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ABSTRACT 36 

Background: Routine clinical culture detects a subset of the cystic fibrosis (CF) airways 37 

microbiota based on culture-independent (molecular) methods. This study aimed to determine 38 

how extended sputum culture of viable bacteria changes over time in relation to clinical status 39 

and predicts exacerbations. 40 

Methods: Sputa from patients at a baseline stable and up to three subsequent time-points were 41 

analysed by extended-quantitative culture; aerobe/anaerobe densities, ecological indexes and 42 

community structure were assessed together with clinical outcomes. 43 

Results: Eighty patients were prospectively recruited. Sputa were successfully collected and 44 

cultured at 199/267 (74.5%) study visits. Eighty-two sputa from 25 patients comprised a 45 

complete sample-set for longitudinal analyses. Bacterial density, ecological indexes and 46 

clinical outcomes were unchanged in 18 patients with three sequential stable visits. Conversely, 47 

in 7 patients who had an exacerbation, total bacterial and aerobe densities differed over four 48 

study visits (P<0.001) with this difference particularly apparent between the baseline visit and 49 

completion of acute antibiotic treatment where a decrease in density was observed. Bacterial 50 

communities were more similar within than between patients but stable patients had the least 51 

variation in community structure over time. Using logistic regression in a further analysis, 52 

baseline features in 37 patients without compared to 15 patients with a subsequent exacerbation 53 

showed that clinical measures rather than bacterial density or ecological indexes were 54 

independent predictors of an exacerbation. 55 

Conclusions: Greater fluctuation in the viable bacterial community during treatment of an 56 

exacerbation than between stable visits was observed. Extended-quantitative culture did not 57 

provide prognostic information of a future exacerbation.  58 

 59 

Keywords: Extended-quantitative culture; Bacterial ecology; Bacterial density; Sputum. 60 
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1. INTRODUCTION 62 

Chronic infection of the lower airways is the major cause of morbidity and reduced survival in 63 

people with cystic fibrosis (CF).(1) Clinical microbiological laboratories routinely determine 64 

the presence of recognised CF pathogens in respiratory secretions using a combination of 65 

nonselective and selective agars.(2) Information from routine culture is used by physicians to 66 

guide treatment decisions. However, studies using culture-independent analyses, which 67 

provide more in-depth analysis of the CF airway bacterial community composition and 68 

structure, have shown that reduced community diversity and increased dominance by a 69 

recognised pathogen, is associated with increasing age, greater antibiotic use, lower lung 70 

function and disease progression.(3-5) Both clinical microbiological and culture-independent 71 

techniques have been used to determine whether changes in the bacterial density or community 72 

underpin the aetiology of pulmonary exacerbations or are associated with their onset or future 73 

risk.(6-8)  74 

 75 

Not all bacteria, especially so-called “commensal” respiratory flora, are cultured using standard 76 

clinical culture protocols. In contrast, culture-independent studies may include genomic DNA 77 

from non-viable cells, which can impact analyses of the bacterial community. Extended-78 

quantitative culture is an alternative method to assess respiratory secretions, similar in 79 

methodology to routine culture, but more comprehensively targeting the growth and quantity 80 

of bacteria, including facultative and obligate anaerobes. This method, therefore, can be used 81 

to assess the bacterial community analogous to culture-independent methods from an 82 

ecological perspective but with the added benefit of only detecting viable bacteria.(9-12)  83 

 84 

In this study, extended-quantitative culture of prospectively collected sputum was used to 85 

investigate the lower airway bacterial community of people with CF, an approach in which the 86 
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abundance of individual cultured taxa is assessed as a proportion of the total number of colony-87 

forming units obtained for each sputum sample. We hypothesised that extended-quantitative 88 

culture could (1) demonstrate conserved bacterial density and communities in clinically stable 89 

disease; (2) detect temporal changes in bacterial density and communities during a pulmonary 90 

exacerbation; and (3) predict a future pulmonary exacerbation. 91 

 92 

2. METHODS 93 

2.1 Participants  94 

Patients diagnosed with CF(13) were recruited during routine outpatient appointments at the 95 

paediatric and adult CF Centres of the Belfast Health and Social Care Trust (Royal Belfast 96 

Hospital for Sick Children and Belfast City Hospital). Written informed consent/assent was 97 

obtained. The study was approved by the Office for Research Ethics Committees Northern 98 

Ireland (10/NIR01/41) and co-sponsored by the Belfast Health and Social Care Trust and 99 

