliquots were extracted and 
stored at −80 °C. Information about demographics, including 
age, sex, smoking status, concomitant IBD medications and 
patient-reported outcomes were collected using a 
study-specific questionnaire. The subscores of patient-reported 
number of liquid stools per day and abdominal pain (PRO2) 
derived from the Crohn’s Disease Activity Index were used to 
characterise clinical disease activity in patients with Crohn’s 
disease [11]. For patients with ulcerative colitis, the rectal 
bleeding component from the Mayo Clinic score and the 
number of bowel movements from the Simple Clinical Colitis 
Activity Index (SCCAI) were used [12,13]. In the present study, 
only patients with IFX were included.

POCT for IFX measurements

The POCT developed by ProciseDx (San Diego, CA) has been 
described in detail previously [14]. In short, the assay is based 
on FRET. To quantitate IFX levels, a flash of UV light excites a 

donor fluorophore attached to TNF-alpha and excitation 
energy is transmitted when it is in the proximity of an accep-
tor fluorophore. A sandwich assay technique is used; the 
TNF-alpha labelled fluorophore binds to IFX and, by binding 
to a separate site of IFX, a Fab anti-IFX with its acceptor flu-
orophore brings the two fluorophores in close proximity to 
each other and enables FRET. When the energy is transferred 
from the donor fluorophore to the acceptor, light emits at 
specific wavelengths. The light is then filtered through 
band-pass filters and detected with a silicon multiplier. The 
intensity of the specific wavelengths is proportional to the 
amount of donor and acceptor complexes and is reported 
as μg/mL.

Venous blood samples were collected in serum separator 
tubes with clot activation. The tubes were then gently 
inverted five times and left at room temperature for 30–60 min 
before being centrifuged at 2400  ×  g for 7 min. Afterwards, 
serum aliquots were extracted and stored in a −80 °C freezer. 
In accordance with the manufacturer’s instructions, a high 
and low control, supplied by ProciseDx, were used prior to 
analyses. Next, the serum aliquots were thawed at room tem-
perature, and 20 μL of serum was added to the reagent car-
tridge filled with 1 mL of premade buffer solution. A bead of 
lyophilised donor and acceptor fluorophores was released 
into the serum and buffer mix once the cartridge lid was 
closed. The solution was afterwards mixed by inverting the 
cartridge five times, and the cartridge was ultimately placed 
in the apparatus for analysis. All measurements were done 
within one day using a single operator, and each serum spec-
imen was tested once except for outliers. The total process-
ing time using the POCT was approximately five minutes.

In-house ELISA for IFX measurements

Infliximab concentrations were analysed by an in-house 
developed ELISA described previously and used in clinical 
routine [8]. Microtiter plates coated with 100 ng/mL recombi-
nant human TNF-alpha (R&D Systems, Minneapolis, MN) in 
0.05  M sodium carbonate buffer for 2 h shaking at room tem-
perature and thereafter incubated overnight at +4 °C. The 
coating buffer was aspirated and the plates were subse-
quently incubated with phosphate-buffered saline (PBS) con-
taining 5% sucrose (Sigma, St. Louis, MO) and 1% bovine 
serum albumin (Sigma, St. Louis, MO), for 2 h at room tem-
perature. After aspiration of the buffer, the plates were dried 
at room temperature overnight and thereafter stored in heat 
sealed foil bags with 1 g desiccant at +4 °C. After wash three 
times in PBS plus 0.05% Tween 20, standard dilutions (0.40–
100 ng/mL) of IFX (Schering Plough, Kenilworth, NJ) were 
added together with defined IFX-spiked sera as well as 
patient samples in duplicates, diluted 1/500 in blocking buf-
fer (PBS containing 0.05% Tween 20 and 1% bovine serum 
albumin). Samples were incubated for 1 h at room tempera-
ture followed by washing three times. An alkaline 
phosphatase-conjugated goat anti-human IgG (Fc-specific) 
(Sigma, St. Louis, MO) diluted 1/10,000 in blocking buffer was 
thereafter added. After further incubation for an hour at 
room temperature, the plates were washed three times and 
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substrate (p-nitrophenyl-phosphate, 5 mg/mL in 1  M dietha-
nolamine with 0.5 mM Mg, pH 9.8) was added. Finally, colour 
development was monitored after 30 min at 405 nm.

