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Abstract

In Uganda, children with febrile illness are often treated with antibiotics even though most

have self-limiting, likely viral, infections. C-reactive protein (CRP) measurement can help

identify those who are more likely to have a bacterial infection and therefore need antibiotic

treatment. Implementation of a CRP rapid diagnostic test (RDT) at the point-of-care in

resource-constrained settings with minimal laboratory infrastructure could reduce unneces-

sary antibiotic use. In this study, we evaluated the performance of three semi-quantitative

CRP RDTs (Actim, BTNX, Duo) against a reference CRP assay requiring an electrically

powered analyzer (Afinion). While both tests demonstrated substantial agreement with Afi-

nion, Actim had slightly higher agreement than BTNX. The sensitivity was higher for the

BTNX test, whereas the Actim test had a higher specificity, at cut-offs of 40 mg/L and 80 mg/

L. At a cut-off of 20 mg/L, Duo demonstrated substantial agreement with the Afinion test as

well. Our results demonstrate the reliability of CRP RDTs when compared to a reference

standard. CRP RDTs without the need for a laboratory-based analyzer are promising tools

for optimizing antibiotic use in low-resource settings.

Introduction

The spread of antimicrobial resistance (AMR) is a global crisis that represents a growing threat

to human health [1]. Often perceived as a problem of high-income countries, AMR is increas-

ingly being recognized in resource-limited settings due to wider access to care and greater

availability of broad-spectrum antibiotics [1–4].

A major driver of AMR is the misuse of antibiotics, including overuse for viral or non-

infectious conditions [5]. In sub-Saharan Africa (SSA), acute febrile illness (AFI) is a common
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reason for pediatric care-seeking and antibiotic dispensation [6], although ample data suggest

that a large proportion of febrile episodes are caused by self-limited viral infections that do not

require antibiotic treatment [7–9]. This practice is in part because a small proportion of chil-

dren with AFI will have bacterial infections, which may be life-threatening if not treated in a

timely and appropriate manner; the fear of poor outcomes influences prescriber practices and

favors over-treatment [10]. In addition, differentiating viral from bacterial infections in

resource-limited settings is challenging, as diagnostic imaging and robust laboratory infra-

structure are not widely available. Reliance on syndromic diagnosis contributes to both antibi-

otic overuse and an under-recognition of children at high-risk for bacterial infection [11, 12].

As such, the development and implementation of effective and low-cost rapid diagnostic tools

to guide prescribing practices is imperative, as highlighted by the World Health Organization’s

strategy for optimizing antimicrobial use in its Global Action Plan on Antimicrobial Resis-

tance [5].

C-reactive protein (CRP) is a protein produced by the liver and released as an acute phase

reactant in response to inflammation. Importantly, CRP production is greater in response to

bacterial as compared to viral infection [13]. Its measurement has been shown to help distin-

guish viral from bacterial infections using thresholds ranging from >10 mg/L to>125 mg/L

[14–19]. Furthermore, studies have demonstrated that incorporation of CRP point-of-care

testing into the evaluation of children presenting with febrile illness can significantly reduce

antibiotic use without increasing adverse outcomes [20–23]. Historically, most commercially

available CRP tests are costly or require an analyzer, limiting their use in many low-and-mid-

dle-income country (LMIC) settings, but several, more inexpensive, point-of-care rapid diag-

nostic tests (RDTs) that can be performed using capillary blood samples outside of health

facilities are now available [24, 25].

Employing CRP RDTs in the diagnosis of febrile children in rural, resource-limited settings

may aid in identifying those at high risk for bacterial infection requiring antibiotics, while also

reducing overuse of antibiotics in low-risk children and expanding equitable access to diagnos-

tic tools [26, 27]. However, additional data on the performance of these RDTs are needed prior

to their routine implementation. Therefore, we enrolled young children presenting to an out-

patient clinic in western Uganda with febrile illness and compared and evaluated the perfor-

mance of three CRP RDTs against a more traditional, laboratory-based CRP assay requiring

an analyzer.