Queen’s University Belfast (10067SE-OPMS). Cross-sectional studies involving patients 100 

recruited at study enrolment are published.(12, 14-16) 101 

 102 

2.2 Study visits and target sample collection 103 

Spontaneously expectorated sputum was collected at study enrolment (‘Baseline’) when 104 

patients were clinically stable which was defined as no requirement for intravenous or 105 

additional inhaled/oral antibiotics for respiratory symptoms in the prior 4-weeks. Up to two 106 

further consecutive stable samples (‘S2’ and ‘S3’) were collected from patients who remained 107 

clinically stable (no requirement for intravenous antibiotics) for the study duration when they 108 

attended outpatient appointments. For patients who subsequently presented with an 109 

exacerbation,(17) sputum was collected at initiation of (‘PEx1’; 24 h before to a maximum of 110 
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48 h after the first dose of intravenous antibiotics) and at completion of (‘PEx2’; 24 h before 111 

to a maximum of 48 h after last dose of intravenous antibiotics) treatment.(9) Another sample 112 

was collected post-PEx2 when the patient had recovered and was clinically stable at outpatient 113 

review (‘Follow-up’). 114 

 115 

2.3 Extended-quantitative culture 116 

Comprehensive details are provided in the supplementary file. Briefly, samples were 117 

immediately placed into an anaerobic pouch (AnaeroGenTM COMPACT, Oxoid Limited, 118 

Hampshire, UK) and processed within an anaerobic cabinet. Quantitative culture was 119 

performed and the total viable count (TVC; colony forming units per gram of sputum [CFU/g]) 120 

of all distinct colony morphologies were enumerated and identified to the genus-level using 121 

near full-length 16S rRNA sequencing. 122 

 123 

2.4 Clinical characteristics 124 

Age, gender, body mass index (BMI), spirometry with percent predicted calculated using 125 

reference ranges for all ages,(18, 19) co-morbidities and qualitative routine culture results were 126 

obtained. No patients had a history of non-tuberculous mycobacteria (NTM) infection at 127 

enrolment to the study nor became NTM-positive during the study period. Treatments received 128 

in the previous month or additional medications to treat an exacerbation were recorded. No 129 

patients received cystic fibrosis transmembrane conductance regulator (CFTR) modulators 130 

during the study period. An age-appropriate version of the Cystic Fibrosis Questionnaire-131 

Revised (CFQ-R) was used to report outcomes at Baseline.(20) CFTR function was recorded 132 

from the genotype.(21)  133 

 134 
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2.5 Analyses 135 

Analyses were generated using IBM SPSS (v22) and the R environment (http://www.r-136 

project.org). P<0.05 was considered statistically significant. Ecological indexes commonly 137 

used to characterise community composition and structure in various natural environments, 138 

including human disease, were calculated: richness (number of counted taxa); dominance; 139 

evenness; community diversity (Shannon-Wiener index [H’] combining community richness 140 

and evenness). Bacterial community structures were compared using the Bray-Curtis 141 

quantitative index of dissimilarity. Continuous variables were analysed using a Student’s t-test, 142 

Mann-Whitney U test, repeated measures analysis of variance (ANOVA) or Friedman’s test. 143 

Categorical variables were compared using Pearson’s chi-square/Fisher’s exact test. Logistic 144 

regression was performed to identify predictors of a future pulmonary exacerbation within 4-145 

months of Baseline.(22) This time-frame reflects the median time between outpatient 146 

appointments, when clinically stable. Further details are provided in the supplementary file. 147 

 148 

3. RESULTS 149 

3.1 Study overview: Visits and patients 150 

A total of 267 study visits occurred in 80 patients. Sputa (n=199; 74.5% of study visits) were 151 

successfully collected and cultured at least once from all patients. For the remaining study visits 152 

(n=68), there was an insufficient volume of sputum for extended-quantitative culture (n=53) 153 

or the patient was unable to expectorate (n=15). The majority of these visits (n=49/68; 72.1%) 154 

were when patients were clinically stable. 155 

 156 

Characteristics of children (6-18 years, n=10) and adults (≥18 years, n=70) at study enrolment 157 

are provided in Table 1. Figure 1 shows how patients were selected to address the three study 158 

hypotheses. Thirty-five patients were treated for ≥1 exacerbation. Intravenous antibiotics were 159 
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administered to all patients with additional oral antibiotics prescribed to treat nine 160 

exacerbations. Dual intravenous antibiotic therapy with tobramycin and 161 

piperacillin/tazobactam (n=8) was most common. The median (range) length of time between 162 