Blood samples for the ELISA were obtained simultaneously 
with the samples for the POCT and handled similarly except 
for being centrifugated at 2000  ×  g for 10 min and stored at 
+4 °C for up to seven days before being sent to Karolinska 
University Hospital for IFX measurements as part of clinical 
routine.

Statistical analysis

Descriptive statistics were calculated, and categorical vari-
ables were described as absolute numbers (n) and relative 
frequencies (%). Numerical values were presented as mean or 
median with standard deviation or interquartile range (IQR) 
as appropriate depending on visual inspection of the data. A 
Bland–Altman plot was used to visualise the agreement 
between the POCT and the in-house ELISA and the intraclass 
correlation (ICC) two-way mixed single-measures test for 
absolute agreements was calculated. We interpreted the ICC 
as follows: <0.5 ‘poor reliability’, 0.5–0.75 ‘moderate reliability’, 
0.75–0.9 ‘good reliability’ and >0.90 ‘excellent reliability’ [15]. 
Pearson’s correlation coefficient was calculated to assess cor-
relation, and since none of the methods are gold standard, 

Passing–Bablok regression was used. The POCT has a report-
able range of 1.7–77 μg/mL, and the reported range of the 
comparator ELISA was set to <0.5 and 50 μg/mL [8]. For each 
method, values below the lower limit of detection were sub-
stituted with the lower limit of detection/√2 [16]. Agreement 
using weighted kappa statistics was based on predefined cat-
egories of subtherapeutic (<3.0 μg/mL), therapeutic (3.0–
7.0 μg/mL) and supratherapeutic (>7.0 μg/mL) drug levels 
[17]. The interpretation was made as proposed by Landis and 
Koch [18]. Statistical analysis was done using R (version 4.1.1, 
R Core Team, Auckland, New Zealand) with ggplot2 (v.3.4.2), 
mcr (v.1.3.2) and irr (v.0.84.1). All tests were two-tailed, and  
p values <.05 were considered statistically significant.

Ethical consideration

This study was approved by the Swedish Ethical Review 
Authority (2021-00920 and 2022-03757-02).

Results

Study population

Demographics and clinical characteristics of the studied pop-
ulation are shown in Table 1. In total, 61 patients with IBD 
(Crohn’s disease, n  =  35; ulcerative colitis, n  =  26) were 
included. The mean BMI of the patients was 26 kg/m2, and 36 
individuals (59%) were classified as overweight, based on the 
definition of a BMI >25 kg/m2.

Method comparison

Using the POCT, only one outlier was identified by visual 
inspection. This sample was tested in duplicate and reported 
with mean. Overall, the median IFX concentration was 7.9 μg/
mL (IQR 5.5–13) for the POCT and 7.9 μg/mL (IQR 5.2–12) for 
the in-house ELISA. There was a correlation of 0.95 (95% CI 
0.92–0.97, p  <  .01) between the two methods, and a Passing–
Bablok regression yielded an intercept of −0.44 and a slope 
of 1.09 (Figure 1). A Bland–Altman plot was used to visualise 
potential differences in reported IFX concentration between 
the in-house ELISA and the POCT. The bias between the 
ELISA and the POCT was −0.77 μg/mL (95% CI −0.18 to −1.4). 
The upper limit of agreement (LOA) was 3.7 (95% CI 2.7–4.8), 
and the lower LOA was −5.3 (95% CI −6.3 to −4.3) (Figure 2). 
Calculation of the ICC showed excellent reliability between 
the methods, 0.94 (95% CI 0.89–0.96, p  <  .0001).

Using Kappa statistics, the results showed a substantial 
agreement (0.79) between the two methods when measuring 
the accuracy of specifying IFX concentration as subtherapeu-
tic (<3.0 μg/mL), therapeutic (3.0–7.0 μg/mL) or suprathera-
peutic (>7.0 μg/mL).

A sensitivity analysis of all samples where at least one of 
the methods resulted in an IFX concentration of 10 μg/mL or 
less was performed (Supplementary Figure 1). Compared to 
the overall analysis, a lower systemic bias (0.3 μg/mL) and 
narrower limits of agreement (–3.2 to 2.6 μg/mL) were 
observed.

Table 1. D emographics and clinical characteristics of patients with inflamma-
tory bowel disease receiving infliximab treatment (n  =  61).