Materials and methods

Ethics statement

Ethical approval for the study was obtained from the University of North Carolina Institu-

tional Review Board (#18–2803), the Mbarara University of Science and Technology Research

Ethics Committee (14/03-19), and the Uganda National Council for Science and Technology

(HS 2631).

Study setting and design

This prospective study took place in Bugoye sub-county, a rural, mountainous area in the Kas-

ese District of western Uganda. The region experiences year-round malaria transmission and

semiannual peaks after the two rainy seasons from September through December and March

through May. We enrolled children who presented to the Outpatient Department (OPD) of

Bugoye Health Centre III (BHC), a primary health center that serves a population of approxi-

mately 50,000 residents. There is a small laboratory onsite with trained staff who perform basic

testing, including light microscopy, hemoglobin estimation, and RDTs.
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Study procedures

Upon presentation to the OPD, children were evaluated by a health center clinician who,

together with study staff, identified children who were potentially eligible for the study. Inclu-

sion criteria were (1] age 6 months to 5 years, and (2] either a fever (i.e., axillary

temperature� 38˚C) in clinic or a history of fever within the last 7 days. Study staff

approached the parent or guardian of eligible children, and if written informed consent was

provided, the child was enrolled. If the guardian did not provide consent, the child was evalu-

ated and treated per local standards of care.

The participant’s clinical presentation and medical history were recorded on a case report

form (S1 Text). Study staff collected vital signs, including axillary temperature, respiratory

rate, heart rate, oxygen saturation, and weight. Each participant was tested using a histidine

rich protein-2 (HRP2)-based rapid antigen test (mRDT) for Plasmodium falciparum malaria

as part of routine standard of care evaluation for fever [28, 29]. Study testing consisted of two

rapid CRP tests (Actim CRP, Medix Biochemica, Norway; BTNX CRP; BTNX Inc., Canada)

and a CRP test requiring an analyzer and electricity (Afinion CRP, Abbott Laboratories,

United States). All tests were performed using capillary blood samples collected by finger

prick. The first 50 children enrolled also underwent testing using a combination malaria and

CRP test (STANDARD Q Malaria/CRP Duo, SD Biosensor, Republic of Korea). These CRP

tests were selected because of their feasibility for implementation in a resource-limited facility,

lower costs, and because they are CE marked. After study testing was completed, the child and

caregiver then returned to the clinician for further assessment. CRP results were not provided

to the clinicians as they were done for research purposes only.

Laboratory testing

The Afinion, Actim, BTNX, and Malaria/CRP Duo tests were performed according to manu-

facturer instructions by one of three laboratory technicians in the clinical lab at BHC who

were trained on use of each test. All tests for an individual participant were conducted by the

same technician. Test characteristics are detailed in Table 1. The Actim and BTNX tests results

are semi-quantitative, whereas the Duo test is a combination malaria rapid diagnostic test

(positive/negative) and semi-quantitative CRP test. The Afinion CRP test run on the AS100

Analyzer is quantitative (range = 5–200 mg/L) and served as the reference standard. It requires

the use of an electrically powered analyzer so cannot be conducted outside of facility-based

clinical settings. It has previously been shown to have high correlation with conventional labo-

ratory-based methods of CRP measurement [30–32]. The technicians were not blinded to the

results of the reference test.

Data analysis

Demographic and clinical characteristics were summarized using standard statistical measures.

