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Literature Review 

PubMed was searched for studies on cystic fibrosis (CF) published from database inception to January 30th, 

2022, with the search terms “cystic fibrosis” AND “pathogen” AND “culture” AND “QPCR”, with no language 

restrictions (Table S1). Studies that did not use QPCR to target specific pathogens, that only used 16S rRNA 

gene targeted QPCR, only used next generation sequencing (NGS) approaches, or other detection methods 

such as dot blots were not considered in this literature review. Of the 21 papers that met the above criteria 

(Table S1), eight were cross-sectional only studies (1, 2, 5, 11, 12, 13, 19, 20). Of the remaining 13 papers 

that did incorporate some form of longitudinal sampling into their studies, ten studies pooled all samples for 

grouped analysis, irrespective of patients and time points that samples were taken from (3, 4, 6, 7, 9, 10, 16, 

17, 18, 21). 

 

The three remaining studies did explicitly track individual patients over time, but with caveats (8, 14, 15). One 

study (14), tracked individual patients but with a focus on the effectiveness of tracking Pseudomonas 

aeruginosa infection before it became apparent in routine clinical culture, and analysed data through pooled 

samples for a grouped average time to detection.  A second study (15), focused on the impact of Ivacaftor on 

P. aeruginosa (PSA) along with the general microbiome via NGS. However, the analyses combined all 

patients as a group, discussing P. aeruginosa based results as an average of the group.  The final paper (8), 

focused on similar issues to our study, i.e. whether QPCR would be more sensitive than conventional culture 

in the detection of PSA in individual patients through time. Comparison of targeted QPCR and culture was 

based chiefly on cough swab samples taken from only paediatric patients (n = 33) over eight months from 

2007; mean number of samples per patient (± SD) = 4·2 ± 1·4, minimum = 1 and maximum = 7. The study 

found an increased detection of P. aeruginosa when using QPCR. Although pathogen detection was plotted 

for individual patients, data was analysed only as a group. Finally, none of the studies explicitly investigated 

the impact that more sensitive detection methods would have on infection status or clinical outcomes. 

 

  



Table S1 Literature review comparing current study with results from PubMed search. 

 

 No. 
patients 

Paediatric Adult 

No. 
samples 
(sample 

type) 

No. 
centres 

Target 
pathogen

a 

QPCR 
primer 

target(s)b 

Comparison 
to matched 

culturec 
Study type 

Duration 
(months) 

Were 
individuals 
tracked? 

Analysis 
(Grouped 

or 
Individual)d 

Key takeaway 
points 

Explicit clinical 
impact 

Citation 

 40 20 20 
328 (234 

sputum, 94 
swabs) 

2 PSA, SA 
PSA: oprL, 

SA: nuc 
Yes Longitudinal 

42 
months 

Yes Individual 

Comparison of 
culture data to 

QPCR, impact on 
clinical status for 

individual patients 

Yes This Study 

1 
Not 

clearly 
specified 

n/a n/a 

200 (175 
from 

sputum, 21 
from swabs 
and 4 from 

BAL) 

1 PSA 
oprL/ gyrB/ 

ETA 
Yes 

Cross-
sectional 

No n/a Grouped 

Combinations of 
primer targets will 

improve PSA 
detection 

No  
Qin X, 2003 

(1) 

2 8 patients n/a n/a 8 (sputum) 1 PSA oprL Yes 
Cross-

sectional 
No n/a Grouped 

Comparison of pre-
treatments for 

samples to improve 
detection rates 

No 
Deschaught 

2009 (2) 

3 397 n/a n/a 

Unknown 
mix of 

sputum, 
nasopharyn

geal or 
throat swab 

7 PSA oprL Yes Longitudinal 
ca. 16 

months 
No Grouped 

Culture and QPCR 
work just as well as 

each other, the 
predictive value of 

QPCR may be quite 
limited 

No 
Deschaught 

2010 (3) 

4 33 33 0 
103 

(sputum) 
1 PSA oprL Yes Longitudinal 

ca. 30 
months 

No Grouped 
QPCR can detect 

PSA before culture 
No 

Billard-
Pomares 
2010 (4) 

5 
Not 

clearly 
specified 

n/a n/a n/a Unknown 
Streptoco
ccus spp. 

cpn60 No 
Cross-

sectional 
No n/a Grouped QPCR development No 

Olson 2010 
(5) 

6 16 n/a n/a 

159 (85 
Sputum, 47 
swabs and 
27 saliva) 

