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Background. C-reactive protein (CRP) has shown promise as a triage tool for pulmonary tuberculosis (TB) in adults living with
the human immunodeficiency virus. We performed the first assessment of CRP for TB triage in children.

Methods. Symptomatic children less than 15 years old were prospectively enrolled in Kampala, Uganda. We completed a
standard TB evaluation and measured CRP using a point-of-care assay. We determined the sensitivity and specificity of CRP to
identify pulmonary TB in children using 10 mg/L and 5 mg/L cut-off points and generated a receiver operating characteristic
(ROC) curve to determine alternative cut-offs that could approach the target accuracy for a triage test (290% sensitivity and 270%
specificity).

Results.  'We included 332 children (median age 3 years old, interquartile range [IQR]: 1-6). The median CRP level was low at
3.0 mg/L (IQR: 2.5-26.6) but was higher in children with Confirmed TB than in children with Unlikely TB (9.5 mg/L vs. 2.9 mg/L,
P-value =.03). Ata 10 mg/L cut-off, CRP sensitivity was 50.0% (95% confidence interval [CI], 37.0-63.0) among Confirmed TB cases
and specificity was 63.3% (95% CI, 54.7-71.3) among children with Unlikely TB. Sensitivity increased to 56.5% (95% CI, 43.3-69.0)
at the 5 mg/L cut-off, but specificity decreased to 54.0% (95% CI, 45.3-62.4). The area under the ROC curve was 0.59 (95% CI,

0.51-0.67), and the highest sensitivity achieved was 66.1% at a specificity of 46.8%.

Conclusions.
TB triage test.
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CRP levels were low in children with pulmonary TB, and CRP was unable to achieve the accuracy targets for a

INTRODUCTION

Over half of the estimated tuberculosis (TB) cases in children
are not reported to public health systems [1]. To reduce this
large case detection gap, novel triage tools at the point-of-care
are needed to improve screening and referral of children for TB
diagnostic testing. Symptom-based screening is non-specific [2,
3], and chest X-ray (CXR) findings are highly variable in child-
hood TB [4, 5]. A rapid, biomarker-based triage test that can be
performed in primary care clinics and as part of contact investi-
gations is needed for children.

C-reactive Protein (CRP) is an acute-phase protein that is
increased in adults with TB and correlates with other host gene

Received 30 November 2021; editorial decision 28 February 2022; accepted 2 March 2022;
published online 22 April 2022.

*Authors contributed equally to this work.Corresponding Author: Devan Jaganath, MD,
MPH, Department of Pediatrics, UCSF, 550 16th St., 4th Floor, San Francisco, CA 94158, USA.
E-mail: devan.jagnath@ucsf.edu.

Journal of the Pediatric Infectious Diseases Society 2022;11(7):316-21

© The Author(s) 2022. Published by Oxford University Press on behalf of The Journal of the
Pediatric Infectious Diseases Society. All rights reserved. For permissions, please e-mail:
journals.permissions@oup.com.

https://doi.org/10.1093/jpids/piac015

expression signatures for TB diagnosis [6-9]. Among adults
living with human immunodeficiency virus (HIV), multiple
studies have found that CRP is elevated in TB and can approach
the target product profile for a triage test (290% sensitivity and
270% specificity) [8, 10, 11]. Consequently, the World Health
Organization (WHO) has endorsed CRP as a TB triage tool for
adults living with HIV [12].

CRP levels are increased in infectious and inflammatory
conditions in children and have been used for screening, se-
verity staging, and treatment monitoring [13]. Children with
bacterial pneumonia have elevated CRP, and several studies
have found a moderate ability of CRP to distinguish bacte-
rial from viral etiologies of lower respiratory disease [14-17].
Despite its frequent use in pediatric medicine, the role of CRP
as a tool for identifying pulmonary TB is unclear. CRP has been
shown to be elevated in children with TB compared to healthy
controls [18-21], but older studies found only modest increases
in CRP in childhood TB [22, 23].

