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s u m m a r y 

Pneumonia is the leading cause of post-neonatal death amongst children under five years of age; how- 

ever, there is no simple triage tool to identify children at risk of progressing to severe and fatal disease. 

Such a tool could assist for early referral and prioritization of care to improve outcomes and enhance 

allocation of scarce resources. We compared the performance of inflammatory and endothelial activation 

markers in addition to clinical signs or scoring scales to risk-stratify children hospitalized with pneumo- 

nia at the national referral hospital of Bhutan with the goal of predicting clinical outcome. Of 118 chil- 

dren, 31 evolved to a poor prognosis, defined as either mortality, admission in the paediatric intensive 

care unit, requirement of chest drainage or requirement of more than five days of oxygen therapy. Solu- 

ble triggering receptor expressed on myeloid cells 1 (sTREM-1) was the best performing biomarker and 

performed better than clinical parameters. sTREM-1 levels upon admission had good predictive accuracy 

to identify children with pneumonia at risk of poor prognosis. Our findings confirm that immune and en- 

dothelial activation markers could be proactively used at first encounter as risk-stratification and clinical 

decision-making tools in children with pneumonia; however, further external validation is needed. 

© 2022 The Author(s). Published by Elsevier Ltd on behalf of The British Infection Association. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Pneumonia is the leading infectious cause of preventable deaths 

mongst children under five years of age, 1 causing an estimated 

40,0 0 0 deaths annually, or 13.9% of all global deaths in this age

roup. 2 Every year, up to 226 million children in this age group are 
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iagnosed with pneumonia. 3 While most children will have self- 

imited disease, a small proportion of them will progress to severe 

isease and fatal outcome. 4 Early recognition of children with se- 

ere pneumonia enables more aggressive referral and treatment, 

eading to reduced mortality. 5 Thus, there is a need for early iden- 

ification of children at risk of progressing to severe disease, par- 

icularly at the moment of first contact with the healthcare system. 

t a primary health care level, a simple triage tool that would dis- 

riminate children at risk of severe pneumonia from those with 

elf-limited disease could assist decision-making for early refer- 

al to a higher healthcare level, particularly in resource-limited 
ion Association. This is an open access article under the CC BY-NC-ND license 
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ettings. In addition, the identification of high-risk children will aid 

rioritization of care in busy healthcare centres and guide rational 

llocation of scarce resources. 

Clinical signs and simple laboratory testing have been combined 

o generate clinical severity scores to improve early detection of 

hildren with fever or respiratory symptoms at risk of poor out- 

omes. 6–8 However, most of these severity scores involve the mea- 

urement of vital signs (e.g., temperature, respiratory rate, or blood 

ressure), the assessment of clinical signs (e.g., recognising chest 

ndrawing), or the interpretation of laboratory parameters that re- 

uire trained healthcare workers. Furthermore, risk scores are vali- 

ated and routinely used in adults with pneumonia, but none have 

een widely implemented for childhood pneumonia. 8 Therefore, 

he unresolved need for a simple severity assessment for children 

ith respiratory symptoms may require an innovative approach to 

urrently proposed clinical strategies. 9 

Specific markers of host response including those associated 

ith immune and endothelial activation, have been previously im- 

licated in the pathogenesis of severe infections, irrespective of 

heir underlying aetiology (“pathogen-agnostic”). 5 , 10 , 11 The quan- 

ification of such biomarkers may enable risk stratification and 

uide clinical decision-making regarding the need for early triage, 

eferral, hospitalization, and admission to intensive care units. 12 

uantifying these markers at clinical presentation has been shown 

o be useful in predicting severity and outcomes in adults and chil- 

ren with life-threatening infections, including pneumonia, severe 

alaria, COVID-19, haemorrhagic fevers, or sepsis. 13–20 However, 

hey have not been widely evaluated in low- and middle-income 

ountries, and their prognostic utility in childhood pneumonia has 

ot been validated vis-à-vis standard risk-stratification clinical al- 

orithms. 12 , 18 

The Respiratory Infections in Bhutanese Children (RIBhuC) study 

ecruited Bhutanese children aged 2 to 59 months hospitalized 

ith clinical pneumonia. Here we assessed the performance of in- 

ammatory, immune, and endothelial activation markers alone or 

n addition to clinical signs or scoring scales to risk-stratify chil- 

ren hospitalized with pneumonia and predict their outcome. 

ethods 

tudy design 

The RIBhuC study was prospectively conducted during 12 con- 

ecutive months at the Jigme Dorji Wangchuck National Refer- 

al Hospital (JDWNRH) in Thimphu, Bhutan. 21 Briefly, the paedi- 

tric department at JDWNRH consists of 38 beds, including five 

eds in the paediatric intensive care unit. All children aged 2 to 

9 months admitted at JDWNRH and fulfilling the World Health 

rganization (WHO) criteria for pneumonia or severe pneumo- 

ia were recruited. 22 Pneumonia was defined as history of cough 

r reported breathing difficulty and increased respiratory rate 

 ≥ 50 breaths per minute in children aged 2–11 months or ≥ 40 

reaths per minute in children aged 12–59 months) or chest in- 

rawing (subcostal and/or intercostal retractions defined as lower 

hest wall indrawing and supraclavicular and/or suprasternal re- 

ractions defined as very severe chest indrawing). Severe pneumo- 

ia was defined as history of cough or reported breathing difficulty, 

nd at least one of the following: oxygen saturation < 90%, central 

yanosis, severe respiratory distress, or any danger sign (inability 

o breastfeed or drink, lethargy or reduced level of consciousness, 

onvulsions). We excluded children when the principal reason for 

dmission was a non-respiratory illness or a condition that was not 

aused by respiratory illness, those admitted in the previous seven 

ays in order to exclude hospital-acquired infection, and children 

ith evidence of a foreign body in the respiratory tract. 
635 
For all eligible patients whose parents provided written con- 