1 
Various 

CF 
pathogens 

PSA: 
PSD7F, 

SA:STPYF, 
HI: 

unknown,  

Yes Longitudinal 
ca. 12 

months 
No Grouped 

Comparison of 
various pathogen 

primer targets 
No 

Zemanick 
2010 (6) 

7 183 183 0 

2099 (851 
sputum and 
1248 throat 

swabs) 

1 PSA gyrB/ algD Yes Longitudinal 
ca. 29 

months 
No Grouped 

QPCR can detect 
PSA before culture 

No 
Logan 2010 

(7) 

8 186 186 0 
542 (42 

sputum and 
500 swabs 

1 PSA Pa23 Yes Longitudinal 
ca. 19 

months 
Yes Grouped 

QPCR is more 
sensitive than culture 

in PSA detection 

Stated clinical impact 
needs assessing but 

doesn’t go beyond that 

McCulloch 
2011 (8) 

9 230 74 156 

459 (293 
sputum, 162 
swab and 4 

BAL) 

2 PSA gyrB Yes Longitudinal 
ca. 30 

months 
1 patient 
tracked. 

Grouped 

Analysis of PSA 
levels during 

exacerbation & 
stability, with 

optimised method. 
No difference found 

in disease states 

States introduction of 
QPCR may have 

implications on better 
segregation strategies 
and could help patients 

be free of PSA for 
longer. 

Fothergill 
2013 (9) 

10 34 n/a n/a 46 (sputum) 3 PSA 
oprL/ gyrB/ 

ecfX 
Yes Longitudinal 

ca. 38 
months 

No Grouped 

Prevention of false 
negatives using a 2-

step confirmatory 
QPCR 

No 
Le Gall 

2013 (10) 



11 9 0 9 13 samples 1 PSA 
oprL and 

ClpX 
No 

Cross-
sectional 

No n/a Grouped 
Validation of 2 PSA 

reference genes in 
CF sputum 

No 
Costaglioli 
2014 (11) 

12 65 65 0 
87 (45 

sputum and 
42 swabs) 

1 SA femA Yes 
Cross-

sectional 
No n/a Grouped 

Method comparison 
for sample 
processing. 

No 
Johnson 
2016 (12) 

13 
Not 

clearly 
specified 

n/a n/a 
15 (11 

sputum and 
4 BAL) 

Unknown NTM atpE Yes 
Cross-

sectional 
No n/a Grouped 

Comparison of 
sample processing 
methods for better 

NTM detection. 

No 
Caverly 

2016 (13) 

14 96 96 0 
707 

(sputum) 
1 PSA 

oprL/ gyrB/ 
ecfX 

Yes Longitudinal 
ca. 42 

months 
Yes Grouped 

QPCR can detect 
PSA before culture 

No 
Héry-

Arnaud 
2017 (14)  

15 12 0 12 
Not clearly 
specified 

1 

PSA, 
Streptoco

ccus, 
Prevotella 

PSA: gyrB, 
SA: nuc 

Yes Longitudinal 
ca. 34 

months 
Yes Grouped 

Ivacaftor briefly 
impacts PSA levels, 
but PSA somewhat 
recovers over time. 

No 
Hisert 2017 

(15) 

16 64 n/a n/a 

379 (141 
throat 

swabs and 
238 

sputum) 

1 PSA 
oprL/ ecfX/ 

gyrB 
Yes Longitudinal 

Not 
clearly 

specified 
No Grouped 

PSA abundance in 
swabs/sputum 

compared to culture, 
impact of mucoidity. 

Swabs may 
beneficial for early 

detection. 

No 
Boutin 2018 

(16)  

17 47 47 0 
312 

(sputum) 
1 PSA oprL Yes Longitudinal 

ca. 17 
months 

No Grouped 

Time taken for PSA 
positive culture to be 

determined vs. 
QPCR 

No 
Blanchard 
2018 (17) 

18 
Not 

clearly 
specified 

n/a n/a 88 (sputum) 1 PSA ecfX Yes Longitudinal 
ca. 20 

months 
No Grouped 

Comparison of 
sample storage, 

DNAse treatments 
and QPCR targets. 

No 
Mangiaterra 
2018 (18) 

19 9 0 9 16 (sputum) 1 SM 

Custom 
primers for 
Strenotroph

omonas 
strains 

Yes 
Cross-

sectional 
No n/a Grouped QPCR development 

Identification of SM in 
clinic will allow for 

earlier detection and by 
extension may reduce 

prevalence of other 
emblematic pathogens 

through correct 
treatment. 