Given the recent WHO recommendation and growing ev-
idence of CRP’s role for TB triage in adults, we examined the
performance as a triage test for pulmonary TB in children.
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METHODS

Study Design and Participants

We conducted a prospective study among children in Kampala,
Uganda between November 2018 and January 2021. We ap-
proached consecutive parents or guardians of children who pre-
sented for care at Mulago National Referral Hospital, as well as
health centers and hospitals affiliated with the Kampala Capital
City Authority and the Infectious Diseases Institute. Children
(<15 years) were eligible for enrollment if they reported having
a cough for at least 1 week and at least two of the following TB
risk factors: (1) unexplained weight loss or failure to thrive; (2)
unexplained fever for at least 1 week; (3) unexplained lethargy
or reduced playfulness for at least 1 week; (4) an abnormal CXR;
or (5) contact with an individual diagnosed with pulmonary TB.
Children referred to the study with a positive Xpert MTB/RIF
or Ultra results were also eligible for enrollment. We excluded
children if they were initiated on anti-TB treatment or prophy-
laxis in the last 12 months, or were receiving antibiotics that had
anti-TB activity such as fluoroquinolones. In addition, we ex-
cluded children from the analysis if unable to obtain a respiratory
specimen and did not have a previous positive Xpert MTB/RIF
or Ultra result, or did not undergo CRP testing. We obtained pa-
rental consent for all children enrolled in the study, as well as as-
sent for participants 8 years and older. The study was approved by
the University of California San Francisco Committee on Human
Research, the Mulago Hospital Research and Ethics Committee,
and the Uganda National Council of Science and Technology.

Clinical Procedures

We administered a demographic and clinical questionnaire and
performed a standard TB evaluation, which included a phys-
ical exam, HIV testing, tuberculin skin testing (TST), CXR, and
microbiological TB testing (for children without a microbio-
logically confirmed TB result). We obtained up to two respira-
tory specimens for Xpert MTB/RIF Ultra (Cepheid, Sunnyvale,
USA), smear microscopy, and mycobacterial culture. If sputum
expectoration was not possible, we performed sputum induc-
tion, gastric aspiration, and/or nasopharyngeal aspiration. We
measured the concentration of CRP using ichroma IT (Boditech,
South Korea), a United States Food and Drug Administration-
approved point-of-care diagnostic device that has been used in
adult TB triage studies [24]. The test’s detection range is 2.5
300 mg/L. Following the manufacturer’s instructions, we used a
lancet to prick the participant’s finger and collect approximately
10 uL blood into the sample collector, which was then dispensed
into the detection buffer tube. After inverting the sample mix-
ture ten times, we discarded the first two drops on a paper towel
and added the next two drops to the sample well on the test
cartridge. We inserted the test cartridge into the ichroma II
reader and recorded the displayed value in mg/L after 3 min.
CRP testing was performed during the initial evaluation before

microbiological testing was performed and before TB status was
known for most participants.

Decisions regarding initiation of anti-TB treatment were
made by TB clinic staff in accordance with Uganda national
guidelines [25]. All children were asked to return for a fol-
low-up visit 60 days after enrollment, during which a clinical
examination and CXR were performed. All children initiated
on anti-TB treatment were asked to return 180 days after treat-
ment initiation to evaluate any clinical response.

TB Testing Procedures

We performed Xpert MTB/RIF Ultra, solid culture (Lowenstein-
Jensen [L]]), and liquid culture (Mycobacterial Growth Indicator
Tube [MGIT]) for our reference standard tests. All tests were per-
formed at the Mulago National Referral Hospital TB Laboratory
and the Makerere University Mycobacteriology Laboratory in
accordance with standard protocols. For Xpert Ultra, we added
sample reagent to the respiratory specimen in a 2:1 ratio and
added 2 mL of the mixture to the Xpert MTB/RIF Ultra cartridge
for testing. For culture, the respiratory specimen was digested and
decontaminated with sodium hydroxide and N-acetyl-cysteine,
neutralized using a sterile phosphate-buffered solution, centri-
fuged and resuspended in a sterile phosphate-buffered solution.
One LJ slant and one MGIT tube were inoculated in 0.5mL of the
resulting decontaminated sample and the remaining sample was
used to perform AFB smear microscopy. MGIT tubes were incu-
bated in a BACTEC MGIT 960 instrument (BD, New Jersey, USA)
for up to 6 weeks and L] slants were incubated at 37°C for up to 8
weeks. The presence of Mycobacterium tuberculosis was confirmed
with SD Bioline strips (SD MPT64 TB Ag kit, South Korea).

Definitions

We defined a positive TST result as an induration 48-72 h after
placement of 210 mm in children without HIV and 25mm in
children with HIV. Underweight was defined as a weight-for-
age z-score of < —2 (under 5 years) or a body mass index of
<18.5 kg/m? (5 years and older).

