
Clark et al. Critical Care           (2023) 27:11  
https://doi.org/10.1186/s13054-023-04303-1

RESEARCH

© The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Open Access

The rapid detection of respiratory pathogens 
in critically ill children
John A. Clark1,2*   , Andrew Conway Morris2,3,4   , Martin D. Curran5, Deborah White2   , Esther Daubney2, 
Iain R. L. Kean1   , Vilas Navapurkar2   , Josefin Bartholdson Scott6   , Mailis Maes6   , Rachel Bousfield2,5   , 
M. Estée Török2,7   , David Inwald2   , Zhenguang Zhang1, Shruti Agrawal1,2, Constantinos Kanaris2,8, 
Fahad Khokhar6   , Theodore Gouliouris2,5   , Stephen Baker6    and Nazima Pathan1,2    

Abstract 

Purpose  Respiratory infections are the most common reason for admission to paediatric intensive care units (PICU). 
Most patients with lower respiratory tract infection (LRTI) receive broad-spectrum antimicrobials, despite low rates 
of bacterial culture confirmation. Here, we evaluated a molecular diagnostic test for LRTI to inform the better use of 
antimicrobials.

Methods  The Rapid Assay for Sick Children with Acute Lung infection Study was a single-centre, prospective, 
observational cohort study of mechanically ventilated children (> 37/40 weeks corrected gestation to 18 years) with 
suspected community acquired or ventilator-associated LRTI. We evaluated the use of a 52-pathogen custom TaqMan 
Array Card (TAC) to identify pathogens in non-bronchoscopic bronchoalveolar lavage (mini-BAL) samples. TAC results 
were compared to routine microbiology testing. Primary study outcomes were sensitivity and specificity of TAC, and 
time to result.

Results  We enrolled 100 patients, all of whom were tested with TAC and 91 of whom had matching culture sam-
ples. TAC had a sensitivity of 89.5% (95% confidence interval (CI95) 66.9–98.7) and specificity of 97.9% (CI95 97.2–98.5) 
compared to routine bacterial and fungal culture. TAC took a median 25.8 h (IQR 9.1–29.8 h) from sample collection to 
result. Culture was significantly slower: median 110.4 h (IQR 85.2–141.6 h) for a positive result and median 69.4 h (IQR 
52.8–78.6) for a negative result.

Conclusions  TAC is a reliable and rapid adjunct diagnostic approach for LRTI in critically ill children, with the potential 
to aid early rationalisation of antimicrobial therapy.
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pneumonia

*Correspondence:
John A. Clark
jac302@cam.ac.uk
1 Department of Paediatrics, Addenbrooke’s Hospital, University 
of Cambridge, Level 8, Cambridge Biomedical Campus, Cambridge CB2 
0QQ, UK
2 Cambridge University Hospitals NHS Foundation Trust, Cambridge, UK
3 Division of Anaesthesia, Department of Medicine, University 
of Cambridge, Cambridge, UK
4 Division of Immunology, Department of Pathology, University 
of Cambridge, Cambridge, UK

5 Clinical Microbiology and Public Health Laboratory, United Kingdom 
Health Security Agency, Cambridge, UK
6 Cambridge Institute of Therapeutic Immunology and Infectious Disease, 
University of Cambridge, Cambridge, UK
7 Division of Infectious Diseases, Department of Medicine, University 
of Cambridge, Cambridge, UK
8 Blizard Institute, Queen Mary University of London, London, UK

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13054-023-04303-1&domain=pdf
http://orcid.org/0000-0001-6916-9195
http://orcid.org/0000-0002-3211-3216
http://orcid.org/0000-0002-9254-996X
http://orcid.org/0000-0003-1066-8285
http://orcid.org/0000-0002-3610-3568
http://orcid.org/0000-0003-3380-4446
http://orcid.org/0000-0002-0266-6557
http://orcid.org/0000-0001-7828-4048
http://orcid.org/0000-0001-9098-8590
http://orcid.org/0000-0001-9518-7821
http://orcid.org/0000-0001-5959-0680
http://orcid.org/0000-0002-2011-1205
http://orcid.org/0000-0003-1308-5755
http://orcid.org/0000-0002-9447-4252