Crohn’s disease 
(n  = 35)

Ulcerative colitis 
(n = 26)

Male sex, n (%) 23 (66) 12 (46)
Median age, years (IQR) 35 (29–49) 42 (33–52)
Mean BMI, kg/m2 (SD) 26 (3.4) 27 (3.7)
Smoking status (or vaper), n (%)
  Current smoker 3 (9) 4 (15)
  Ex-smoker 13 (37) 8 (31)
  Never smoker 19 (54) 14 (54)
Disease location, n (%)
  Ileal, L1 5 (14)
  Colonic, L2 16 (46)
  Ileocolonic, L3 13 (37)
  Isolated upper disease, L4 1 (3)
Disease behaviour, n (%)
  Inflammatory, B1 28 (80)
  Stricturing, B2 7 (20)
  Penetrating, B3 0 (0)
  Perianal disease modifier, p 7 (20)
Disease extent, n (%)
  Proctitis, E1 0 (0)
  Left-sided colitis, E2 11 (42)
  Extensive colitis, E3 13 (50)
  Unknown extent 2 (8)
Median PRO2, score 4 (2–10)
Median SCCAI bowel frequency per 

day, score (IQR)
0 (0–0)

Median SCCAI bowel frequency per 
night, score (IQR)

0 (0–0)

Median Mayo rectal bleeding subscore, 
score (IQR)

0 (0–0)

Concurrent IBD medication, n (%)
  Corticosteroids 0 (0) 1 (4)
  5-Aminosalicylic acid 0 (0) 10 (38)
  Immunomodulators 21 (60) 14 (54)

IQR: interquartile range; BMI: body mass index; SD: standard deviation; PRO2: 
two-item patient reported score derived from Crohn’s Disease Activity Index; 
SCCAI: Simple Clinical Colitis Activity Index; IBD: inflammatory bowel disease; 
immunomodulators: azathioprine, 6-mercaptopurine and methotrexate.
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Discussion

By measuring IFX serum levels in blood samples from IBD 
patients with ongoing IFX treatment, we demonstrate a rea-
sonably good agreement between one of the currently used 
methodologies in Sweden, i.e., the in-house ELISA at 
Karolinska University Hospital, and the POCT by ProciseDx 
(San Diego, CA). Measurements with the POCT yielded slightly 
higher concentrations of IFX with a systemic bias of −0.77 μg/
mL and limits of agreement indicating pronounced differ-
ences in some samples. However, less apparent differences 
were observed when restricting the comparison to a lower 
spectrum of IFX concentrations, i.e., <10 μg/mL. Collectively, 

these results support the introduction of POCTs for IFX mea-
surements and that these assays could be applicable when 
using proactive TDM in Sweden. Mixed use of the two meth-
odologies is expected to have limited clinical implications for 
patients with IFX concentrations in the therapeutic range. 
Still, it may give rise to inconsistent results for patients with 
high concentrations.

In the late 90s, IFX was introduced for treating Crohn’s dis-
ease and, subsequently, for ulcerative colitis [19,20], and the 
drug is still one of the most commonly used biological agents 
in IBD. Significant interindividual variations in serum drug 
concentrations have been observed in patients on IFX treat-
ment [17,21,22], and low IFX concentrations have been 
reported to correlate with unfavourable treatment outcomes 
[23]. Therefore, fixed dosing of IFX by weight has been 
increasingly replaced by TDM in many healthcare systems. As 
a result, several assays for the measurement of IFX have been 
developed. However, comparisons of different assays have 
reported pronounced inter-assay differences, with ICC coeffi-
cients ranging between 0.59 and 0.98 and mean differences 
up to 3.44 μg/mL (Supplementary Table 1) [24]. These 
inter-assay differences may cause dissimilarities in disease 
management, and parallel use of different assays may yield 
contradictive results. Amongst Swedish gastroenterologists, 
assessment of IFX trough levels during disease relapse is a 
well-established practice [5], and most analyses are per-
formed at Karolinska Hospital, Stockholm, Sweden, using an 
in-house ELISA. Even though the assay has been rigorously 
developed according to guidelines from the Clinical and 
Laboratory Standards Institute (CLSI) [8], comparative agree-
ment analyses with commercially available tests have not 
been published.