Two clinicians read CXRs and assigned TB classifica-
tion, with a third clinician as the tiebreaker for discrepancies.
CXRs were classified as Normal, Abnormal and Likely TB, or
Abnormal and Equivocal using a standardized form [26, 27].
Participants with Confirmed TB either had a positive molec-
ular result or a positive culture result. The remaining partici-
pants were classified as Unconfirmed TB or Unlikely TB per
the National Institutes of Health consensus definitions [28].
Participants with Unconfirmed TB had respiratory symptoms
consistent with TB and other evidence supporting a TB diag-
nosis, such as a TB contact, CXR consistent with TB, or im-
provement within 2 months of treatment initiation. Participants
with Unlikely TB had respiratory symptoms, but did not have
additional evidence of TB disease and had improved TB signs
and symptoms at follow-up without TB treatment.
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Reference Standards

We used three reference standards for our analyses. We first
assessed the diagnostic accuracy of CRP among children with
Confirmed TB versus children with Unlikely TB. We then in-
cluded children with Unconfirmed TB and classified them as
either having TB (composite reference standard [CRS]) or not
having TB (microbiological reference standard [MRS]).

Statistical Analysis

We summarized demographic and clinical characteristics
using descriptive statistics. We used two CRP level cut-offs
(10 mg/L and 5 mg/L), as recommended by the WHO [12].
For each cut-off, we calculated the sensitivity and specificity
of CRP with 95% confidence intervals (Cls) against each refer-
ence standard. We then performed receiving operating charac-
teristic (ROC) analysis to identify the optimal cut-off point(s),
guided by the WHO target profile for a TB triage test (290%
sensitivity and 270% specificity) [29]. We further analyzed the
sensitivity and specificity of CRP using these cut-off points
overall and among key clinical subgroups. Statistical signifi-
cance was defined as a P-value < .05. All analyses were per-
formed using Stata version 16.1 (StataCorp, College Station,
TX, USA) and R version 3.6.3 (https://www.R-project.org/).

RESULTS

Sample Characteristics

Of the 695 patients screened between November 2018 and
January 2021, 421 were eligible and enrolled in the study
(Figure 1). We excluded 89 patients from the analysis be-
cause a CRP measurement was not available (n = 87), or

respiratory specimen was not collected and a previous pos-
itive Xpert or Ultra result was not available (n = 2). Of the
332 patients included in the analysis, 62 had Confirmed TB,
131 had Unconfirmed TB, and 139 had Unlikely TB. Sample
characteristics are summarized in Table 1. The median age was
3 years (interquartile range [IQR]: 1-6 years), approximately
half were male (50.3%, n = 167), and 11.3% were living with
HIV (n =37).

CRP Measurements in Children With and Without Pulmonary TB

The median CRP level was 3.0 mg/L (IQR: 2.5-26.6) and
ranged from 2.5 mg/L (lower limit of detection) to 300 mg/L
(upper limit of detection). As shown in Figure 2, the distribu-
tion of CRP was low regardless of TB classification. However,
there was a right skew among children with Confirmed TB
(9.5 mg/L [IQR: 2.5-62.3]) with higher median CRP levels
compared to children with Unlikely TB (2.9 mg/L [IQR: 2.5-
25.9], P-value = .03) and Unconfirmed TB (2.5 mg/L [IQR:
2.5-18.6], P-value = .003). When stratified by subgroup, me-
dian CRP was higher in children who were 5 years and older,
underweight, HIV-negative, TST positive, and outpatients
(Supplementary Figure 1).

CRP Performance

Using the 10 mg/L cut-off, the sensitivity of CRP was 50.0%
(95% CI: 37.0-63.0) among children with Confirmed TB and
specificity was 63.3% (95% CI, 54.7-71.3) among children
with Unlikely TB (Table 2). The positive predictive value
(PPV) was 37.8% (95% CI, 27.3-49.2) and the negative pre-
dictive value (NPV) was 73.9% (95% CI: 65.1-81.6). The sen-
sitivity decreased in the CRS, while specificity was similar

695 children
screened

- 180 did not meet clinical criteria
- 2 did not meet age criteria
- 31 with a prior history of TB in the last year

Y

421 enrolled

|- 10 did not meet language criteria

- 5 were not in the local area for 6 months
- 43 did not consent

- 3 did not assent

|- 87 with no CRP measurement

A

332 included in
analysis

|- 2 could not provide sputum

62 Confirmed TB
(18.7%)

131 Unconfirmed TB
(39.5%)

139 Unlikely TB
(41.9%)

Figure 1. Participant flowchart.
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Table 1. Participant Characteristics (n=332)

Characteristic n (%) or median (IQR)?