ent for study participation, we collected demographic and clin- 

cal data, biological samples, and a chest radiography on admis- 

ion. Radiographical endpoints were defined as per WHO radiolog- 

cal criteria. 23 The study protocol was approved by the Research 

thics Board of Health, Ministry of Health, in Thimphu, Bhutan 

PO/2016/086) and by the research ethics committee from the Hos- 

ital Clínic in Barcelona, Spain (HCB/2017/0741). All methods were 

erformed in accordance with the relevant guidelines and regula- 

ions. 

linical scoring scales and outcomes 

We used three simple clinical scoring scales developed for 

redicting disease severity and mortality in low-resource settings 

 Table 1 ). Clinical parameters were assessed upon admission. The 

espiratory Index of Severity in Children (RISC) score was devel- 

ped amongst children 0–24 months hospitalized with respiratory 

nfections. 24 The RISC-Malawi is a modified version, which was de- 

eloped amongst children < 59 months hospitalized with WHO- 

efined pneumonia. 6 The Lambaréné Organ Dysfunction Score 

LODS) was developed amongst children with severe malaria for 

dentifying those needing referral or close monitoring. 25 Although 

ODS was not specifically developed for pneumonia, it is a promis- 

ng prognostic tool used in childhood diseases other than malaria. 7 

The primary outcome was prognosis, defined as “good” if the 

hild survived, did not require admission in the paediatric inten- 

ive care unit, did not require supplemental oxygen or only re- 

eived oxygen therapy for five days or less, and did not present 

ith pleural effusion that required chest drainage; and “poor” if 

he child died, required care in the paediatric intensive care unit, 

eceived oxygen for more than five days, or presented pleural ef- 

usion that requested chest drainage. The usual time of duration of 

ypoxaemia (oxygen saturation < 90% in room air) is 2 to 5 days, 

herefore we considered longer duration as poor prognosis. 26 , 27 

linical decisions such as weaning oxygen and time of discharge 

ere taken by any treating paediatrician working at JDWNRH, un- 

ware of the study outcomes for analysis, and therefore at low risk 

f introducing performance bias. 

aboratory testing 

Blood samples were collected from each participant at time of 

nrolment and were processed following local standard of care. 21 

or measurement of immune and endothelial activation markers, 

lood (2 mL) was collected in EDTA tube and centrifugated (30 0 0 g 

or three minutes). Plasma was separated and stored at −80 °C 

ntil shipment to the University of Toronto, Canada, for analyte 

esting. Plasma concentration of interleukin-6 (IL-6), interleukin- 

 (IL-8), soluble triggering receptor expressed on myeloid cells 

 (sTREM-1), soluble tumour necrosis factor receptor 1 (sTNFR1), 

ngiopoietin-2 (Angpt-2), soluble fms-like tyrosine kinase-1 (sFlt1), 

nd procalcitonin (PCT) were quantified using a multiplex Lu- 

inex platform with reagents from R&D Systems (Minneapolis, 

N) as described. 28 C-reactive protein (CRP) was quantified by 

nzyme-linked immunosorbent assay (R&D DuoSet, Minneapolis, 

N). Biomarker concentrations outside of the detection limits were 

ssigned a value of one third below or above the lowest or highest 

imit in the standard curve, respectively. Erythrocyte sedimentation 

ate (ESR), and CRP were measured at the study site (JDWNRH). 

e refer to CRP-study and CRP-ref for differentiating CRP anal- 

sed at the study and reference laboratories, respectively. Biomark- 

rs were measured blinded to children clinical characteristics and 

utcome. 
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Table 1 

Clinical scoring scales. 

RISC a score RISC-Malawi score LODS 

Severity of respiratory signs 

SpO2 ≤90% 

OR 

Chest indrawing 

Wheezing 

Refusal to feed 

Growth standards 

WAZ ≤ −3 SD 

−2 ≤ WAZ < −3 SD 

3 points 

2 points 

−2 points 

1 point 

2 points 

1 point 

−2 ≤ WAZ < −3 SD 

b 

WAZ ≤ −3 SD 

b 

SpO2 90–92% 

SpO2 < 90% 

Wheezing 

Unconscious at exam 

Female gender 

3 points 

7 points 

2 points 

7 points 

−2 points 

8 points 

1 point 

Prostration c 

Blantyre coma score < 3 

Deep breathing d 

1 point 

1 point 

1 point 

Abbreviations: LODS: Lambaréné Organ Dysfunction Score; RISC: respiratory index of severity in children; SD: standard deviations; WAZ: weight-for-age Z-score. 
a For non-HIV infected children. 
b Moderate and severe malnutrition were originally assessed with middle-upper arm circumference (MUAC). We substituted these measurements by using WAZ as we did 

not collect MUAC in our study. 
c Prostration was defined by not being able to breastfeed, sit, stand, or walk, depending on the age of the child. 
d Deep breathing is also known as Kussmaul’s respiration or ‘acidotic’ breathing. 
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ata management and statistical analysis 