Page 2 of 11Clark et al. Critical Care           (2023) 27:11 

Introduction
Respiratory tract infections are the leading cause of 
admission onto paediatric intensive care units (PICUs). 
In 2019, 6174 were children admitted to UK PICUs with 
a primary respiratory illness [1]. At a cost of ≥ £3,713 
per occupied bed day in a PICU, these cases constitute a 
significant burden to the National Health Service (NHS) 
[2]. With such severe disease presentations, PICU clini-
cians generally initiate early broad-spectrum antimicro-
bial therapy [3], which may affect routine microbiological 
culture results [4, 5]. Most children are likely to have viral 
infections, but two factors are key in the de-escalation of 
antimicrobial therapy in this cohort—lack of rapid diag-
nostic tests to determine bacterial co-infection and a low 
prevalence of positive respiratory cultures.

Quantitative PCR (qPCR) has been used for many years 
to identify respiratory viruses in nasopharyngeal swabs 
or aspirates for children. A recent study of critically ill 
adults with suspected lower respiratory tract infection 
(LRTI) found that the use of a qPCR-based rapid patho-
gen array reduced the use of inappropriate antimicrobial 
therapy compared to standard diagnostic microbiology 
[6]. The potential for respiratory pathogen qPCR arrays to 
detect bacterial and fungal respiratory pathogens in hos-
pitalised children has been discussed, but the outcome of 
their clinical implementation is yet to be reported [7, 8].

The TaqMan Array Card (TAC) (Thermo Fisher Scien-
tific, California) [9] is a microfluidic qPCR system which 
is comprised of 384 wells containing prealiquoted cus-
tomised primer and probe combinations [9]. We have 
previously reported the use of a custom TAC to support 
ventilator-associated pneumonia (VAP) diagnosis in 
adults [10, 11]. Here we sought to assess the utility of this 
TAC to identify bacterial and fungal respiratory patho-
gens in critically ill children with suspected community 
acquired pneumonia (CAP) or VAP.

The primary objectives of this study were to determine 
the sensitivity and specificity of TAC to detect bacterial 
and fungal pathogens causing LRTI, and to compare time 
to result of TAC versus standard microbiology cultures. 
The secondary objectives of the study were to describe 
the micro-organisms detected by TAC that were not 
detected using microbiology culture; assess the impact 
of TAC on total antimicrobial prescriptions in the PICU; 
and describe the impact of TAC on antimicrobial deci-
sion-making according to PICU consultants.

Methods
Study design
The Rapid Assay for Sick Children with Acute Lung 
infection Study (RASCALS) was a single-centre prospec-
tive observational cohort study of children admitted to 

PICU conducted in a 13-bed general PICU in the East of 
England as previously described [12].

Enrolment and consent procedures
Children ≤ 18  years of age were eligible for inclusion if 
they were mechanically ventilated and had commenced 
or were commencing antimicrobial therapy for LRTI. 
Children aged < 37  weeks corrected gestation were 
excluded in addition to those predicted to have non-
survivable illness. Premature infants were not included 
given safety, and adequacy of the sampling procedure 
requires further assessment in this group. Screening for 
eligibility was carried out by clinical staff based on the 
defined criteria. Patients were enrolled consecutively 
on weekdays based on availability of laboratory staff for 
sample processing. A deferred consent approach was 
taken for enrolment in the project, given the time-critical 
nature of investigations. Consent was obtained from car-
ers, and children who had the capacity to give consent. 
Assent was obtained from children deemed to be Gillick 
competent.