Age (years) 3 (1-6)
Age (category)
<b years 211 (63.6%)
5-10 years 101 (30.4%)
11-14 years 20 (6.0%)
HIV-positive 37/329 (11.3%)
CD4 cell count (cells/uL) (n 715 (336-1462)
=27)
Inpatient 67 (20.2%)
Weight loss 206 (62.1%)
Underweight 179/330 (54.2%)
Fever (=38.3°C) 19 (6.7%)

132/301 (43.9%)
163/310 (52.6%)
53 (16.0%)
32/329 (9.7%)
AFB smear microscopy positive 18/325 (56.5%)
CRP 3.0 mg/L (2.5-26.6)

Abnormal chest X-ray

TST positive

Xpert or Xpert Ultra positive
Mycobacterial culture positive

Abbreviations: AFB, acid fast bacilli; CRR, C-reactive protein; HIV, human immunodeficiency
virus; IQR, interquartile range.
2N=332 unless otherwise indicated.

for the MRS (Table 2). There was no subgroup that reached
the 90% sensitivity threshold, but sensitivity was higher
in children who were underweight and living with HIV
(Supplementary Table 1).

Lowering the threshold to 5 mg/L cut-off did not signifi-
cantly improve performance, with a sensitivity of 56.5% (95%
CI, 43.3-69.0) for Confirmed TB and specificity of 54.0%
(95% CI: 45.3-62.4) for Unlikely TB (Table 2). The PPV and

0.06
0.04
> TB Classification
2 Confirmed TB (culture + Ultra)
o) Unconfirmed T|
o Unlikely TB
0.02
M
0.00
0 100 200 300
CRP (mglL)
Figure 2. Distribution of C-reactive protein levels by pediatric TB classification.

Density plot of each C-reactive protein (CRP) level plotted by TB status of Confirmed,
Unconfirmed, or Unlikely TB.

NPV were similar to the 10 mg/L cut-off, at 35.4% (95% CI:
26.0-45.6) and 73.5% (95% CI: 63.9-81.8), respectively. At
this cut-off, none of the evaluated subgroups achieved the
target sensitivity or specificity thresholds (Supplementary
Table 2).

CRP Performance Using the Optimal Cut-Off Points

To determine the optimal cut-off point, we created a ROC curve
for each standard as shown in Figure 3. The AUC was 0.59 (95%
CI, 0.51-0.67) for children with Confirmed versus Unlikely TB
and was similar for the MRS and CRS (Table 3). There was no
cut-off point that could achieve the target accuracy of at least
90% sensitivity and 70% specificity. When specificity was fixed
at 70%, we achieved a sensitivity of 45.2%, 33.7%, and 46.8% for
the Confirmed TB versus Unlikely TB, CRS, and MRS reference
standards, respectively.

DISCUSSION

While CRP has shown promise for TB triage among adults
living with HIV [8], we found that CRP levels had modest per-
formance to discriminate TB disease from other respiratory dis-
eases in children, and did not achieve the goal of 90% sensitivity
for a TB triage test for any specified cut-off point or reference
standard. Our findings demonstrate that CRP has a limited role
in TB triage in children.

CRP levels were notably low in children with Confirmed
TB. The median CRP level was only 9.5 mg/L in children with
Confirmed TB, as compared to 15-83 mg/L in adult TB pa-
tients with and without HIV [11, 30-33]. However, this is
consistent with the limited pediatric TB data available, ran-
ging from 0.03 to 4.8 mg/L [19, 22, 23]. The lower CRP level in
children with TB may be related to having primary TB as op-
posed to postprimary disease commonly seen in adults. One
study in South Africa compared CRP levels among children
with primary TB, adolescents and adults with postprimary
TB without lung destruction, and adults with postprimary
TB with lung destruction [23]. CRP was similarly low in the
children with primary TB (median 6.5 mg/L), and increased
with greater parenchymal involvement (median 105 mg/L
with lung destruction). An early study in the United States
also found that the majority of children with primary TB had
negative CRP testing [22]. The few studies that have shown
elevated CRP in childhood TB included predominantly older
children that are more likely to have postprimary TB [18, 20].
In primary TB, M. tuberculosis spreads to the lymphatics and
is less likely to cause significant lung injury and cavitation
[5], resulting in a less robust acute phase response. It is also
important to recognize that the immune response to TB is
different for children than adults [34, 35], which may influ-
ence CRP levels. In the study, lower inflammatory responses
may have occurred if participants were previously receiving
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Table 2. Diagnostic Accuracy of C-Reactive Protein for Childhood TB