PEx1 and PEx2 was 0.5 (0.2-2) months. The Follow-up sample was collected a median (range) 163 

of 2 (1-10) months post-PEx2.  164 

  165 
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Table 1. Overview of characteristics of children and adults at study enrolment. 166 

Variable 
6-18 years  

(n=10) 
≥18 years  

(n=70) 
P-value 

Age, mean (±sd) 13.2 (2.9) 31.9 (12.4) NA 
Gender; female, number (%) 3 (30.0) 29 (41.4) 0.7 
FEV1 % predicted, mean (±sd)a 81.4 (11.7) 65.1 (20.5) 0.02 
BMI (kg/m2), mean (±sd)a 19.3 (2.8) 23.5 (4.1) 0.002 
    
Diagnoses, number (%)    
Pancreatic insufficient 7 (70.0) 61 (87.1) 0.2 
Cystic fibrosis-related diabetes 0 (0) 9 (12.9) 0.6 
Liver disease 0 (0) 3 (4.3) 1.0 
    
CFTR function, number (%)    
Minimal 7 (80.0) 42 (60.0)  
Residual 0 (0) 22 (31.4) 0.03 
Non-classified 3 (3.0) 6 (8.6)  
    
CFQ-R (scores from 0 to 100), median (range)a   
Respiratory domain score  61.2 (8.3-83.3) 66.7 (0.0-88.9)c 0.3 
Emotional domain score  73.4 (41.7-100.0) 80.0 (0.0-100.0)c 0.6 
    
Routine bacterial cultureb, number positive (%)     
Pseudomonas aeruginosa 4 (40.0) 35 (51.5) 0.7 
MSSA 6 (60.0) 17 (25.0) 0.06 
MRSA 2 (20.0) 3 (4.4) 0.1 
Haemophilus influenzae 1 (10.0) 0 (0) 0.1 
Stenotrophomonas maltophilia 3 (30.0) 5 (7.4) 0.06 
Achromobacter spp. 0 (0) 2 (2.9) 1.0 
Burkholderia cepacia complex 0 (0) 9 (13.2) 0.6 
    
Chronic treatments prescribed, number (%)    
Oral azithromycin 2 (20.0) 45 (64.3) 0.01 
Inhaled antibiotics 4 (40.0) 41 (58.6) 0.3 

Oral flucloxacillin 6 (60.0) 2 (2.9) <0.001 
DNase 9 (90.0) 47 (67.1) 0.3 
Hypertonic saline 1 (10.0) 14 (20.0) 0.7 
Insulin 0 (0) 6 (8.6) 1.0 
Antacid 1 (10.0) 31 (44.3) 0.05 

FEV1 % predicted, forced expiratory volume in the first second percent predicted; BMI, body mass index, CFTR, 167 
cystic fibrosis transmembrane conductance regulator (Definitions of CFTR function: residual function, harbouring 168 
≥1 allele with Class IV-V mutations; minimal function, harbouring two alleles with Class I-III mutations; non-169 
classified, harbouring two alleles with mutations of unknown function); CFQ-R, Cystic Fibrosis Questionnaire 170 
revised (a higher score indicates a higher patient-reported quality of life with regard to respiratory and emotional 171 
status); MSSA, methicillin-susceptible Staphylococcus aureus; MRSA, methicillin-resistant Staphylococcus 172 
aureus; NA, non-applicable; aTwo people were excluded as they were recruited on the same day that treatment of 173 
a pulmonary exacerbation was subsequently started; bData not available for two adult patients; cTwo adults did 174 
not complete the CFQ-R at study enrolment. 175 
  176 
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3.2 Detection of bacteria 177 

Bacteria were cultured in 199 sputum samples and taxa were classed confidently to the genus-178 

level. Consensus of species identity could not be reached using different reference sequence 179 

databases for some taxa, such as a number of streptococci, which have a high sequence 180 

similarity. This precluded analysis to the species-level. Aerobic (n=37) and obligate anaerobic 181 

(n=23) genera were identified with 10/60 (16.7%) genera found in >25% of samples (Table 182 

S1). Multiple genera were found in all samples with a median (range) of 7 (2-12) organisms. 183 

In >50% of positive samples, the majority of detected genera were present at ≥1.0x104 CFU/g.  184 

 185 

3.3 Identification of cohorts to address hypotheses 1 & 2 186 

Eighty-two sputa from 25 patients comprised a complete sample-set for longitudinal analyses. 187 