Fraser 2019 
(19) 

20 78 78 0 78 (BAL) 7 
PSA, HI, 
SA, SM 

Not clearly 
specified 

Yes 
Cross-

sectional 
No n/a Grouped 

Correlation of 
bacterial density and 

presence of 
pathogens to 

inflammation, mucus 
plugging etc. 

No 
Taylor 2020 

(20) 

21 14 n/a n/a 28 (sputum) 1 PSA oprL No Longitudinal 
ca. 12 

months 
Yes Grouped 

Does the prevalence 
of certain pathogens 

decrease with 
Ivacaftor treatment. 

No 
Einarsson 
2021 (21) 

 a PSA: Pseudomonas aeruginosa, SA: Staphylococcus aureus, NTM: Non-tuberculosis mycobacteria, SM: Streptococcus maltophilia, HI : Haemophilus influenzae  

 b Papers using 16S rRNA, NGS or other methods such as dot blots were not considered in this literature review  

 c Must have matched culture records for each sample  

 e Explicitly followed individually through time, or grouped (all samples irrespective of longitudinal/cross-sectional origin, or combined for analysis)  

 



Table S2 Individual patient sampling across the paediatric and adult cohorts. Given for each patient are the number of samples and date of each sample taken. Cells shaded in grey were taken during an acute 
pulmonary exacerbation. At entry to the study, all adults except for 3 patients were on long term azithromycin. Patients 133 and 135 were on no long-term antibiotic treatment, and patient 110 was on long term colistin. 
All but 6 paediatric patients were also on long term azithromycin, as patients 201, 206, 212, 216, 228 and 241 were not on any long-term antibiotic treatment. 

Paediatric 

201 09/12/14 31/03/15 21/07/15 27/10/15 16/02/16 21/06/16 30/08/16 29/08/17             

203 06/01/15 25/03/15 23/06/15 29/09/15 24/05/16 22/11/16 27/06/17 19/09/17 28/10/17            

206 16/01/15 03/07/15 29/01/16 06/09/16 09/12/16 02/06/17               

207 16/01/15 07/08/15 19/02/16 06/05/16 05/08/16 20/01/17 21/04/17              

212 26/05/15 25/08/15 08/09/15 09/02/16 18/10/16 01/08/17               

213 17/01/15 26/05/15 12/10/15 15/03/16 30/08/16 25/10/16 26/01/18              

216 07/08/15 06/11/15 15/01/16 06/05/16 11/11/16 13/01/17 07/07/17 29/09/17             

217 06/03/15 05/06/15 02/10/15 18/03/16 17/06/16 16/09/16 03/03/17 09/06/17             

218 10/03/15 04/08/15 26/01/16 06/09/16 09/12/16 02/06/17               

219 10/03/15 21/07/15 08/12/15 01/03/16 21/06/16 23/12/16               

223 29/09/15 15/03/16 15/11/16 23/05/17 17/10/17 23/01/18               

225 01/05/15 30/10/15 26/02/16 28/10/16 24/01/17 05/01/18               

228 12/05/15 04/08/15 24/11/15 12/04/16 27/09/16 04/04/17 04/07/17 10/10/17             

233 22/06/15 26/01/16 05/04/16 12/07/16 04/10/16 08/11/16               

235 10/07/15 24/07/15 06/08/15 09/10/15 08/01/16 11/03/16 09/12/16              

240 24/07/15 12/02/16 22/04/16 08/07/16 06/01/17 07/04/17 07/07/17 16/02/18             

241 24/07/15 23/10/15 22/01/16 11/03/16 08/09/17 01/12/17               

242 28/07/15 06/10/15 12/01/16 17/05/16 09/08/16 15/11/16 04/07/17 10/10/17             

245 04/08/15 30/08/15 03/11/15 26/01/16 09/08/16 08/11/16 10/10/17 23/01/18             

246 08/09/15 29/03/16 05/07/16 27/09/16 28/03/17 20/06/17 19/09/17 12/12/17             

Adult 

101 21/11/14 15/12/14 26/01/15 23/02/15 18/05/15 29/06/15 24/08/15 19/10/15 14/12/15 25/01/16 04/04/16 16/05/16 27/06/16 15/08/16 03/10/16 07/11/16 16/01/17 24/04/17 02/10/17 29/01/18 

103 24/11/14 23/02/15 20/07/15 14/09/15 14/12/15 14/11/16 23/01/17 10/04/17             

104 08/12/14 15/06/15 21/09/15 16/11/15 11/01/16 11/07/16 18/12/17              

106 01/12/14 12/01/15 30/03/15 22/06/15 03/08/15 07/09/15 02/11/15 23/05/16 03/10/16 03/04/17 21/08/17          