Study procedures
Following enrolment, children received a non-broncho-
scopic bronchoalveolar lavage (mini-BAL). This pro-
cedure involves instillation and re-aspiration of saline 
(1 mL/kg up to 10 mL) using an in-line suction catheter 
at the level of the carina. Despite the protocol recom-
mending the mini-BAL method, endotracheal tube (ETT) 
aspirate samples were still included. Samples were divided 
in the microbiology laboratory into aliquots for routine 
microbiological testing in addition to extraction of nucleic 
acid (Fig.  1). Nucleic acid was extracted from samples 
using an EZ1 virus mini kit (v2.0) using an EZ1 advanced 
XL (Qiagen) machine and loaded onto TAC. The TAC 
was processed on a QuantStudio 7 qPCR machine (Ther-
moFisher) [12]. Results were reported by an experienced 
laboratory member and entered into the electronic medi-
cal record (EMR) (Epic Systems Corporation, Wisconsin). 
PICU consultants were surveyed regarding their actions 
following availability of these results via an email link to 
the electronic data capture instrument.

Test interpretation
The TAC incorporated molecular probes targeting 
species-level bacteria in addition to higher taxonomic 
groups. Sequences have previously undergone techni-
cal validation [10]. Each target was reported according 
to cycle threshold (Ct), which represents the number of 
cycles of PCR amplification that occurred before expo-
nential increase in the fluorescent reporter signal; a posi-
tive result was inferred if a Ct ≤ 32 was recorded. This 
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threshold was selected based on the median value of 
detection based on the former study in adults [10]. Cul-
tures were reported as positive if ≥ 104 colony-forming 
units (CFU)/mL were isolated from mini-BAL samples, 
and ≥ 105 CFU/mL from ETT aspirate samples. Culture 
was used as the gold standard for comparison to TAC. 
Mini-BAL was the recommended sampling approach 
to avoid contamination from upper respiratory micro-
biota. Validation of bacterial pathogens was carried out 
using sequencing of the V3-V4 region of the bacterial 16S 
rRNA gene (16S sequencing) (Additional file 1).

Data collection
Data were recorded in an electronic research database, 
RedCAP, hosted by the University of Cambridge [13]. 
Demographic information (age at admission, admission 
source, diagnosis and comorbidities, days on mechani-
cal ventilation, and duration of admission), all routine 
microbiology and virology investigations, antimicrobial 
prescription data, and Paediatric Index of Mortality 3 
scores [14] were collected. Investigation results and clini-
cal characteristics at the time of mini-BAL sample were 
also recorded [14]. The duration of PICU stay is reported 
as days-free-of-PICU 28 days following admission. The 

duration of treatments are reported as days-free-of-treat-
ment 28  days following admission to PICU. These are 
standard composite measures that capture the impact of 
mortality, with days following death considered unliber-
ated from treatment and/or admission  for the purposes 
of the calculations [15].

Sample size
The sample size was calculated to detect a 60% increase 
in the sensitivity of TAC to detect bacteria in the samples 
compared to microbiological culture. A previous inves-
tigation on this PICU identified that the prevalence of 
positive respiratory cultures was 22% [5]. The power cal-
culation determined that 85 participants were required, 
which was rounded to 100 to account for loss to follow-
up and sample failure.

Statistical analysis
Demographic data were reported with mean and stand-
ard deviation, unless the distribution of data was skewed 
in which case median and interquartile range were used. 
As there was no ideal ‘gold standard’ test for comparison, 
TAC and culture results were pooled to determine over-
all sensitivity and specificity. To determine the sensitivity 

Fig. 1  Study workflow. This figure represents the protocol of the Rapid Assay for Sick Children with Acute Lung infection Study. Critically ill children 
with suspected respiratory infection underwent non-bronchoscopic bronchoalveolar lavage. Specimens that were obtained underwent both 
routine microbiology culture and custom TaqMan Array Card. Results were reported back to clinicians, and consultants were surveyed regarding 
their antimicrobial decision-making
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and specificity of TAC for the detection of bacterial and 
fungal species, we analysed 25 species on the array which 
are detectable with the microbiology culture techniques 
advised for respiratory samples [16]. Genus- or family-
level targets were not included in the calculations of diag-
nostic performance. The detection of bacteria found only 
by TAC (without a positive culture) underwent second-
ary validation by 16S sequencing.

The time to reported TAC or microbiology culture 
result was measured as the time of sample collection to 
the documented result time in the EMR and compared 
using the Wilcoxon signed-rank test.