These patients had similar clinical characteristics to those who were excluded (n=55) from 188 

these analyses (Table S2). 189 

 190 

There were 18 patients who provided three consecutive sputum samples that were sufficient 191 

for extended-quantitative culture (Baseline, S2, S3; Figure 1) and remained clinically stable 192 

during the study. The median (range) time between first and third samples in this “clinically 193 

stable disease” cohort was ~8 (6-16) months. There were also seven patients who provided four 194 

consecutive sputum samples sufficient for extended-quantitative culture before, during and 195 

after an exacerbation (Baseline, PEx1, PEx2, Follow-up; Figure 1). This “pulmonary 196 

exacerbation cohort” was treated with intravenous antibiotics with additional oral antibiotics 197 

prescribed for two patients (Figure S1). 198 

 199 

Baseline characteristics were similar between the cohorts (Table S3). Mean [±sd] lung function 200 

was higher in the clinically stable disease cohort (70.1 [23.2] % predicted) compared to the 201 
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pulmonary exacerbation cohort (51.0 [19.9] % predicted) but this was not statistically 202 

significant (P=0.06) (Table S3). No statistically significant changes were detected 203 

longitudinally for FEV1 % predicted or BMI in those with stable disease (Table 2). Lung 204 

function (but not BMI) fluctuated within the pulmonary exacerbation cohort. At PEx1 there 205 

was a mean (±sd) decrease of 12.3 (15.6) % in lung function compared with Baseline. At PEx2 206 

and Follow-up, there was a mean (±sd) increase of 14.4 (22.7) % and 8.5 (21.4) % compared 207 

to Baseline, respectively. This was not statistically significant (P=0.07; Table 2). 208 

 209 

Most patients were chronically infected with ≥1 recognised pathogen by routine culture 210 

(n=19/25, 76.0%) (Table S3).(23) The clinically stable disease cohort had lower rates of 211 

chronic Pseudomonas aeruginosa infection (n=10/18; 55.6%) compared to the pulmonary 212 

exacerbation cohort (n=6/7, 85.7%) (Figure 2A and Figure S1). Pseudomonas, however, was 213 

not always the dominant taxa isolated in patients with P. aeruginosa infection. For example, 214 

in patient B002, Pseudomonas TVC comprised only 0.03-0.12% of the community (Figure 215 

2A).  216 

 217 

3.4 Hypothesis 1: Bacterial communities in clinically stable disease 218 

To address our first hypothesis that extended-quantitative culture could demonstrate conserved 219 

bacterial density and communities in clinically stable disease, bacterial communities were 220 

analysed in the clinically stable disease cohort (Figure 1). 221 

 222 

No statistical differences in TVCs or ecological indexes (Table 2), in sputum were observed in 223 

longitudinal stable subject samples.  224 

 225 
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Table 2. Longitudinal change in the geometric mean bacterial total viable count and ecological indexes in sputum and clinical parameters of the 226 

clinically stable disease (n=18) and pulmonary exacerbation (n=7) cohorts to address hypotheses 1 & 2. 227 

 Clinically stable disease cohort 
P-value 

Pulmonary exacerbation cohort 
P-value 

Baseline S2 S3 Baseline PEx1 PEx2 Follow-up 
CFU/g, geometric mean (95% CI)          

Total 
5.2x107 

(2.0x107-1.3x108) 
5.6x107 

(2.8x107-1.2x108) 
4.4x107 

(2.5x107-7.8x107) 
0.7 

2.0x108 
(7.8x107-5.5x108) 

7.1x107 
(1.3x107-4.0x108) 

2.5x106 
(7.1x105-9.1x106) 

3.7x107 
(9.8x106-1.4x108) 

<0.001* 

Aerobe 
4.6x107  

(1.9x107-1.1x108) 
5.4x107  

(2.6x107-1.1x108) 
3.4x107 

(1.9x107-6.3x107) 
0.4 1.9x108 

(7.1x107-5.0 x108) 
6.8x107 

(1.2x107-3.9x108) 
1.0x106 

(1.0x105-1.0x107) 
3.4x107 

(8.5x106-1.3x108) 
<0.001* 

Obligate anaerobe 
2.7x104  

(8.7x102-8.3x105) 
2.0x105 

(1.1x104-3.9x106) 
2.0x105 

(9.5x103-4.1x106) 
0.3 5.5x105 

(1.7x103-1.8x108) 
1.2x106  

(3.2x105-4.7x106) 
1.4x103 

(2.3x100-8.7x105) 
1.1x106 

(1.5x105-8.7x106) 
0.1 

Ecological indexes, median (range)         