The statistical associations were assessed using Chi-square, 

isher exact, and Mann-Whitney U tests, as appropriate. Uni- 

ariable logistic regression models were used to estimate odds 

atios of biomarker levels as predictors of prognosis, and multi- 

ariable logistic regression models to estimate the degree of as- 

ociation after adjusting for observed confounders. All continuous 

ariables with non-parametric distribution were log transformed 

or inclusion in logistic regression models. Area under the receiver 

perating characteristics (AUROC) curve and other performance 

haracteristics (sensitivity, specificity, and likelihood ratios) were 

alculated to assess the predictive capability, based on each uni- 

ariable logistic regression model and using cut-off points defined 

ith the Youden’s index method ( J = max[ sensitivity + specificity -1]). 

UROCs were compared using the algorithm suggested by DeLong 

t al. (1988). 29 Classification and regression tree analyses were per- 

ormed to create simple algorithms based on risk-stratification. We 

stablished the settings of a minimum of 10 cases for parent node 

nd 5 for child node, pruning set with a maximum difference in 

isk to 0 to prevent over fitting and a maximum level of tree 

epth of 2. 15 , 19 We performed subgroup analysis by age groups, 

s age is a potentially relevant cofounder for clinical signs and 

iomarker levels. Data analyses and figures were performed with 

tata TM v.16.0 (StataCorp, College Station, Texas, USA), SPSS Statis- 

ics version 23, and RStudio. 30 , 31 Statistical significance was set at 

.05. 

esults 

Of 189 children with clinical pneumonia recruited to the RIBhuC 

tudy, 118 (62.4%) had biomarker quantification and were included 

n the analysis (Supplementary Fig. S1). Our study did not perform 

dditional blood draws outside of clinical care, and therefore chil- 

ren that did not have blood collected at first presentation did not 

ave biomarker analysis performed. The characteristics of children 

ncluded and excluded from the analysis are summarized in Sup- 

lementary Table S1. Except for hypoxaemia, which was more com- 

on amongst children included in the analysis ( p = 0.048), there 

ere no significant differences between children included and ex- 

luded from the analysis. 

ssociation of demographic characteristics, clinical signs, and scoring 

cales with prognosis 

Of the 118 children included, 31 evolved to a poor prognosis. 

ables 2 and 3 present demographic, clinical, radiological, and lab- 

ratory findings collected upon admission, according to prognosis. 
636 
ne-quarter of children with poor prognosis were referred from 

nother healthcare centre. Parental education, employment, and 

ccess to care were not associated with prognosis. Amongst chil- 

ren with a poor prognosis, 39.1% (9/23) presented with a nor- 

al chest radiograph, while amongst those with a good progno- 

is, 21.9% (16/73) presented radiological endpoint pneumonia. A 

ositive (and not considered contaminated) blood culture was not 

ssociated with prognosis. Hypoxaemia, prolonged capillary refill 

ime, increased respiratory rate, lower chest wall indrawing, very 

evere chest indrawing, nasal flaring, grunting, rhonchi, prostration, 

nd decreased level of consciousness at presentation were all asso- 

iated with poor prognosis. The oxygen saturation upon admission 

as significantly lower amongst children with poor prognosis. An 

levated score in any of the four clinical scoring scales (WHO, RISC, 

ISC-Malawi, and LODS) was also associated with poor prognosis. 

ssociation of host-response biomarkers with prognosis 

Overall, results of the routinely ordered laboratory testing, 

ncluding white blood cells (WBC), platelets, ESR, PCT, and CRP, 

ere not associated with outcome when evaluated using common 

linical thresholds ( Table 3 ). Similar results were observed when 

hese laboratory parameters were assessed as continuous variables, 

ith the exception of PCT, which was associated with prognosis 

Supplementary Table S2). In contrast, plasma levels of all the 

mmune and endothelial activation factors, except for IL-6, were 

ignificantly higher at presentation in children that progressed 

o severe and fatal infections ( Fig. 1 and Supplementary Table 

2). After adjusting for selected potential confounding factors, 

ifferences remained significant for sTREM-1, sTNFR1, IL-8 and PCT 

Supplementary Fig. S2). 

erformance of clinical characteristics, scoring scales, and biomarkers 

t predicting poor prognosis 

Of single clinical characteristics, oxygen saturation (AUROC 0.75, 

5% confidence interval [CI] 0.63–0.86) and lower chest wall in- 

rawing (AUROC 0.70, 95% CI 0.62–0.79) on admission displayed 

he best predictive accuracy for prognosis ( Fig. 2 ). Of the clini- 

al scoring scales, RISC presented the best predictive performance 

AUROC 0.71, 95% CI 0.61–0.80) and was significantly higher than 

he WHO severity score at predicting prognosis (AUROC 0.61, 95% 

I 0.55–0.67; P < 0.05). 