Recently, results from a Norwegian randomised controlled 
trial demonstrated that proactive measurements of IFX con-
centrations and personalised dose adaptation to a target 
concentration during maintenance therapy improved treat-
ment outcomes in patients with ulcerative colitis and poten-
tially Crohn’s disease [6]. These novel findings support the 
implementation of proactive dosing of IFX. However, the cen-
tralised analysis of IFX concentrations in Sweden hampers 
timely proactive management, as it usually takes approxi-
mately 1–2  weeks to get the results when using the currently 
available in-house ELISA. Advances in various technologies 
have led to the development of POCTs, where information 
about drug concentration is rapidly retrieved. Amongst these 
tests, the CE-marked device from ProciseDx (San Diego, CA) 
is recognised for its fast turnaround and ability to analyse 
both serum and capillary blood [14,25]. As compared to the 
currently used in-house ELISA in Sweden, measurements with 
this POCT yielded higher concentrations of IFX with a sys-
temic bias of −0.77 μg/mL. The observed low degree of sys-
temic bias is in accordance with a Portuguese study where a 
systemic bias of −1.3 μg/mL was observed when comparing 
the Quantum Blue® POCT with another in-house ELISA [26]. 
However, the absence of spiked samples with known concen-
trations of IFX in our analyses and in the Portuguese study 
limits our ability to make definitive conclusions about the 
accuracy of these POCTs compared to the two in-house 
ELISAs. Given that the POCT by ProciseDx (San Diego, CA) 

Figure 1.  Passing–Bablok regression (blue line) with 95% confidence interval 
(light blue) on infliximab concentrations between the point-of-care test (POCT) 
based on fluorescence resonance energy transfer (FRET) and an in-house 
enzyme-linked immunosorbent assay (ELISA). Identity line in black.

Figure 2.  Bland–Altman plot on infliximab concentration between conven-
tional in-house ELISA and point-of-care test device with bias (red line) and 
limits of agreement (dashed red lines).
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but none of the two ELISAs have been calibrated against 
WHO standards [14,27], the results obtained by the POCT in 
our study could potentially be more precise. Disagreement 
between assays is probably most influential if concentrations 
within or below the therapeutic window differ. A previous 
study comparing IFX levels measured with an ELISA and a 
POCT showed relatively good agreement for concentrations 
<3.0 μg/mL but an overestimation of concentrations >3.0 μg/
mL by the POCT [28]. In this study, we observed low systemic 
bias and narrow LOA between the in-house ELISA and the 
POCT by ProciseDx for measurements in the range 0–10 μg/
mL and kappa values reflecting substantial agreement when 
concentrations were categorised as subtherapeutic, therapeu-
tic and above the therapeutic window. Even though these 
findings are reassuring for IBD patients on IFX treatment, 
introducing POCT-based IFX dosing may be cumbersome for 
patients requiring higher trough levels. Specifically, patients 
with fistulising Crohn’s disease seem to benefit from trough 
levels >10 μg/mL [29] and transitioning from the currently 
used ELISA to POCT-based measurements must be done with 
caution in these patients.

The current study has several strengths but also some 
weaknesses. We analysed samples from a real-world cohort 
of well-characterised patients with a low reported symptom 
burden during maintenance IFX therapy, supporting that 
the results can be generalised to other cohorts of patients 
on IFX maintenance treatment. The ELISA-based analyses of 
IFX were performed in clinical routine, and the person who 
did the POCT measurements was blinded to the results until 
comparisons were performed. The major limitation of our 
study lies in the analysis of serum and not capillary blood 
with the POCT. The measurement of IFX in capillary blood 
holds the potential to streamline the implementation of this 
method in clinical practice. In contrast, our utilisation of 
serum samples may not translate to the ease and efficiency 
that capillary blood analysis could offer. Other limitations 
include the non-identical handling of serum samples and 
that we did not examine potential batch effects, as all the 
analyses with the POCT were done within one day and 
using the same batch. However, an intra-assay coefficient of 
variation of 2.7% and an inter-assay coefficient of variation 
of <2% for the POCT have previously been reported [14]. 
Also, we did not measure external factors, e.g., humidity 
and temperature, that could potentially interfere with the 
analyses.

Conclusions

In summary, we demonstrate a good agreement between the 
currently used methodology for measuring IFX concentra-
tions in Sweden, i.e., the in-house ELISA at the Department 
of Clinical Immunology, Karolinska Hospital, Stockholm, 
Sweden, and the POCT by ProciseDx (San Diego, CA). Our 
data support the use of this POCT as an alternative option 
for analysing IFX concentrations in clinical practice, particu-
larly in IBD patients with sub-therapeutic or therapeutic IFX 
levels. Introducing POCTs for measuring IFX could potentially 
facilitate the implementation of proactive TDM.
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