Nutritional status was assessed using calculated weight-for-age z-scores [36]. We calculated sum-

mary statistics of CRP levels by mRDT status and weighted Kappa statistics with corresponding

95% CIs to measure the agreement of the Actim and BTNX tests with the Afinion test, where the

Afinion was categorized to align with the semi-quantitative categories of the RDTs [37]. We also

calculated Fleiss’ Kappa statistic with a corresponding 95% CI to measure the agreement between

all three tests simultaneously [38]. In addition, we conducted McNemar’s test for marginal proba-

bilities between Afinion and both RDTs, using 40 mg/L as the cut-off for a positive test. The sensi-

tivity and specificity, with corresponding 95% CIs based on the modification of the Wilson

interval developed by Yu et al. [39], of the Actim and BTNX tests were calculated using Afinion

as the reference test, for both 40 mg/L and 80 mg/L cut-offs for a positive test based on previous
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studies of CRP measurement in the context of acute respiratory illness [14, 21, 22, 40, 41]. Global

Wald tests were conducted to determine simultaneously whether the sensitivities and specificities

of the Actim and BTNX RDTs differed from each other [41]. For the Duo CRP RDT only, we cal-

culated a simple Kappa statistic with a corresponding 95% CI, where the Afinion was categorized

to align with the binary results of the Duo CRP test. We also calculated a simple Kappa statistic

with a corresponding 95% CI to compare the primary mRDT and the Duo malaria RDT. The

sensitivity and specificity of the Duo test, with corresponding 95% CIs, were calculated using Afi-

nion as the reference test [41]. We included only nonmissing test results for any given compari-

son. Analyses were conducted using SAS Studio 3.8 and R 4.0.2.

Results

Study population

From October to December 2020, we enrolled 150 children aged 6 months to 5 years who pre-

sented with fever to BHC. Demographic characteristics and details of the clinical presentation

are shown in Table 2. In brief, 85 (57%) were male, the median age was 24 months (Q1-Q3:

13–36), and 11% (16/150) were severely underweight as defined by a weight-for-age of less

than 3 standard deviations (SD) below the median. The most common presenting symptoms

were fever, cough, rhinorrhea, and diarrhea; no children reported sore throat, bleeding, coma,

or chest in-drawing. 59% (88/150) had a measured temperature of 38˚C or greater at presenta-

tion to the OPD. The median duration of fever was 3 days (Q1-Q3: 2–7) at the time of presen-

tation. Approximately 19% (29/150) reported having previously been seen for the same illness

(e.g., at a drug shop or by a community health worker), and 15% (23/150) reported receiving

either an antimalarial or antibiotic treatment in the prior 14 days.

CRP testing

All individuals underwent CRP testing; results for all three CRP tests (Actim, BTNX, and Afi-

nion) were available for 89% (134/150) of participants. The Afinion test was not able to be run

Table 1. Description of study C-reactive protein assays.

Test Name (Manufacturer) Type of Test Cut-offs or

Analytical

measuring interval

(mg/L)

Sample Type Time to

Result

Previous Studies of Test Performance

Point-of-care Assays

Actim1 CRP (Medix

Biochemica)

Semi-quantitative,

immunochromatographic

<10, 10–40, 40–80,

>80

Whole blood 5 min [24, 30, 33]

Rapid Response™ CRP Semi-

Quantitative Test Strip (Quad

Line) (BTNX)

Semi-quantitative,

immunochromographic

<10, 10–40, 40–80,

>80

Whole

blood,

serum,

plasma

5 min [24]. Per package insert, >99.9%

sensitivity and 97.5% specificity for any

positive result compared to a leading

commercial EIA test.

STANDARD™ Q Malaria/CRP

Duo (SD Biosensor)

Malaria: qualitative, P.f/Pan Ag* CRP:

Semi-quantitative,

immunochromographic

>20 Whole blood 15 min No published reports found. Clinical trial

in process [34].

Reference Assay

Afinion™ CRP (Abbott

Laboratories)

Quantitative, solid phase

immunochemical

5–200 (whole blood),

5–160 (serum,

plasma)

Whole

blood,

serum,

plasma

4 min [24, 30–32, 35]

*P.f/Pan Ag: Plasmodium falciparum (HRP-2), and Plasmodium sp. (pLDH) antigen

https://doi.org/10.1371/journal.pgph.0002727.t001
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Table 2. Demographic characteristics of the study participants (n = 150).