The best host-response biomarker for predicting poor prognosis 

as sTREM-1 (AUROC 0.74, 95%CI 0.63–0.88) ( Fig. 2 ). sTREM-1 per- 

ormed significantly better than the commonly used inflammatory 

arkers (WBC, ESR, and CRP) and IL-6, but not significantly better 
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Fig. 1. Performance of host-biomarkers levels according to prognosis.Abbreviations: Angpt-2: angiopoietin-2; CRP: C-reactive protein; ESR: erythrocyte sedimentation rate; 

IL6: interleukin-6; IL8: interleukin-8; PCT: procalcitonin; sFlt1: soluble fms-like tyrosine kinase-1; sTNFR1: soluble tumour necrosis factor receptor 1; sTREM-1: soluble 

triggering receptor expressed on myeloid cells 1; WBC: white blood cells.Levels of each biomarker is summarized graphically through the median (red dot) and interquartile 

range (lower and upper side of the box). Good prognosis was defined as survival, no admission in the paediatric intensive care unit, no requirement of oxygen or oxygen 

therapy for ≤ 5 days, and no requirement of chest drainage; while poor prognosis was defined as death and/or admission in the paediatric intensive care unit and/or oxygen 

therapy for > 5 days and/or required chest drainage. Statistical significance of differences between good and poor outcome for each biomarker level was calculated using the 

Mann-Whitney U tests, with p-value shown at the top of each biomarker comparison. 

637 



S. Jullien, M. Richard-Greenblatt, M. Ngai et al. Journal of Infection 85 (2022) 634–643 

Fig. 2. Prognostic accuracy of clinical characteristics, scoring scales and host-response biomarkers in children with pneumonia.Abbreviations: Angpt-2: angiopoietin-2; AU- 

ROC: area under the receiver operating characteristics; CRP: C-reactive protein; ESR: erythrocyte sedimentation rate; IL6: interleukin-6; IL8: interleukin-8; LODS: Lambaréné

Organ Dysfunction Score; PCT: procalcitonin; RISC: respiratory index of severity in children; sFlt1: soluble fms-like tyrosine kinase-1; sTNFR1: soluble tumour necrosis factor 

receptor 1; sTREM-1: soluble triggering receptor expressed on myeloid cells 1; WBC: white blood cells; WHO: World health Organization.Nonparametric ROC curves were 

generated. AUROC was plotted for each variable to illustrate its ability to discriminate between good and poor prognosis. For each variable, AUROC value with the 95% 

confidence interval in parenthesis are displayed to the right of its plot. 

638 
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Table 2 

Demographic characteristics of participants according to prognosis. 

Characteristics Good prognosis ( N = 87) Poor prognosis ( N = 31) p-value a 

Infants ( < 12 months) 43 (49.4) 19 (61.3) 0.256 

Gender, female 44 (50.6) 10 (32.3) 0.079 

Immunization status 

Fully 

Partially 

None 

66/84 (78.6) 

18/84 (21.4) 

0/84 (0) 

22 (71.0) 

9 (29.0) 

0 (0) 

0.393 

Wasting (WAZ ≤ −2SD) b 6/87 (6.9) 5/30 (16.7) 0.147 

Known case of HIV infection 0 (0) 0 (0) NA 

Exposure to tobacco smoke 12/84 (14.3) 4/30 (13.3) 1.000 

Exposure to betel nut (doma) 51/84 (60.7) 23/30 (76.7) 0.116 

Exposure to heater with kerosene 7/75 (9.3) 1/29 (3.5) 0.438 

Parental education 

Both parents are illiterate 

Only one parent has primary education 

Both parents have primary education 

At least one parent has university education 

12/84 (14.3) 

11/84 (13.1) 

39/84 (46.4) 

22/84 (26.2) 

9/30 (30.0) 

4/30 (13.3) 

11/30 (36.7) 

6/30 (20.0) 

0.317 

Both parents unemployed 

Both parents are unemployed 

Only one parent is employed 

Both parents are employed 

1/81 (1.2) 

50/81 (61.7) 

30/81 (37.0) 

1/28 (3.6) 

20/28 (71.4) 

7/28 (25.0) 

0.291 

Time to access health care facility > 30 min 5/84 (6.0) 3/29 (10.3) 0.421 

Abbreviations: NA: not applicable; SD: standard deviations; WAZ: weight-for-age Z-score. 
a Comparison of proportions using the chi-square or fisher tests. 
b Nutritional status was based on the WAZ score generated using the 20 0 0 Centers for Disease Control and Prevention Growth Reference 48,49 . 
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han the other immune and endothelial activation markers (AUROC 

.61–0.67) (Supplementary Table S3). 

Supplementary Table S4 summarizes additional performance 

haracteristics (sensitivity, specificity and likelihood ratios) of clin- 

cal scoring scales and biomarkers. 

op performing biomarkers improve the prognostic performance of 

linical characteristics 

We assessed the performance of combinations of the best per- 

orming clinical signs, scales, and biomarkers. The addition of 

TREM-1 significantly improved the prognostic performance of 

ower chest wall indrawing or the RISC score, but these combina- 

ions did not perform better than sTREM-1 alone ( Table 4 ). Taking 

nto consideration that RISC is a clinical scoring scale that includes 

he assessment of chest indrawing, we concluded that sTREM-1 

ombined with assessment of lower chest wall indrawing was the 

ost parsimonious prognostic model. 

rognosis performance of clinical characteristics, scoring scales, and 

iomarkers differ by age groups 

We investigated the performance of biomarkers by age groups 

ince inflammatory response varies by age. 32 , 33 We performed sub- 

roup analyses amongst infants ( < 12 months) and older children 

 ≥ 12 months) ( Table 5 ). PCT and IL-6 performed better at predict- 

ng poor outcome in children ≥ 12 months compared to infants. 

he performance of the clinical characteristics and scoring scales 

id not significantly differ between infants and older children. 