Richness 7 (3-12) 8 (4-12) 8 (2-10) 0.5 7 (3-9) 6 (5-8) 5 (2-7) 7 (5-8) 0.2 
Dominance 0.5 (0.2-1.0) 0.4 (0.2-0.9) 0.4 (0.2-1.0) 0.7 0.5 (0.4-1.0) 0.5 (0.3-0.8) 0.6 (0.3-1.0) 0.5 (0.3-0.9) 1.0 
Diversity 0.9 (0.09-1.7) 1.1 (0.3-1.7) 1.2 (0.07-1.9) 0.6 1.0 (0.08-1.1) 0.9 (0.5-1.5) 0.8 (0.02-1.3) 1.0 (0.3-1.4) 0.7 
Evenness 0.4 (0.2-0.7) 0.4 (0.1-0.6) 0.5 (0.1-0.7) 0.3 0.3 (0.2-0.5) 0.4 (0.3-0.7) 0.5 (0.2-0.7) 0.5 (0.3-0.5) 0.07 

Clinical parameter, mean (±sd)         
FEV1 % predicted 70.1 (23.2) 68.7 (21.1) 70.8 (22.9) 0.5 51.0 (19.9) 45.0 (20.1) 59.4 (26.6) 56.9 (26.2) 0.07 
BMI, kg/m2 23.0 (2.6) 23.0 (2.4) 23.3 (3.1) 0.5 22.0 (3.0) 21.7 (3.1) 21.7 (3.0) 22.0 (3.0) 0.1 

*Statistical difference between timepoints identified using a repeated measures ANOVA with post-hoc analysis showing that statistical differences in TVCs of total bacteria were detected between Baseline and PEx2 228 
(P=0.004) and PEx1 and PEx2 (P=0.007) whilst differences in aerobic TVCs occurred between Baseline and PEx2 (P=0.02) (all post-hoc results shown in Table S4). 229 

CFU/g, colony-forming units per gram of sputum; CI, confidence interval; FEV1 % predicted, forced expiratory volume in the first second percent predicted; BMI, body mass index. 230 

Description of samples: Baseline, sputum collected when clinically stable; S2, sputum collected at second clinically stable visit; S3, sputum collected at third clinically stable visit; PEx1, sputum collected at the initiation 231 
of treatment of a pulmonary exacerbation; PEx2, sputum collected at completion of treatment of a pulmonary exacerbation; Follow-up, sputum collected when clinically stable post exacerbation. 232 

BMI comparison: clinically stable disease cohort, n=17; pulmonary exacerbation cohort, n=5. 233 

 234 
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Although the occurrence and relative abundance of bacterial genera fluctuated longitudinally 235 

and differed between patients (Figure 2A), principle components analysis (PCA) indicated that 236 

within-patient bacterial communities were very similar in most patients as shown by the 237 

closeness of the points on the plot (e.g. B026, B063, B156) (Figure 2B(i)). However, four 238 

patients (B018, B050, B067, B099) had one of three sputum community structures that 239 

clustered more closely with other patient samples than to their other two, based on bifurcation 240 

of major branches (Figure 2C). Shifts in sputum community structure occurred at each study 241 

visit for only one patient (B098) (Figure 2C). Overall, significant similarities within-patients 242 

were observed which explained ~70% of the variation (R2=0.70; P=0.001; Analysis of variance 243 

using distance matrices permutational multivariate [adonis]; 999 permutations). Moreover, 244 

bacterial community structures between study visits (Figure 2B (ii)) were more variable 245 

compared to within-patient samples (Figure 2B (i)), demonstrated by greater distance between 246 

points on the former plot. However, a permutation test using the Bray-Curtis dissimilarity 247 

measures for homogeneity of multivariate dispersion, showed no significant difference 248 

(P=0.481; 999 permutations) (Figure S2A (i) and (ii)).  249 

 250 

3.5 Hypothesis 2: Bacterial communities during pulmonary exacerbations 251 

To address our second hypothesis that extended-quantitative culture could detect temporal 252 

changes in bacterial density and communities during a pulmonary exacerbation, the pulmonary 253 

exacerbation cohort was analysed (Figure 1 and Figure S1).  254 

 255 

Total bacterial density (P<0.001) and density of aerobes (P<0.001), but not obligate anaerobes 256 