Demographic Characteristics n (%)

Age in months (median (Q1-Q3)) 24 (13–36)

Sex
Female 65 (43)

Male 85 (57)

Parish
Bugoye 63 (42)

Mubuku 12 (8)

Muhambo 26 (17)

Other 49 (33)

Clinical Characteristics

Weight-for-agea

Severely underweight 16 (11)

Moderately underweight 23 (15)

Normal 108 (72)

Overweight 2 (1)

Symptoms Reported by Caregiver
Fever 144 (96)

Cough 104 (69)

Runny nose 50 (33)

Diarrhea 37 (25)

Skin rash 31 (21)

Not eating 28 (19)

Headache 25 (17)

Vomiting 21 (14)

Abdominal pain 8 (5)

Joint pains 4 (3)

Muscle aches 3 (2)

Fatigue 3 (2)

Convulsions 2 (1)

Fast breathing 1 (1)

Vital Signs

Tachycardicb 12 (8)

Tachypneicc 39 (27)

Hypoxicd 17 (11)

a Nutritional status categories based on the WHO Child Growth Standards 2006 [42]. Severely underweight (weight-

for-age <−3 SD of the median), moderately underweight (weight-for-age <−2 SD and�−3 SD of the median,

normal (weight-for-age �−2 SD and�2 SD of the median), overweight (weight-for-age >2 SD and�3 SD of the

median). Weight missing for 1 participant.
b Tachycardia defined as >160 beats per minute (bpm) for age 2 months– 1 year, >150 bpm for ages 1–3 years, and

>140 bpm for ages 3–5 years [43].
c Tachypnea defined as 3 50 breaths per min for ages 2 months to 1 year and 340 breaths per minute for ages 1–5

years [29]. Respiratory rate was not measured for 5 participants.
d Hypoxia defined as <90% oxygen saturation.

https://doi.org/10.1371/journal.pgph.0002727.t002
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for 11% (16/150) individuals because of power interruptions, and the Actim test was not run

for 3% (4/150) of participants because of supply chain delays. The performance of each of the

point-of-care tests, Actim and BTNX, compared to Afinion using two different binary CRP

cut-offs is shown in Table 3 and Fig 1. The sensitivity was higher for the BTNX test, whereas

the Actim test had a higher specificity at both cut-offs. At a cut-off of 40 mg/L, the overall

Wald test demonstrated statistically significant differences in the sensitivity and specificity of

Table 3. Performance of Actim and BTNX RDTs at cut-offs of 40 and 80 mg/L using the Afinion as the reference

standard. PPV: positive predictive value, NPV: negative predictive value.

Estimate Cut-off of 40 mg/L Cut-off of 80 mg/L

% (95% CI) % (95% CI)

Prevalence of positive CRP 26.9 (20.0, 35.1) 11.5 (7.0, 18.1)

Actim

Sensitivity 80.0 (64.3, 90.2) 80.0 (55.3, 93.4)

Specificity 90.5 (83.1, 95.1) 90.4 (83.8, 94.7)

PPV 75.7 (60.1, 86.8) 52.2 (33.0, 70.8)

NPV 92.5 (85.4, 96.4) 97.2 (92.2, 99.2)

BTNX

Sensitivity 94.3 (81.7, 98.7) 86.7 (62.7, 96.8)

Specificity 78.9 (69.8, 86.0) 86.1 (78.7, 91.3)

PPV 62.3 (48.9, 74.1) 44.8 (28.4, 62.4)

NPV 97.4 (91.2, 99.5) 98.0 (93.2, 99.6)

https://doi.org/10.1371/journal.pgph.0002727.t003

Fig 1. Sensitivity and specificity of Actim and BTNX RDTs. Sensitivity and specificity (diamonds) and corresponding 95% confidence intervals (lines) of

Actim and BTNX RDTs at cut-offs of 40 and 80 mg/L with Afinion as the reference standard. P-values are for overall Wald test assessing whether

sensitivities and specificities differ between Actim and BTNX.

https://doi.org/10.1371/journal.pgph.0002727.g001
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the Actim and BTNX tests (p = 0.001). At a cut-off of 80 mg/L, the sensitivity and specificity

did not differ (p = 0.093).