The RISC score in infants (AUROC 0.74, 95%CI 0.62–0.87) per- 

ormed significantly better than WBC, platelets, ESR, CRP-study, 

RP-ref, PCT and IL-6 in predicting poor prognosis. In older chil- 

ren, the RISC score (AUROC 0.69, 95%CI 0.56–0.82) performance 

as similar to all biomarkers. Biomarker levels by age group are 

eported in Supplementary Table S2. 

TREM-1-based algorithms predict poor prognosis in children with 

neumonia 

As sTREM-1 demonstrated good prognostic accuracy for chil- 

ren with pneumonia, we examined this marker with top perform- 
639 
ng clinical characteristics to generate simple algorithms for risk- 

tratification in community and hospital settings. We performed 

lassification and regression tree analyses to identify optimal cut- 

ff points. We forced the clinical variable to be included in the 

odel first for clinical relevance. Alone, sTREM-1 presented a sen- 

itivity of 35.5% (95% CI 19.2–54.6) and specificity of 98.9% (95% 

I 93.8–99.9), and the positive and negative likelihood ratios were 

2.27 and 0.65, respectively ( Fig. 3 ). The combination of very se- 

ere chest indrawing with sTREM-1 was found to be the best per- 

orming combination of sTREM-1 with any clinical characteristics, 

nd increased sensitivity to 61.3% (95% CI 42.2–78.2) with a small 

ecrease in specificity (95.4%; 95% CI 88.6–98.7). 

iscussion 

Prognostic tools that enable the early identification of children 

ith pneumonia that will progress to severe and potentially fa- 

al disease are currently lacking. Early risk-stratification of chil- 

ren with respiratory symptoms could facilitate triage, early refer- 

al, and prioritization of care, and improve outcomes. In the follow- 

ng study, we assessed potential prognostic factors in children hos- 

italized with WHO-defined pneumonia, including clinical charac- 

eristics and a wide range of host-response biomarkers. 

We found that several clinical signs upon admission were as- 

ociated with poor prognosis, including typical clinical indica- 

ors of pneumonia such as increased respiratory rate or grunting. 

owever, and in agreement with previous studies, the prognos- 

ic performance of single clinical signs would not support clini- 

al decision-making in the field on their own. 12 , 16 , 34 , 35 In addi- 

ion, the detection of clinical signs depends on the health worker 

bility to correctly assess them, leading to applicability limitations 

ue to interobserver variability and the need of trained health 

orkers. 34 , 36 

To improve prognostic performance of single clinical signs, sev- 

ral scoring scales have been developed, combining clinical signs, 

isk factors, and simple laboratory testing. LODS was initially de- 

eloped for the risk assessment of children with malaria but was 

hen found to yield good discrimination to predict in-hospital mor- 

ality (AUROC 0.86) amongst febrile Ugandan children aged 2–59 

onths with no malaria. 7 , 25 In the Bhutanese cohort, LODS was 
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Table 3 

Clinical characteristics of participants according to prognosis. 

Characteristics Good prognosis ( N = 87) Poor prognosis ( N = 31) p-value a 

Clinical history for current illness 

Reported duration of illness prior to admission ≥ 5 days 40 (46.0) 16 (51.6) 0.589 

Reported duration of fever prior to admission 

No fever 

< 5 days 

≥ 5 days 

14/86 (16.3) 

51/86 (59.3) 

21/86 (24.4) 

6/30 (20.0) 

15/30 (50.0) 

9/30 (30.0) 