To determine impact of TAC on antimicrobial pre-
scribing, study patients were matched to control patients 
with suspected LRTI admitted to the same PICU between 
October 2019 and February 2020 [5]. Demographic fea-
tures were compared using the Mann–Whitney U test for 
nonparametric data and the Student’s t-test for normally 
distributed data. Proportions were compared using the 
Chi-square test for independence. Antimicrobial use was 
compared by the Fisher’s exact test. Graphs were gener-
ated with R studio v7.1, R version 4.2.0 using ggplot2 [17, 
18] and the figures created using Biorender.com.

Antimicrobial use was reported according to the num-
ber and percentage of days of the PICU stay in which the 
patient was exposed to treatment. Exposure to a single 
dose of an antimicrobial between 00:00 and 23:59 h was 
one day of exposure. Given that many patients were on 
multiple courses of antimicrobial therapy, antimicrobial 
data were also reported according to an antimicrobial 
spectrum index (ASI). ASI is an approach that allocates 
a score to systemic antimicrobials according to the range 
of organisms for which they have therapeutic benefit 
[19, 20]. The ASI score was multiplied by the number of 
days of exposure to each antimicrobial in the PICU and 
summed to estimate total antimicrobial usage. Three 
antimicrobials used in PICU were not included in the 
published ASI tools: ceftolozane–tazobactam, flucloxa-
cillin, and teicoplanin; therefore, a score was determined 
independently for these antimicrobials (Additional file 1: 
Table S1).

Results
Study population
During the study period (April 2020–January 2022), 971 
children were screened for study eligibility and 100 chil-
dren were enrolled (Fig. 2).

Patient characteristics
The most common primary diagnosis was respiratory ill-
ness (Table 1). This included bronchiolitis (46%), followed 
by pneumonia (25%), asthma/viral-induced wheeze 
(10%), and other respiratory illnesses (19%) including 

severe bronchopulmonary dysplasia, drowning, pulmo-
nary oedema, structural airway problems, acute respira-
tory distress syndrome, and pneumonitis. Patients spent 
a mean 75% of days on the PICU (SD 27) receiving anti-
microbial therapy.

Bacterial and fungal detections on TAC​
One hundred respiratory samples were obtained: 91 
mini-BAL and 9 ETT aspirate samples (Additional 
file 1). 99/100 TAC passed quality control. Bacteria were 
detected more frequently on TAC (56/99 (57%)) than 
microbiology cultures (16/91(18%)) (p < 0.001) (Addi-
tional file 1: Table S2). This were also the case for fungi, 
found on 17/99 (17%) of TAC compared to 2/91 (2%) 
(p < 0.001) of microbiology cultures.

Sensitivity and specificity of TAC​
We excluded 9/100 (9%) of samples from the analysis in 
which microbiology culture was not obtained from the 
same sample as the TAC.

Positive microbiology cultures were reported in eight-
een samples (Table  S3). In four of these, there was a 

Fig. 2  RASCALS enrolment flowchart. Flowchart of children screened 
and enrolled into the Rapid Assay for Sick Children with Acute Lung 
infection Study (RASCALS) April 2020–January 2022. Children aged 
< 18 years were enrolled if they were commencing or had already 
commenced antimicrobial therapy for lower respiratory tract 
infection. mini-BAL: non-bronchoscopic bronchoalveolar lavage
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Table 1  Demographic and clinical features of study participants

CAP community acquired pneumonia; HAP hospital acquired pneumonia; IQR interquartile range; LRTI lower respiratory tract infection; PICU paediatric intensive care 
unit; SD standard deviation; VAP ventilator-associated pneumonia

*Data missing for one patient in the medical record
a Mann–Whitney U test
b Chi-square test for independence
c Student’s t-test for equality of means, two-sided p, equal variance not assumed

Variable Total Suspected CAP Suspected HAP/VAP p-value

N = 100 N = 80 N = 20

Demographics

Age (years)—median (IQR) 1.2 (0.3–5.2) 1.1 (0.3–4.8) 2.8 (0.9–15.0) 0.072a

Sex (male)—n (%) 58 44 (55) 14 (70) 0.224b

Weight (kilograms)—median (IQR) 10.6 (5.3–19.7) 9.8 (5.0–18.5) 12.9 (9.0–41.2) 0.066a