As the output of the BTNX and Actim tests is semi-quantitative with four possible results,

we calculated weighted and Fleiss’ Kappa statistics to determine the agreement between the

semi-quantitative tests and the reference test. The Actim test had slightly better agreement

(weighted Kappa = 0.70 (95% CI 0.62 to 0.78) than the BTNX test (weighted Kappa = 0.62

(95% CI 0.54 to 0.70)) with the Afinion test. The agreement of CRP levels in the reference (Afi-

nion) test compared to the Actim and BTNX tests is shown in Fig 2. Both semi-quantitative

tests demonstrated less misclassification in the lower and upper categories (<10 and >80 mg/

L) than the middle categories (10–40 and 40–80 mg/L). The three tests demonstrated lower

agreement when compared simultaneously (Fleiss’ Kappa = 0.43 (0.27, 0.59)). The results of

McNemar’s test, using a 40 mg/L cut-off for a positive test, indicated that the frequency of

obtaining a positive or negative result did not differ between the Afinion and Actim tests

(p = 0.80), whereas it did differ with the Afinion and BTNX tests (p< 0.0001).

The Duo CRP RDT test was also evaluated using Afinion as the reference test. At its cut-off

of 20 mg/L, the RDT demonstrated moderate to strong agreement with the Afinion test (sim-

ple Kappa = 0.71 (0.51, 0.92)). The sensitivity of the test was 68.4% (48.5%, 89.3%), and the

specificity was 100%.

Malaria and CRP

Malaria prevalence, measured by the mRDT used for routine clinical care, was 29% (43/150).

Concordance between that mRDT and the Duo malaria RDT was high, with only 2% (1/50) of

tests classified differently (simple Kappa = 0.95 (0.84, 1)). Participants who tested positive for

malaria by mRDT on average had higher CRP levels than those who tested negative (Fig 3).

The mean CRP (SD) as measured using the Afinion assay in malaria positive and malaria nega-

tive patients was 20.5 (2.8) mg/L and 58.9 (8.8) mg/L, respectively.

Fig 2. Agreement between RDTs with Afinion. Measured in 130 (Actim), 134 (BTNX), and 50 (Duo) participants. Points inside

rectangles indicate perfect agreement between tests. Percentages represent the number of samples classified correctly by the RDT

(numerator) divided by the number of samples in that category as classified by Afinion (denominator).

https://doi.org/10.1371/journal.pgph.0002727.g002
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Discussion

The use of CRP RDTs in resource-limited settings has the potential to reduce inappropriate

antibiotic use in children with febrile illness. However, it is imperative that these tests are rig-

orously assessed prior to their use in research studies or for clinical care to ensure data and

care quality. In this study, we compared three CRP tests that can be conducted without elec-

tricity outside of formal laboratory settings to a facility-based CRP test requiring an electrically

powered analyzer that served as the reference standard. Overall, the three RDTs demonstrated

moderately strong agreement with the laboratory-based CRP test and performed well in classi-

fying patients into CRP categories. For both use case scenarios (cut-offs of 40 and 80mg/L), the

Actim test demonstrated a higher PPV as compared to the BTNX, whereas both tests had high

NPVs (>90%). The Actim had fewer false positives at both cut-offs than the BTNX, whereas

there were fewer false negatives with the BTNX, although confidence intervals overlapped for

both comparisons. The concordance between the Actim and BTNX tests varied with each

Fig 3. Distribution of CRP by malaria status. CRP measured by Afinion assay and malaria status measured by RDT in 134 study participants. Dashed

lines indicate cut-offs of 40 mg/L and 80 mg/L.

https://doi.org/10.1371/journal.pgph.0002727.g003
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other, as indicated by the Fleiss’ Kappa statistic. The Duo CRP test perfectly categorized those

with CRP <20 mg/L, though we tested fewer samples with Duo (n = 50) than with Actim and

BTNX (n = 150) and mismeasurement may have occurred in the larger samples with greater

variability.