0.675 

Referred from another healthcare centre 6 (6.9) 8 (25.8) 0.005 

Started on antibiotics prior to admission 17/85 (20.0) 8 (25.8) 0.501 

Clinical characteristics at admission 

Capillary refill > 3 s 0 (0) 4 (12.9) 0.004 

Tachycardia for age b 25/86 (29.1) 8 (25.8) 0.729 

Increased respiratory rate c 40 (46.0) 22/30 (73.3) 0.010 

SpO2 (median, IQR) d 86 (80 to 90) 77 (70 to 84) 0.0002 

Hypoxaemia (SpO2 < 90%) 64 (73.6) 30 (96.8) 0.004 

Fever ( ≥37.5 °C, axillar) 38 (43.7) 11 (35.5) 0.427 

High fever ( > 39 °C, axillar) 2 (2.3) 3 (9.7) 0.113 

Lower chest wall indrawing e 37/86 (43.0) 26 (83.9) < 0.0001 

Very severe chest indrawing e 3/86 (3.5) 11 (35.5) < 0.0001 

Nasal flaring 12/86 (14.0) 14 (45.2) < 0.0001 

Grunting 2 (2.3) 5 (16.1) 0.013 

Crackles 46/86 (53.5) 22 (71.0) 0.091 

Ronchi 37/86 (43.0) 22 (71.0) 0.008 

Wheezing 27/83 (32.5) 5 (16.1) 0.103 

Decreased level of consciousness 0 (0) 4 (12.9) 0.004 

Prostration 7 (8.1) 12 (38.7) < 0.0001 

Seizure 0 (0) 0 (0) NA 

Clinical scoring scales at admission 

Severe WHO pneumonia 65 (74.7) 30 (96.8) 0.007 

RISC score (median, IQR) 2 (1 to 3) 3 (3 to 4) 0.0003 

RISC-Malawi score (median, IQR) 6 (3 to 8) 7 (7 to 8) 0.0012 

LODS (median, IQR) 0 (0 to 0) 0 (0 to 1) 0.0001 

Radiological findings 

Endpoint pneumonia 

Other infiltrates 

Normal 

16/73 (21.9) 

15/73 (20.6) 

42/73 (57.5) 

9/23 (39.1) 

5/23 (21.7) 

9/23 (39.1) 

0.195 

Laboratory findings at admission 

Anaemia (Haemoglobin < 11 g/dL) 23 (26.4) 19 (61.3) 0.001 

Leucocytosis f 30 (34.5) 11 (35.5) 0.920 

Thrombocytosis ( > 450 × 10 9 platelets/L) 20 (23.0) 10/29 (34.5) 0.221 

High ESR ( ≥ 50 mm) 12/78 (15.4) 6/30 (20.0) 0.564 

High CRP-study ( > 4 mg/dL) 11/83 (13.3) 7 (22.6) 0.224 

High CRP-ref ( > 4 mg/dL) 66 (75.9) 24 (77.4) 0.861 

High PCT ( ≥ 250 pg/mL) 23 (26.4) 14 (45.2) 0.054 

Non-contaminated positive bacterial blood culture 5/73 (6.9) 2/27 (7.4) 1.000 

Hospital management 

Antibiotic therapy 57 (65.5) 27 (87.1) 0.023 

Oxygen therapy 58 (66.7) 31 (100) < 0.001 

Hospital stay ≥ 7 days 5 (5.8) 17 (54.8) < 0.001 

Abbreviations: CRP: C-reactive protein; ESR: erythrocyte sedimentation rate; IQR: interquartile range; LODS: Lambaréné Organ Dysfunction Score; NA: not applicable; PCT: 

procalcitonin; RISC: respiratory index of severity in children; WHO: World Health Organization. 
a Comparison of proportions using the chi-square or fisher tests. 
b Tachycardia was defined as heart rate > 160/minute for infants 〈 12 months, and 〉 150/minute for children ≥ 12 months of age 7 . 
c Increased respiratory rate was defined as > 50breaths per minute in children aged 2 to 12 months and > 40 breaths per minute in children aged ≥ 12 months. 
d Peripheral capillary oxygen saturation was measured in room air using Mindray VS-800 Vital Sign Monitor or Biolight BLT M800 Handheld pulse oximeter. Eight children 

(all of them with poor prognosis including two children with fatal outcome) had SpO2 < 90% and were put on oxygen before or at arrival, with missing exact SpO2 value. 
e Lower chest wall indrawing was defined as subcostal and/or lower intercostal retractions, and very severe chest indrawing was defined as supraclavicular and/or 

suprasternal retractions. 
f Leucocytosis was defined as white blood cells greater than 15 × 10 9 cells/L for children aged between 2 and 11 months and greater than 13 × 10 9 cells/L for children 

aged between 12 and 59 months. 
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ssociated with poor prognosis but showed a low sensitivity (38.7; 

5% CI 21.8–57.8) and low prognostic performance (AUROC 0.66). 

ach of the three components of LODS (coma, prostration, and 

eep breathing) is indicative of severe disease and therefore may 

ave limited utility in the early stages of severe disease. 9 The 

ISC score was developed specifically for children with respiratory 

nfections and include clinical signs, several of which may have 

reater utility in early identification of severe pneumonia. 24 RISC 

emonstrated higher sensitivity (87.1%; 95% CI 70.2–96.4), which is 

n essential characteristic for a community-based triage tool. How- 

ver, the RISC score is difficult to determine in low resource set- 

ings as it requires anthropometric measurement to assess weight- 
640 
or-age, a pulse oximeter, the ability to recognize chest indraw- 

ng, and auscultation for wheezing. The WHO severity criteria are 

idely used and rely on their high sensitivity to detect most cases 

or antibiotic therapy and hospital management. 22 We observed 

imilar findings in our cohort, where all the children progressing 

o poor prognosis except one were classified as severe pneumonia. 

n conclusion, we found that clinical scoring scales were signifi- 

antly associated with poor prognosis and presented high sensi- 

ivity at established cut-off points, but specificity was low, leading 

o a high number of false-positive cases. In addition, they rely on 

linical signs, which does not solve the problem of subjectivity and 

nterobserver variability in their assessment. 



S. Jullien, M. Richard-Greenblatt, M. Ngai et al. Journal of Infection 85 (2022) 634–643 

Table 4 

Performance of clinical parameters associated with top predicting biomarker 

sTREM-1. 