Significant co-morbidity—n (%) 33 24 (30) 10 (50) 0.091b

PIM3 score—median (IQR) 3.2 (0.5–5.0) 2.0 (0.5–5.0) 3.6 (2.1–5.0) 0.099a

Primary diagnostic category—n (%)

Respiratory 62 55 (69) 7 (35) 0.005b

Neurological 11 9 (11) 2 (10) 0.873b

Cardiovascular 7 5 (6) 2 (10) 0.346b

Trauma 6 4 (5) 2 (10) 0.709b

Post-operative care 6 1 (1) 5 (25) < 0.001b

Other 8 6 (8) 2 (10) 0.712b

Admission source—n (%)

Retrieval team 67 57 (71) 10 (50) 0.071b

Emergency department 16 14 (18) 2 (10) 0.670b

Paediatric ward 10 7 (9) 3 (15) 0.694b

Theatre and recovery 7 2 (3) 5 (25) < 0.001b

Clinical factors at time of sampling

Observations—mean (SD)

Temperature (°C) 36.9 (1.1) 36.9 (1.2) 37.0 (0.7) 0.890c

Fraction of inspired oxygen (%) 44.1 (19.7) 43.2 (18.5) 47.6 (24.2) 0.450c

Mean airway pressure (cm H2O) 12.0 (3.3) 11.9 (3.2) 12.4 (3.8) 0.617c

Secretions—n (%)*

Absent/minimal 29 27 (34) 2 (10) 0.034b

Present non-purulent 56 41 (52) 15 (75) 0.063b

Present purulent 14 11 (14) 3 (15) 0.902b

Chest X-ray—n (%)*

Diffuse/patchy infiltrate 29 25 (32) 4 (20) 0.307b

Localised infiltrate 29 22 (28) 7 (35) 0.394b

No infiltrate 25 22 (28) 3 (15) 0.237b

Other 16 10 (13) 6 (30) 0.060b

Haematology and biochemistry—median (IQR)

White cell count (109/L) 8.5 (5.8–14.0) 8.6 (5.8–14.7) 8.0 (5.8–11.1) 0.520a

Neutrophils (109/L) 4.7 (2.7–10.3) 5.0 (2.7–10.7) 4.3 (3.1–7.6) 0.597a

Lymphocytes (109/L) 2.1 (1.0–3.2) 2.1 (1.0–3.2) 2.3 (1.1–3.3) 0.856a

Platelets (109/L) 280 (183–413) 301 (217–423) 220 (112–259) 0.007a

C-reactive protein (mg/L) 28 (7–93) 26 (6–83) 58 (10–186) 0.210a

Outcomes

Days free of treatment at 28 days–mean (SD)

Antimicrobial therapy 16.8 (7.9) 21.1 (6.7) 13.6 (8.3) 0.002c

Mechanical ventilation 19.1 (7.2) 20.1 (6.5) 14.8 (8.6) 0.016c

Inotropes 26.1 (5.1) 26.2 (4.9) 25.6 (5.6) 0.640c

PICU admission 16.8 (7.9) 17.9 (7.6) 11.4 (7.6) 0.003c

Survival to hospital discharge—n (%) 94 77 (96) 17 (85) 0.058b
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discrepancy with the TAC result. In one case, Coagulase-
negative Staphylococcus was grown but not detected by 
TAC, although a linked detection of mecA (Ct 29) was 
noted. In two cases, TAC detected the organism but 
above our cut-off Ct of ≥ 32 (Pseudomonas aeruginosa 
with a Ct of 37 and an Enterococcus faecalis with a Ct of 
35). The fourth was an off-panel organism, Candida dub-
liniensis; however, this was associated with genus-level 
Candida spp (Ct 23) and pan-fungal 18 s rRNA gene (Ct 
24).