108 08/12/14 19/01/15 20/04/15 05/10/15 16/11/15 18/01/16 31/10/16 16/01/17 27/03/17 22/05/17 13/11/17 29/01/18         

110 23/02/15 27/04/15 01/06/15 14/12/15 18/04/16 23/01/17 03/08/17 30/10/17 05/02/18            

112 15/12/14 23/03/15 21/09/15 21/12/15 20/03/17 18/09/17 15/01/18              

113 15/12/14 19/01/15 16/02/15 16/03/15 18/05/15 01/02/16 16/05/16 06/06/16 25/07/16 08/08/16 19/09/16 04/12/17 15/01/18 05/02/18       

114 16/02/15 18/05/15 17/08/15 04/01/16 06/06/16 22/05/17 14/08/17 12/02/18             

115 02/03/15 27/04/15 17/08/15 28/09/15 02/11/15 04/01/16 12/09/16              

116 22/12/14 16/05/15 13/07/15 04/01/16 29/02/16 11/04/16 10/04/17              

118 05/01/15 16/03/15 30/11/15 11/01/16 09/05/16 20/06/16 28/11/16 20/02/17 15/05/17 19/06/17           

119 06/07/15 24/08/15 11/04/16 15/08/16 19/12/16 31/07/17 04/09/17 13/11/17 18/12/17 12/02/18           

120 26/01/15 20/04/15 20/07/15 26/10/15 25/01/16 07/03/16 09/05/16 20/06/16 12/09/16 03/04/17 04/12/17          

121 26/01/15 09/03/15 23/03/15 15/06/15 02/11/15 04/12/17               

132 27/07/15 25/01/16 25/04/16 09/05/16 13/06/16 10/04/17 24/07/17              

133 20/04/15 19/10/15 14/12/15 06/02/17 24/07/17 11/12/17               

135 18/05/15 13/07/15 07/09/15 19/10/15 13/03/17 13/11/17               

140 06/07/15 27/07/15 26/10/15 07/12/15 04/01/16 18/04/16 06/02/17 26/06/17 31/10/17 10/11/17 11/12/17 22/01/18         

147 05/12/16 09/01/17 06/03/17 24/04/17 15/05/17 19/06/17 10/07/17 14/08/17 18/09/17 04/12/17 29/01/18          



Table S3 Clinical characteristics of individual patients. 

   CFTR Genotype Pancreatic Lung function b CFTR modulator Antibiotics received over course of study       

Patient Age a Sex Genotype1 Genotype2 CF diabetes insufficient Mean %FEV1 SD therapy Amoxicillin Azithromycin Ceftazidime Ciprofloxacin Co-amoxiclav Colistin Co-trimoxazole Doxycycline Flucloxacillin Meropenem Penicillin V Promixin Rifampicin Tobramycin 