(P=0.1), differed significantly over time (Table 2). Post-hoc analysis showed that statistical 257 

differences in TVCs of total bacteria were not detected between Baseline vs PEx1 (P=0.8) but 258 
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were detected for Baseline vs PEx2 (P=0.004) and PEx1 vs PEx2 (P=0.007) whilst differences 259 

in aerobic TVCs occurred between Baseline vs PEx2 (P=0.02) (Table S4). TVCs of 6/10 most 260 

prevalent aerobic (Streptococcus, Rothia, Actinomyces, Pseudomonas, Gemella) and obligate 261 

anaerobic (Prevotella) genera decreased sequentially between Baseline and PEx2; however, 262 

TVCs had increased again by Follow-up (Figure S3). There were no statistically significant 263 

fluctuations in ecological indexes (Table 2). 264 

 265 

PCA demonstrated that bacterial community structures were variable within-patients (Figure 266 

3A(i)) and a within-patient shift in sputum community structure occurred for all individuals for 267 

at least one study visit based on divergence of major branches (Figure 3B). It was noted that 268 

some patients experienced a substantial shift in their bacterial community structure between 269 

Baseline and PEx1 (B014, B019, B023, B034, B203) whilst communities in other patients 270 

remained relatively unchanged (B004, B008) (Figure 3B). However, significant similarities 271 

within-patients were still observed, which explained ~34% of the variation (R2=0.34; P=0.008; 272 

adonis; 999 permutations). PCA indicated that bacterial community structures were variable 273 

between study visits (Figure 3A(ii)) and a permutation test using the Bray-Curtis dissimilarity 274 

measures for homogeneity of multivariate dispersion showed a significant dissimilarity in 275 

community structures over time, with the largest proportion of the variance driven by changes 276 

in the community composition at PEx2 (P=0.004; 999 permutations) (Figure S2B (i) and (ii)).  277 

 278 

3.6 Hypothesis 3: Prediction of a pulmonary exacerbation 279 

To address our third hypothesis that extended-quantitative culture could predict a future 280 

exacerbation, data were analysed from 52 eligible patients (Figure 1). Patients were stratified 281 

depending on whether they had an exacerbation within 4-months of Baseline (n=15) or 282 

remained clinically stable (n=37).  283 
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 284 

In univariable logistic regressions (Table S5), higher lung function (odds ratio [OR], 0.95; 95% 285 

confidence interval [CI], 0.91-0.98; P=0.004) and BMI (OR, 0.80; 95% CI, 0.65-0.99; P=0.04) 286 

were significantly associated with reduced odds of a future exacerbation. Female gender (OR, 287 

3.09; 95% CI, 0.89-10.74; P=0.08) and chronic azithromycin treatment (OR, 4.22; 95% CI, 288 

1.02-17.47; P=0.05) were associated with an elevated, but non-significant, odds of a future 289 

exacerbation whilst a better CFQ-R respiratory symptom score was associated with a reduced, 290 

but non-significant, odds (OR, 0.96; 95% CI, 0.92-1.01; P=0.09). After controlling for all these 291 

factors in a multivariable logistic regression, lung function (P=0.01), BMI (P=0.02) and 292 

respiratory symptom score (P=0.03) remained statistically significant (Table S5). The future 293 

likelihood of an exacerbation reduced as lung function (OR, 0.91; 95% CI, 0.85-0.98), BMI 294 

(OR, 0.61; 95% CI, 0.40-0.93) or CFR-Q respiratory score (OR, 0.92; 95% CI, 0.85-0.99) 295 

increased. None of the extended-quantitative culture variables (TVCs and ecological indexes) 296 

were independent predictors of an exacerbation in this cohort.  297 

 298 

4. DISCUSSION 299 

This study describes extended-quantitative culture analysis of CF lower airway communities 300 

during both clinically stable disease and pulmonary exacerbation and begins to address if 301 

extended-quantitative culture provides further information with respect to clinical outcomes. 302 

A key study strength is that patients were followed prospectively and were stratified according 303 

to their clinical course during the study period. Bacterial community structures were more 304 

similar within than between patients and those with stable disease had more conserved bacterial 305 

communities longitudinally compared to those who had an exacerbation. Most other studies 306 

investigating the lower airway dynamics are primarily based on molecular analysis of 307 

samples.(5-9) Our findings complement those studies and confirmed that a complex bacterial 308 



17 
 

community exists. However, a further strength of our study is that we have provided key 309 

information on the viability and density of the bacteria identified, which cannot be accurately 310 

determined using next-generation sequencing analyses. Despite the recovery and quantification 311 

of a large number of potentially relevant taxa and assessment of the viable lower airway 312 

ecology, the extended-quantitative culture variables did not predict an exacerbation which 313 

might limit the potential prognostic applicability of the method to clinical practice.  314 