Using our predefined criteria, TAC sensitivity was 
89.5% (CI95 66.9–98.7), with a specificity of 97.9% (CI95 
97.2–98.5), a positive likelihood ratio of 43.4 (CI95 31.2–
60.5), and negative likelihood ratio of 0.1 (CI95 0.0–0.4) 
(Additional file 1: Fig. S1).

Time to result
TAC took a median of 25.8 h (IQR 9.1–29.8 h) from sam-
ple collection to a reported result and 8.9  h (IQR 5.5–
24.3  h) from laboratory registration to result (Fig.  3a). 
Cultures took a median 110.4  h (IQR 85.2–141.6  h) 
from sample collection to a reported positive result and 
69.4  h (IQR 52.5–78.6  h) from sample collection to a 
reported negative result. Compared with microbiology 
culture, TAC was significantly quicker for both positive 
(Z = -3.593, p < 0.001) and negative results (Z = −  7.424, 
p < 0.001).

Positive results reported by TAC only
An additional 44 bacterial and fungal species (in 29 sam-
ples) were detected on TAC at Ct ≤ 32 (median Ct 28.0, 
IQR 26.0–30.8) (Fig.  3b). They included Haemophi-
lus influenzae (n = 8), P. aeruginosa (n = 6), Moraxella 
catarrhalis (n = 6), Streptococcus pneumoniae (n = 6), 
Staphylococcus aureus (n = 4), Staphylococcus epider-
midis (n = 3), Candida albicans (n = 3), Stenotropho-
monas maltophilia (n = 2), and individual samples with 
Acinetobacter baumannii, E. faecalis, Enterococcus fae-
cium, Enterobacter cloacae, Escherichia coli, and Kleb-
siella pneumoniae.

TAC identified an additional 35 bacterial species, vali-
dated using 16S sequencing, that were not identified by 
microbiology culture (Additional file  1: Table  S4), rep-
resenting a 184% relative increase in detection. The Ct 
value of bacterial species was lower in those that had a 
corresponding positive culture (Ct 22.5, IQR 20.0–27.0) 
in comparison with those that were culture negative 
and confirmed with 16S sequencing (Ct 28.0, IQR 26.0–
30.0, p < 0.001). Five bacterial species were identified 
by TAC that were not identified by culture nor met the 
16S sequencing validation criteria (median Ct 28.0, IQR 
27.5–31.5).

Viral detections on TAC​
Viral targets on the TAC were not formally validated 
against respiratory virus PCR due to reduced availabil-
ity of the reference test during the COVID-19 pandemic. 
However, at least one viral pathogen was found on 46/99 
(46%) TACs with Ct ≤ 32 (Additional file  1: Table  S2). 
There were 31 patients who received a routine viral res-
piratory multiplex test, of which 22/31 (71%) were con-
cordant with TAC results (Additional file  1: Table  S5). 
Concordance increased to 6/7 (86%) restricting to ETT 
aspirate and mini-BAL samples, matching the sampling 
method used for TAC.

The impact of TAC on antimicrobial decision‑making
Consultants reported a change in prescription in 44/94 
(47%) of cases based on reported TAC results. Anti-
microbial therapy duration was reduced or stopped in 
24/94 (26%) of children, and prolonged in 15/94 (16%) of 
children (Fig. 4). Of the 86 children that continued anti-
microbial therapy, the spectrum of treatment was broad-
ened in 15/86 (17%) and reduced in 15/86 (17%).

The impact of TAC on total antimicrobial prescriptions
Due to a higher proportion of suspected VAP in our pro-
spective cohort (Additional file  1: Table  S6), the case–
control analysis of antimicrobial utilisation was limited to 
children with suspected CAP (Additional file 1: Table S7). 
We found no significant difference in the proportion of 
days on antimicrobial therapy in children with suspected 
CAP in our cohort (n = 80, 75.9% mean PICU days, SD 
33.0) compared to the controls (n = 49, 65.9% mean 
PICU days, SD 29.3). Additionally, we found no signifi-
cant difference in ASI between the those in our cohort 
(median 38.5, IQR 23.3–58.9), versus controls (ASI 30.0, 
IQR 18.0–64.5, Z = − 1.084, p = 0.298). We did, however, 
observe a reduction in the use of aminoglycosides (2.6% 
vs. 5.1% treatment days) and macrolides (16.6% vs. 21.9% 
treatment days) in our cohort with suspected CAP com-
pared to controls; this trend was reversed for beta-lac-
tams (61.4% vs. 54.4% treatment days) (Additional file 1: 
Table S8).