AUROC 

Clinical parameter + sTREM-1 

Oxygen saturation 0.75 (0.63 to 0.86) 0.81 ∗

Lower chest wall indrawing 0.70 (0.62 to 0.79) 0.84 ∗∗

RISC score 0.71 (0.61 to 0.80) 0.82 ∗∗

sTREM1 0.74 (0.63 to 0.88) –

Abbreviations: AUROC: area under the receiver operating characteristics; RISC: res- 

piratory index of severity in children; sTREM-1: soluble triggering receptor ex- 

pressed on myeloid cells 1. 

Differences in AUROCs were assessed using the algorithm suggested by DeLong 

et al. (1988) 29 . 
∗ p < 0.10 for comparison of AUROC of the clinical parameter alone versus AUROC 

of the combination of the clinical parameter with sTREM-1. 
∗∗ p < 0.05 for comparison of AUROC of the clinical parameter alone versus AU- 

ROC of the combination of the clinical parameter with sTREM-1. 
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Biomarker concentrations can be measured in the blood, with 

he benefits of objectivity, accuracy, and reproducibility. Currently, 

heir measurement require training in blood collection and spe- 

ialized equipment, although the development of rapid diagnostic 

esting with the best performing biomarkers to conduct with blood 

rops collected by finger prick could easily overcome these difficul- 

ies. WBC, platelets, ESR, and CRP are commonly used in clinical 

ractice as aetiological and prognostic markers. However, studies 

ave consistently shown that these biomarkers are poor prognos- 

ic predictors for childhood pneumonia. 24 , 34 , 37 In previous studies, 

evels of immune and endothelial activation markers were asso- 

iated with disease severity and fatal outcome in life-threatening 
Table 5 

Performance of clinical characteristics and biomarkers for identifyin

AUROC (95% CI) 

All 

Clinical characteristics 

Increased respiratory rate 0.64 (0.54 to 0.73) 

Oxygen saturation 0.75 (0.63 to 0.86) 

Lower chest wall indrawing 0.70 (0.62 to 0.79) 

Very severe chest indrawing 0.66 (0.57 to 0.75) 

Clinical scoring scales 

WHO severity score 0.61 (0.55 to 0.67) ∗∗

RISC score 0.71 (0.61 to 0.80) 

RISC-Malawi score 0.69 (0.60 to 0.79) 

LODS 0.66 (0.56 to 0.75) 

Acute phase proteins and inflammatory markers 

WBC 0.52 (0.40 to 0.65) ∗∗

Platelets 0.58 (0.46 to 0.71) # 

ESR 0.54 (0.40 to 0.68) ∗∗

CRP-study 0.60 (0.48 to 0.72) 

CRP-ref 0.59 (0.47 to 0.71) # 

PCT 0.61 (0.49 to 0.72) ## 

Immune activation factors 

IL-6 0.61 (0.48 to 0.74) ## 

IL-8 0.62 (0.50 to 0.74) 

sTREM-1 0.74 (0.63 to 0.88) 

sTNFR1 0.67 (0.55 to 0.79) 

Endothelial activation factors 

Angpt-2 0.61 (0.48 to 0.74) 

sFlt1 0.60 (0.48 to 0.73) 

Abbreviations: Angpt-2: angiopoietin-2; AUROC: area under the rec

C-reactive protein; ESR: erythrocyte sedimentation rate; IL-6: inte

function Score; NA: not applicable; PCT: procalcitonin; RISC: respira

rosine kinase-1; sTNFR1: soluble tumour necrosis factor receptor 1

cells 1; WBC: white blood cells; WHO: World Health Organization.

Differences in AUROCs were assessed using the algorithm suggeste
∗ p < 0.10 for comparison of AUROCs of the RISC score versus ea
∗∗ p < 0.05 for comparison of AUROCs of the RISC score versus e
# p < 0.10 for comparison of AUROCs between age groups for ea
## p < 0.05 for comparison of AUROCs between age groups for e

641 
nfections, including pneumonia, sepsis, severe malaria, haemor- 

hagic fevers, or COVID-19. 11 , 13 , 39 , 14–20 , 38 In the Bhutanese cohort, 

L-8, sTREM-1, sTNFR1, Angpt-2, and sFlt1 were all significantly as- 

ociated with poor prognosis despite the moderately small size of 

he cohort and few children with fatal outcome. 

Amongst the immune and endothelial markers analysed in this 

tudy for children with pneumonia, sTREM-1 exhibited the high- 

st AUROC (0.74, 95% CI 0.63–0.88). The addition of sTREM-1 sig- 

ificantly improved the prognostic performance of the best per- 

orming clinical characteristics such as lower chest wall indraw- 

ng. These findings suggest that simple sTREM-1-based algorithms 

or pneumonia management may represent a strategy to improve 

are and outcome in children, particularly in resource-limited set- 

ings. 40 , 41 Selection of which biomarker-based model to apply clin- 

cally will depend on the primary goal of the triage tool. For exam- 

le, highly sensitive algorithms with associated low negative likeli- 

ood ratio would perform well to correctly classify children at low 

isk of evolving to poor prognosis. These children could be sent 

ome confidently, while those classified at high risk might require 

lose monitoring to ensure early detection of deterioration of the 

hild. On the other hand, algorithms aiming for higher specificity 

ith associated higher positive likelihood ratio, such as the one 

ased on sTREM-1, perform better at correctly classifying children 

t risk of poor prognosis and as such, could assist care prioritiza- 

ion decisions. This approach is also useful in the context of the 

OVID-19 pandemic in any setting, to help improve rationale allo- 

ation of resources and decision on patient triage in overburdened 

ospitals. 