Our findings are congruent with the limited existing literature on semi-quantitative point-

of-care CRP tests [24, 25]. Specifically, the agreement between Actim and the reference CRP

test was similar to [24] and slightly higher [30] than the estimates reported in previous studies.

Of note, the latter study reported simple instead of weighted kappa estimates. Further, simi-

larly to a previous study, we found that the agreement between both the Actim and BTNX

semi-quantitative tests and the reference test was higher in the lower and upper categories

(<10 and >80 mg/L), compared to the middle categories (10–40 and 40–80 mg/L), supporting

the conclusion the “best” test may vary based on the use case and CRP cut-off needed [24]. In

other words, the clinical context to which the test is being applied influences whether maxi-

mizing sensitivity or specificity should be prioritized, which in turn informs the choice of the

most appropriate CRP cut-off. The assay with the best agreement at that chosen cut-off would

then be the preferred test. In addition, the use of CRP RDTs may be best implemented in a

multi-stage clinical algorithm. To minimize false negatives and limit adverse outcomes, a

highly sensitive initial test should be performed first. Then, a highly specific CRP RDT may be

used to distinguish whether a patient needs antibiotics to minimize false positives and reduce

antibiotic prescription. Previous studies have demonstrated the use of such algorithms [21,

23].

A key strength of this study is the comparison of commercially available CRP RDTs in the

laboratory of a rural, peripheral health facility in a resource-constrained setting and, in partic-

ular, in SSA. Our design was similar to a previous study comparing CRP RDTs that was con-

ducted in Laos but evaluated different RDTs [25]. Their analysis found similar weighted kappa

values to what we observed for the Actim and BTNX RDTs. Our data speak to the performance

of these tests in routine practice, extending the work of other studies that assessed analytic per-

formance of the same CRP RDTs (among others), but under more controlled conditions [24,

30].

Although not the primary focus of our study, we noted an important finding related to CRP

measurement in this malaria-endemic region. The mean quantitative CRP was over twice as

high in mRDT-positive as compared to mRDT-negative individuals. This trend has been seen

in previous studies as well; CRP is produced in response to malaria infection and tends to be

elevated in patients with parasitemia [44, 45]. As CRP levels in malaria-infected individuals

can be similar to those seen in the context of bacterial infection, the presence of parasitemia

should be taken into consideration when applying CRP to differentiate bacterial from viral

infections [17, 46]. Further research is needed to determine the appropriate CRP threshold for

antibiotic treatment in the context of malaria infection [27].

There are limitations to our study. First, missing Afinion test results for 11% of children

enrolled due to power availability issues reduced the number of paired samples available for

analysis. This further highlights the need for RDTs that do not require electricity for use in

resource-limited contexts like rural peripheral health centers. Next, an Afinion analyzer was

used as the reference test, which is considered a POC test as well as it can be used in clinical

settings outside of a formal clinical laboratory, such as in primary care. Previous studies, how-

ever, have demonstrated the high accuracy of the Afinion in measuring CRP in children as

compared to conventional methodologies [30–32]. Due to the availability of study personnel,

the testing was performed by one of three laboratory technicians, though one technician per-

formed all tests for each patient. A previous study of the Actim CRP tests noted interobserver

variability in interpretation of the test, so this could have affected our results [30]. Further, the
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time of year may have affected CRP levels in the population, as well as the prevalence of ele-

vated CRP levels. The relative seasonal prevalence of infectious causes of fever, which could

affect concordance between tests, particularly at the boundaries of the categories of the semi-

quantitative tests.

In summary, our study provides important additional information about the performance

of three rapid, point-of-care CRP tests in a resource-constrained setting that can inform selec-

tion of the appropriate assay for future research and clinical use cases. Overall, CRP RDTs

demonstrate substantial agreement and appear to be promising tools for improving antibiotic

provision in the context of pediatric febrile illness, warranting further assessment of their cost-

effectiveness and impact on clinical outcomes.
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