Sensitivity Specificity
n/N nIN
Cut-off % (95% Cl) % (95% Cl)
Confirmed TB versus Unlikely TB
10 mg/L 31/62 88/139
50.0% (37.0-63.0) 63.3% (54.7-71.3)
5 mg/L 35/62 75/139
56.5% (43.3-69.0) 54.0% (45.3-62.4)
CRS
10 mg/L 73/193 88/139
378% (31.0-45.1) 63.3% (564.7-71.3)
5 mg/L 87/193 75/139
45.1% (37.9-52.4) 54.0% (45.3-62.4)
MRS
10 mg/L 31/62 177/270
50.0% (37.0-63.0) 65.6% (569.6-71.2)
5 mg/L 35/62 154/270

56.5% (43.3-69.0)

570% (50.9-63.0)

Abbreviations: CRS, composite reference standard; MRS, microbiological reference

standard; TB, tuberculosis.

antibiotics with anti-mycobacterial activity, but we excluded
children who were on antibiotics that could have an anti-TB
effect. While further work is needed to elucidate the exact
mechanism, our results support that CRP is low in childhood
pulmonary TB.

Although overall levels were low, median CRP was higher
among children with Confirmed TB compared to Unlikely TB,
suggesting possible utility at a lower cut-off value. However,
the performance was modest and could not achieve the target
accuracy for a TB triage test at either the 10 mg/L or 5 mg/L
threshold. In the ROC analysis, the optimal cut-off was 2.56—
2.66 mg/L; this was slightly higher than the lower limit of

detection of the assay (2.5 mg/L) and still could not achieve
sufficient sensitivity or specificity. CRP had higher accuracy
among children who were underweight, outpatients, and
older, but still did not meet target accuracy thresholds in these
sub-groups. Based on these findings, CRP should not be used
alone to guide further assessment and management of pulmo-
nary TB in children.

Our evaluation of CRP was conducted in a large prospec-
tive sample of symptomatic children from community and
tertiary settings with well-defined TB status. However, there
were limitations. We examined CRP as a triage tool, and fur-
ther evaluation is needed to examine if CRP can be applied in
a screening context, such as for child contacts of adults with
TB. Our assessment was focused on pulmonary TB, and are
unable to comment on the role of CRP for extrapulmonary
disease. The study occurred in urban Kampala and may
not be generalizable to rural areas, though the low level of
CRP in Confirmed childhood TB would also suggest limited
utility in that setting. Lastly, we had few adolescents in our
cohort, and so additional data is needed to assess the role of
CRP in this group as they are more likely to have adult-type
disease.

In conclusion, CRP levels were low in children with
pulmonary TB, and are unlikely to be useful alone as a TB
triage test. These findings have important implications for
the translation of host-response biomarkers for children that
were initially identified in adults living with HIV. Given the
different pathogenesis and immune response of TB in young
children [34], our data suggest that it is important to con-
sider host biomarkers that are unique to primary and child-
hood TB.

Confirmed vs. Unlikely TB
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False-positive rate
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——@—— ROC value for crp
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Figure 3.

Receiver operating characteristic (ROC) curves for C-reactive protein to diagnose childhood TB. ROC Curves for three reference standards: Confirmed TB versus

Unlikely TB, composite reference standard (CRS), and microbiological reference standard (MRS). The gray-dashed lines indicate the target accuracy for a triage test for TB
(=90% sensitivity and >70% specificity), and the red-dashed line is the reference line with an area under the curve (AUC) of 0.5.
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Table 3. Area Under the ROC Curve for C-Reactive Protein Levels to Detect Childhood TB

AUC (95% CI) Cut-off (mg/L) Sensitivity % (95% CI) Specificity % (95% Cl)
Confirmed versus Unlikely TB 0.59 (0.51-0.67) 2.66 66.1% (63.0-77.7) 46.8% (38.3-55.4)
CRS 0.51 (0.45-0.57) 2.56 54.4% (47.1-61.6) 46.0% (37.6-54.7)
MRS 0.61 (0.53-0.69) 2.66 66.1% (53.0-77.7) 49.3% (43.1-55.4)

Abbreviations: AUC, area under the ROC; CRS, composite reference standard; MRS, microbiological reference standard; ROC, receiver operating characteristic curve ;TB, tuberculosis.

aCut-off based on maximizing sensitivity for aTB triage test.

Supplementary Data

Supplementary materials are available at Journal of the Pediatric Infectious
Diseases Society online (http://jpids.oxfordjournals.org).
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