Discussion
In this study, we found that TAC identified bacteria and 
fungi more quickly than routine microbiology culture 
and increased the detection of bacterial species substan-
tially. This result is important in view of the low yield of 
respiratory cultures in PICU, which may be compounded 
by the early administration of broad-spectrum antimicro-
bials and lack of routine culture techniques for atypical 
organisms. Having a diagnostic test with greater sensitiv-
ity for bacterial organisms has the potential to reassure 
clinicians that they can identify bacterial co-infection.
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Fig. 3  Performance of TaqMan Array Card (TAC) in the detection of bacterial and fungal micro-organisms compared to routine microbiology 
culture. A Time to reported result in hours from the time the sample was collected. B Number of detections of bacterial and fungal micro-organisms 
using TaqMan Array Card (TAC) with cycle threshold result ≤ 32 compared to standard microbiology culture
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The present study determined a similar sensitivity and 
specificity of TAC as compared to adults with suspected 
VAP (sensitivity 92% (CI95 83–98) and specificity 97% 
(CI95 97–98)) [10]. This suggests that the smaller volume 
mini-BAL samples obtained in children are still reliable 
when compared to bronchoscopic samples obtained in 
adults. Of the four organisms found on culture, but were 
not significant on TAC, there were two that were likely 
commensals (E. faecalis and C. dubliniensis). We utilised 
16S sequencing to assess the detection of additional bac-
teria by TAC, an approach that is only accurate to genus 
level of taxonomy. Of these additional bacteria identi-
fied, 35/40 (87.5%) were highly likely to be true posi-
tives according to the 16S sequencing data, whilst qPCR 
is more sensitive than sequencing, we cannot be certain 
about the validity of the remaining five (12.5%).

Numerous adult studies have found rapid molecular 
tests to be sensitive in detection of respiratory pathogens 
[21–25], but they have not yet been clinically evaluated in 

critically ill children. TAC was slower that other reported 
tests such as the Biofire Film Array (bioMérieux) and 
Unyvero Pneumonia Panel (Curetis) [23, 26]. However, 
our study was conducted in a clinical setting, with labo-
ratory staff only available to process samples in business 
hours, which was a factor in the time from clinical sam-
pling to result.

Consultants reported that they changed both the spec-
trum and the duration of antimicrobial therapy based on 
47% of TAC results. This was not reflected in a reduction 
in the proportion of PICU days spent on antimicrobial 
therapy or the burden of treatment according to total ASI 
in children with CAP. There are several potential reasons 
for this. We measured total antimicrobial prescriptions, 
not just prescriptions for LRTI. Given that critically ill 
children are often treated for multi-system infections, 
the impact of the test may have been masked. Additional 
antimicrobial therapy may have been administered due to 
false positives or due to the high sensitivity of TAC result 

Fig. 4  Actions of consultants with respect antimicrobial prescribing after reported TAC results. Critically unwell children underwent custom TaqMan 
Array Card (TAC) for suspected respiratory infection. Paediatric intensive care consultants were surveyed in respect to their prescribing once the 
results for TAC were documented in the electronic medical record. There were a range of changes made to antimicrobial prescriptions—in both the 
duration of treatment delivered and the spectrum of antimicrobial therapy
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and the possibility that colonisation is reported as infec-
tion. Escalation of therapy is beneficial in the avoidance 
of antimicrobial resistance (AMR) if it prevents under 
treatment of infection. We therefore suggest that future 
studies evaluate the number of days in which patients 
receive appropriate antimicrobial therapy in addition to 
assessing total antimicrobial use.