This study has several limitations. As there were only three 

eaths in the cohort, we used a composite primary outcome, 
g children at risk of poor prognosis. 

< 12 months ≥12 months 

0.63 (0.49 to 0.77) 0.67 (0.56 to 0.78) 

0.79 (0.65 to 0.93) 0.70 (0.50 to 0.89) 

0.74 (0.64 to 0.84) 0.65 (0.51 to 0.80) 

0.65 (0.54 to 0.76) 0.69 (0.54 to 0.83) 

0.66 (0.57 to 0.75) 0.57 (0.52 to 0.62) ∗

0.74 (0.62 to 0.87) 0.69 (0.56 to 0.82) 

0.76 (0.65 to 0.88) 0.65 (0.48 to 0.81) 

0.67 (0.55 to 0.79) 0.63 (0.49 to 0.78) 

0.57 (0.40 to 0.74) ∗∗ 0.62 (0.43 to 0.81) 

0.53 (0.36 to 0.70) ∗∗ 0.70 (0.50 to 0.89) 

0.60 (0.43 to 0.78) ∗∗ 0.76 (0.59 to 0.93) 

0.57 (0.41 to 0.74) 0.65 (0.49 to 0.82) 

0.51 (0.35 to 0.68) ∗∗ 0.73 (0.56 to 0.89) 

0.52 (0.37 to 0.67) ∗∗ 0.72 (0.55 to 0.90) 

0.50 (0.32 to 0.68) ∗∗ 0.76 (0.61 to 0.91) 

0.62 (0.46 to 0.78) 0.59 (0.39 to 0.79) 

0.69 (0.52 to 0.85) 0.77 (0.61 to 0.93) 

0.58 (0.40 to 0.75) 0.77 (0.60 to 0.93) 

0.66 (0.50 to 0.83) 0.54 (0.33 to 0.75) 

0.62 (0.45 to 0.79) 0.55 (0.35 to 0.75) 

eiver operating characteristics; CI: confidence interval; CRP: 

rleukin-6; IL-8: interleukin-8; LODS: Lambaréné Organ Dys- 

tory index of severity in children; sFlt1: soluble fms-like ty- 

; sTREM-1: soluble triggering receptor expressed on myeloid 

 

d by DeLong et al. (1988) 29 . 

ch of the other scoring scales and biomarkers. 

ach of the other scoring scales and biomarkers. 

ch clinical characteristic, clinical scoring scale or biomarker. 

ach clinical characteristic, clinical scoring scale or biomarker. 
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Fig. 3. Classification and regression tree analysis algorithms to predict poor outcome in children with pneumonia.Abbreviations: LR: likelihood ratio; sTREM-1: soluble 

triggering receptor expressed on myeloid cells 1.The algorithms were generated for sTREM-1 (left) and very severe chest indrawing and sTREM-1 (right). Good prognosis was 

defined as survival, no admission in the paediatric intensive care unit, no requirement of oxygen or oxygen therapy for ≤ 5 days, and no requirement of chest drainage; 

while poor prognosis was defined as death and/or admission in the paediatric intensive care unit and/or oxygen therapy for > 5 days and/or required chest drainage. For all 

models, the cost of misclassifying a child with poor prognosis was designated as 10 times the cost of misclassifying a child with good prognosis. Classification and regression 

tree analysis selected the optimal cut-off points. We forced the clinical variable to be included in the model first for clinical relevance. The performance of each of the three 

algorithms are presented in the table below them. 
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hich limits direct comparison with other studies using mortal- 

ty as the primary outcome. We did not include other factors 

nown to impact circulating biomarker concentrations such as du- 

ation of illness, prior administration of antibiotics, malnutrition, 

nd other comorbidities, which are important considerations in 

iomarker discovery and validation studies. 42–44 Since pneumo- 

ia progresses rapidly, increases or decreases between two mea- 

urements of the same biomarker over time (dynamic monitoring) 

ight further help in the risk-stratification of children with this 

isease. 45 Also, since excess mortality can be observed up to three 

onths after discharge from severe infections, we encourage as- 

essing outcomes including post-discharge mortality to avoid miss- 

ng late events. 46 , 47 We did not adjust the statistical analyses for 

ultiple comparisons, due to the exploratory nature of the anal- 

sis. Thus, the differences with statistical significance need to be 

valuated as such. The size of the clinical cohort and number of 

utcomes is small, and therefore a potential risk of over fitting 

odels containing more than one predictive variable exists. Fur- 

her research from additional cohorts is needed to elucidate the 

est biomarker or combination of biomarkers and which cut-off

oints to use for risk-stratification of children with pneumonia. 

Nonetheless, our study confirms that immune and endothelial 

ctivation markers have the potential to become objective risk- 

tratification tools of children with pneumonia. A biomarker point- 

f-care tool alone or integrated into a simple clinical algorithm 

s likely to enhance clinical decision-making (such as triage and 

rioritization of care) and improve outcomes, in addition to opti- 

izing resource allocation, especially in low- and middle-income 
c

642 
ountries, where mortality associated with childhood pneumonia 

emains greatest. 
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