101 22 Male R334W R75X No No 64.2 2.1 No  1   1  1 1 1 1    1 

103 22 Male F508del 3849+10kbC>T No No 79.7 7.9 No  1   1  1        

104 28 Male 3849+10kbC>T 3849+10kbC>T No No 77.9 7.5 No  1  1 1   1 1      

106 19 Male F508del F508del No Yes 57.2 8.0 No  1 1 1     1     1 

108 35 Male F508del F508del No Yes 60.7 1.5 No  1  1           

110 28 Female F508del F508del No Yes 120.1 2.7 No  1 1 1 1 1        1 

112 24 Male F508del F508del No No 93.2 4.5 No     1          

113 21 Female F508del Delexon2-3 No Yes 58.1 1.4 No  1 1 1 1        1 1 

114 21 Male F508del F508del No Yes 87.2 1.9 No  1   1         1 

115 21 Female F508del F508del No Yes 47.9 2.2 No  1   1  1        

116 24 Male R117H S549N No No 99.6 2.1 No 1 1             

118 25 Female F508del G85E No Yes 73.8 4.2 No  1   1          

119 20 Female R553X 2622+1G->A Yes Yes 47.9 2.9 No  1  1   1     1   

120 19 Male F508del F508del No Yes 78.6 3.3 No  1             

121 29 Male F508del R117H No No 92.9 3.7 No  1  1   1        

132 23 Female F508del G551D No Yes 105.7 2.3 Ivacaftor  1  1    1       

133 29 Male F508del 2789+5G>A No Yes 80.7 6.6 No  1       1      

135 29 Female N1303K R117H No No 83.0 5.1 No     1          

140 17 Male F508del 2622+1G>A No No 47.3 6.9 No  1   1  1 1      1 

147 21 Female F508del M111R No Yes 71.4 2.7 No  1  1 1  1  1      

201 12 Female F508del G551D No Yes 84.4 2.7 Ivacaftor               

203 6 Female F508del F508del No Yes 100.2 10.7 No  1   1      1    

206 9 Female G551D 1461ins4 No Yes 91.1 6.6 Ivacaftor               

207 6 Female 1525-1G>A 1525-1G>A No Yes 95.7 6.0 No  1             

212 9 Female F508del F508del No Yes 83.9 6.3 No               

213 6 Male F508del F508del No Yes 82.3 15.7 No  1   1          

216 9 Female S549N S549N No Yes 117.8 5.2 No         1      

217 8 Male F508del G542X No Yes 100.4 2.7 No  1             

218 11 Male F508del F508del No Yes 89.6 6.6 No  1             

219 8 Male F508del R560T No Yes 98.7 1.4 No  1             

223 8 Male F508del S1235R No No 110.0 1.7 No  1             

225 12 Female F508del F508del No Yes 91.6 4.6 No  1             

228 6 Male F508del R553X No Yes 99.8 6.2 No               

233 15 Male F508del F508del No Yes 71.2 9.9 No  1             

235 15 Male F508del F508del No Yes 86.8 3.6 No  1             

240 11 Female F508del F508del No Yes 60.6 6.3 No  1             

241 8 Male F508del R117H No Yes 90.9 1.1 No               

242 6 Female F508del G551D No Yes 74.7 8.6 Ivacaftor  1             

245 6 Male F508del F508del No Yes 92.0 14.2 No  1 1           1 

246 9 Female 3849+10kbC>T 3849+10kbC>T No No 91.0 9.1 No  1       1      

a Age in years at start of study. b Mean %FEV1 and standard deviation of the mean (SD) over course of study. 
 

 

 
 
 



 
Figure S1 Pathogen abundance within paediatric and adult patients. Black lines indicate mean and standard deviation 
(SD) of the mean. Orange circles indicate individual samples for a given patient. For P. aeruginosa, the minimum and 
maximum abundances were 9.06x107 and 6.06x1010 colony forming units (CFU) ml-1 equivalents, respectively, in 
paediatric patients (mean ± SD, 1.91x109 ± 1.11x101), and ranged from 2.32x107 to 4.98x1010 CFU ml-1 equivalents in 
adult patients (mean ± SD, 4.75x108 ± 1.34x101). For S. aureus, abundance ranged from 1.29x106 to 3.70x1010 CFU ml-1 
equivalents in paediatric patients (mean ± SD, 7.37x108 ± 2.54x101), and from 1.36x106 to 2.23x1010 CFU ml-1 
equivalents in adult patients (mean ± SD, 1.85x108 ± 1.14x101). Lower detection limits derived from standard curves for 
P. aeruginosa and S. aureus were 2.2x102 and 5.2x103 CFU ml-1 equivalents, respectively.  



 
 

 
Figure S2 Comparison of pathogen abundance within paediatric and adult patients by underpinning respiratory sample 
type. Black lines indicate mean and standard deviation (SD) of the mean. Orange and blue circles indicate individual 
sputum and cough swab samples from an individual patient, respectively. For P. aeruginosa in paediatric patients, mean 
abundance from sputum and swab, respectively, was 4.08x109 ± 1.54x102 (n = 24) and 5·97x108 ± 1.21x101 CFU ml-1 
equivalents (n = 34); Kruskal-Wallis test, H =12.62, P <0.001. In adults, mean P. aeruginosa abundance from sputum 
and cough swabs was 6.05x108 ± 1·97x102 (n = 123) and 4.13x108 ± 1·10x101 CFU ml-1 equivalents (n = 48), 
respectively; Kruskal-Wallis test, H = 0.27, P = 0.601. For S. aureus in paediatric patients, sputum sample based mean 
abundance (± SD) was 8.71x108 ± 1.07x103 CFU ml-1 equivalents (n = 37) and from cough swabs was 5.42x108 ± 
9.35x102 CFU ml-1 equivalents (n = 34); Kruskal-Wallis test, H = 0.39, P = 0.534. In adult patients, mean S. aureus 
abundance from sputum and cough swabs was 2.03x108 ± 5.06x102 (n = 157) and 7.90x108 ± 9.12x102 CFU ml-1 
equivalents (n = 47), respectively; Kruskal-Wallis test, H = 1.62, P = 0.204. Lower detection limits derived from standard 
curves for P. aeruginosa and S. aureus were 2.2x102 and 5.2x103 CFU ml-1 equivalents, respectively. 
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