Given that TAC is highly sensitive, mini-BAL was 
advised in the protocol to avoid irrelevant pathobionts 
found in the upper airway and ETT biofilms. Previous 
reports have predominantly used swabs or tracheal aspi-
rates [8, 26, 27]. Nine samples were obtained via ETT aspi-
ration despite this. In addition, samples were obtained by 
a range of physiotherapy, nursing, and medical staff. These 
factors may have introduced sample heterogeneity but did 
not impact on the validity of our findings given that analy-
sis was carried out only on samples where TAC and micro-
biology culture were completed on the same specimen.

An alternative rapid diagnostic method is next-gen-
eration metagenomic sequencing (NGS), which has the 
advantage of being unrestricted in the potential patho-
gens it may detect. Paediatric studies of NGS describe it 
as a sensitive test, but it is difficult to determine its clin-
ical application given that studies tend to report positive 
detection rates in comparison with culture rather than 
sensitivity and specificity [28–30]. The relevance of low 
prevalence pathogens and fluctuations in the composi-
tion of the respiratory microbiome remains a challenge 
for the interpretation of molecular diagnostics [31, 32].

It was not possible to reliably measure the perfor-
mance of TAC for the detection of viral species in com-
parison with routine multiplex qPCR testing. This was 
firstly due to the PICU having severely restricted access 
to viral investigations during the COVID-19 pandemic, 
during which the laboratory prioritised SARS-CoV-2 
testing. Secondly, viruses are shed more heavily in the 
upper airway than lower airway; hence, discordance 
between these sample locations is common [33]. Only 
7/31 children enrolled to RASCALS that received rou-
tine viral multiplex tests had samples obtained from the 
lower airway; hence, caution should be applied to the 
comparison with samples which underwent TAC. Res-
piratory viral RNA can be shed for many weeks after 
the virus is viable; hence, implications of a positive test 
can be unclear [34]. Given that bacterial co-infection 
occurs in up to 33% of CAP [35] and 38% of bronchioli-
tis [36], the detection of viral species alone is unlikely 
to reassure PICU clinicians that antimicrobial therapy 
may be ceased [37]. Given that viral respiratory multi-
plex qPCR tests have been extensively investigated [38], 
this study focused on bacterial and fungal pathogen 
detection to aid antimicrobial decision-making.

This study was not large enough to analyse the Ct 
threshold at which growth occurred on microbiology 
culture for specific organisms; therefore, we reported 
the presence of any organism. A future study investigat-
ing what is found by TAC in respiratory samples from 
patients without clinical suspicion of pneumonia may 
help further determine significance of micro-organisms 
detected at low levels (i.e. high Ct values) which may 
represent colonisation rather than infection.

TAC is unique among commercially available rapid 
diagnostic tests [6, 26], in that the configuration of the 
card can be adapted according to the needs of the PICU. 
We modified the TAC to incorporate diagnostic prim-
ers for SARS-CoV-2 during the pandemic. Depending 
on the number of targets desired per sample, multiple 
samples can be loaded onto the card to improve cost-
effectiveness. This flexibility allows the card to be used 
for a range of medical indications and be tailored to 
local pathogens. However, this is currently only possi-
ble in research studies as it is not an accredited in vitro 
diagnostic (IVD) assay.

To our knowledge, this is the first study of a rapid 
diagnostic test for bacterial and fungal causes of both 
CAP and VAP in ventilated, critically ill children. 
We propose TAC be used as an adjunct rather than a 
replacement for microbiology culture in services which 
have a microbiology facility that can assist with test 
interpretation. TAC may provide an early diagnosis to 
direct antimicrobial therapy, but microbiological cul-
tures should occur in parallel to provide antimicrobial 
susceptibility data.

Conclusions
TAC can be used to reliably detect pathogens quicker 
than routine culture in critically ill children with sus-
pected LRTI. The equipment required to undertake 
TAC is likely to be available in most tertiary hospitals 
with a molecular diagnostic laboratory. A multi-cen-
tre study to determine actions following TAC report, 
including the impact of viral pathogen detection, would 
be beneficial for determining whether TAC should 
have more widespread implementation. Future studies 
should incorporate antimicrobial decision support and 
economic analysis.
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