 315 

Most patients who remained clinically stable throughout the sampling period were chronically 316 

infected with a CF pathogen and demonstrated conserved bacterial densities and ecological 317 

indexes. However, fluctuations in the community structure were found in five patients (Figure 318 

2C) without any change in clinical status or intravenous antibiotic treatment; three of these 319 

patients had different CF pathogens detected at one time-point by routine culture (B018, B067, 320 

B098). The latter finding supports clinical guidelines which recommend that CF respiratory 321 

samples are cultured at every clinic visit to identify new pathogens as early as possible.(24) 322 

 323 

Prior culture-independent studies found limited within-patient changes in the bacterial load 324 

and/or diversity measures between stability and during treatment of an exacerbation while 325 

others reported that significant changes occurred.(3, 5, 6) In our study, bacterial community 326 

composition and treatment regimens for exacerbations were individual but a temporal 327 

reduction in the bacterial density was found not at the inception of treatment of the exacerbation 328 

(PEx1) but during antimicrobial therapies for exacerbation (PEx2) before returning to pre-329 

treatment levels at review. Most of the variation was, therefore, likely to be driven by treatment. 330 

A similar pattern was observed for the density of some of the most common genera (Figure 331 

S3) identified suggesting resilience of these taxa not only during stable and exacerbating 332 

periods but also following antibiotic treatment, as has been shown by culture-independent 333 
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studies.(7) Furthermore, by completion of treatment, lung function had increased compared to 334 

the previous study visit. However, despite these changes, it was difficult to relate changes in 335 

clinical state to shifts in the community structure due to inter-patient variability (Figure 3B), 336 

corroborating with previous findings.(8) 337 

 338 

Given that differences in bacterial community stability were observed between the longitudinal 339 

cohorts i.e. the within-patient samples were less stable in the pulmonary exacerbation cohort 340 

compared to the clinically stable cohort, we investigated, in an additional analysis, if extended-341 

quantitative culture could provide prognostic information on the future risk of an exacerbation. 342 

Neither ecological indexes nor bacterial density predicted an exacerbation. However, the 343 

extended-quantitative culture measures included may not provide enough taxonomic resolution 344 

to be clinically informative e.g. the density of individual bacterial species might be important. 345 

Further, exacerbations could be triggered by viral infections, which were not tested for in this 346 

study. In contrast, clinical parameters (lung function, BMI and respiratory symptom score) 347 

were good predictors of a future exacerbation.(22, 25, 26)  348 

 349 

The bacterial genera reported here are typical of those detected using culture-independent  350 

methods.(5-7) In keeping with earlier findings, Prevotella and Veillonella were the most 351 

prevalent obligate anaerobes cultured from sputum.(9, 10) The role of anaerobes in the CF 352 

airway remains contentious and might be affected by the lack of resolution in classification of 353 

taxa. Anaerobes potentially form part of a normal airway microbiota especially as they have 354 

been identified in respiratory samples from healthy participants, albeit at much lower TVC than 355 

in CF, and have been associated with milder disease when dominant in the community.(12, 14) 356 

In contrast, there is also evidence that anaerobes contribute to a dysregulated inflammatory 357 
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response or promote survival of recognised pathogens and therefore, influence disease 358 

pathogenesis.(27, 28) 359 

 360 

A limitation of this study is that a number of patients were excluded from the longitudinal 361 

analyses (Figure 1) due to a lack of extended-quantitative culture data at all study visits and 362 

this contributed to the small number of exacerbations studied; this reflects that some 363 

individuals were unable to expectorate any or only a small volume of sputum on some 364 

occasions. The majority of patients, who were included in the longitudinal analyses, were 365 

chronically infected with CF pathogens such as P. aeruginosa and B. cepacia complex and 366 

therefore, the findings may differ if the cohort included a larger number of patients without 367 

chronic airway infection. The duration of antibiotic treatment of an exacerbation and 368 

subsequent timing of the follow-up outpatient appointment was variable in the pulmonary 369 

exacerbation cohort analysed and how this may impact the findings is unknown. Moreover, 370 

analysis of sputum samples cannot reveal whether airway communities are spatially 371 

heterogeneous (30) or reflect whether an exacerbation occurs due to extension of infection into 372 

less affected areas. This inability to infer individual airway communities is a general limitation 373 

of sputum in both clinical care and research. Although there was no evidence of a universal 374 

signature of the lower airways bacterial community that predicted a future exacerbation, most 375 

of the participants included were adults with infection with recognised CF pathogens and all 376 

expectorated spontaneously indicating more advanced disease; therefore, findings may not 377 

extrapolate to younger populations.(29) It is also important to acknowledge that a general 378 

constraint of a quantitative microbiology approach is failure to detect viable but non-culturable 379 

bacteria. 380 

 381 

5. CONCLUSIONS 382 
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In conclusion, extended-quantitative culture provides a detailed assessment of the viable lower 383 

airway bacterial community and shows that community composition varied between patients. 384 

Conserved bacterial communities were more characteristic of those with stable disease over 385 

many months whilst exacerbations were associated with a temporal fluctuation in bacterial 386 

density with antibiotics and a greater change in community structure. Although extended-387 

quantitative culture parameters were not prognostic of exacerbations, it is unclear whether they 388 

could be used to track and predict an individual’s disease progression or guide antimicrobial 389 

therapy. 390 

391 
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FIGURE LEGENDS 508 

Figure 1. Patient stratification to test three study hypotheses: extended-quantitative culture 509 

could (1) demonstrate conserved bacterial density and communities in clinically stable disease 510 

(2) detect temporal changes in bacterial density and communities during a pulmonary 511 

exacerbation and (3) predict a future pulmonary exacerbation. Description of samples: 512 

Baseline, sputum collected when clinically stable; S2, sputum collected at second clinically 513 

stable visit; S3, sputum collected at third clinically stable visit; PEx1, sputum collected at the 514 

initiation of treatment of a pulmonary exacerbation; PEx2, sputum collected at completion of 515 

treatment of a pulmonary exacerbation; Follow-up, sputum collected when clinically stable 516 

post-exacerbation.  517 

 518 
Figure 2. Clinically stable disease cohort (n=18; hypothesis 1). A. The temporal variation in 519 

the relative abundance of genera detected (based on CFU/g) within each sample is shown. 520 

Other genera detected (found in a relative abundance of <5% in all samples): 521 

Aestuariimicrobium, Bacillus, Brevibacterium, Campylobacter, Capnocytophaga, 522 

Cardiobacterium, Dermacoccus, Enterococcus, Escherichia, Granulicatella, Leptotrichia, 523 

Moraxella, Neisseria, Peptoniphilus, Propionibacterium, Scardovia. B. Principal components 524 

analysis (i) individual patients, with different coloured points (samples) indicating the study 525 

visit or patient, respectively and (ii) Baseline, S2, and S3 samples. The first principle 526 

component (PC1) accounts for most of the data variability. The proximity of the points on the 527 

plot indicates the similarity between bacterial communities with more similar communities 528 

being closer together. Elipses indicate 95% confidence intervals. PC2, second principle 529 

component. C. Dendogram displaying the realtionship between the community structure 530 

(bacterial membership [CFU/g]) of sputum samples according to the Bray-Curtis quantitative 531 

index of dissimilarity. Major clusters of individual community structures are shown by 532 

different coloured boxes (labelled 1-5). Bifurcation of clusters indicates the Bray-curtis 533 
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dissimilarity score with scores closer to 1 indicating increasing dissimilarity. Description of 534 

samples: Baseline, sputum collected when clinically stable; S2, sputum collected at second 535 

clinically stable visit; S3, sputum collected at third clinically stable visit.  536 

 537 

Figure 3. Pulmonary exacerbation cohort (n=7; hypothesis 2). A. Principal components 538 

analysis (i) individual patients, with different coloured points (samples) indicating the study 539 

visit or patient, respectively and (ii) Baseline, PEx1, PEx2 and Follow-up samples. The first 540 

principle component (PC1) accounts for most of the data variability. The proximity of the 541 

points on the plot indicates the similarity between bacterial communities with more similar 542 

communities being closer together. Elipses indicate 95% confidence intervals. PC2, second 543 

principle component. B. Dendogram displaying the realtionship between the community 544 

structure (bacterial membership [CFU/g]) of sputum samples according to the Bray-Curtis 545 

quantitative index of dissimilarity. Major clusters of individual community structures are 546 

shown by different coloured boxes (labelled 1-6). Bifurcation of clusters indicates the Bray-547 

curtis dissimilarity score with scores closer to 1 indicating increasing dissimilarity. Description 548 

of samples: Baseline, sputum collected when clinically stable; PEx1, sputum collected at the 549 

initiation of treatment of a pulmonary exacerbation; PEx2, sputum collected at completion of 550 

treatment of a pulmonary exacerbation; Follow-up, sputum collected when clinically stable 551 

post-exacerbation.  552 


