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Abstract

Background—Staphylococcus aureus is the bacterium cultured most often from respiratory 

secretions of people with cystic fibrosis (CF). S. aureus, both methicillin-susceptible and 

methicillin-resistant (MRSA), can adapt to form slow-growing, antibiotic-resistant isolates known 

as small-colony variants (SCVs) that are not routinely identified by clinical laboratories. S. aureus 
SCVs are further categorized into biochemical subtypes with different risk factors and clinical 

associations. We sought to determine prevalence, clinical significance, and risk factors for SCVs 

and their subtypes among children with CF.

Methods—The SCVSa study was a 2-year, observational, longitudinal study of 230 children at 5 

US CF centers using culture methods sensitive for SCVs. We determined the prevalence of SCVs 

and their subtypes and assessed their independent associations with lung function (FEV1 % 

predicted, FEV1pp) and exacerbations in this population using linear mixed effects and GEE 

logistic regression models.

Findings—S. aureus SCVs were identified among approximately 28% of subjects. Children with 

SCVs, and particularly the thymidine-dependent subtype, had significantly lower lung function at 

baseline that remained lower throughout the study than subjects without SCVs (p=0.0068). 

Compared to subjects without SCVs, subjects with thymidine-dependent SCVs had significantly 

increased odds of respiratory exacerbations (OR=2.808; 95% CI 1.687,4.672, p=0.0001), even 

after adjusting for age, sex, race, CFTR mutation, and enrollment FEV1pp (OR=2.174; 95% CI 

1.326,3.567, p=0.0021), while those with non-thymidine-dependent SCVs did not. In multivariate 
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models with SCVs, P. aeruginosa, and MRSA, only SCVs were consistently associated with worse 

clinical outcomes.

Interpretation—Approximately 28% of CF children in a multicenter US population were 

infected with SCVs. Infection with SCVs, and particularly thymidine-dependent SCVs, was 

associated with lower lung function and increased exacerbation risk, while neither P. aeruginosa 
nor MRSA had similar associations in multivariate models including SCVs. These results support 

consideration for clinical laboratories to adopt SCV identification and subtyping methods and for 

CF registries to include SCV prevalence for ongoing surveillance and study.

Funding—The CF Foundation (HOFFMA14A0) and the NIH (K24HL141669).

Introduction

People with the genetic disease cystic fibrosis (CF) have chronic, polymicrobial airway 

infections. The resulting obstructive lung disease is the most important determinant of 

morbidity and mortality due to CF. Staphylococcus aureus is the bacterium most commonly 

cultured from CF respiratory specimens. In 2016, S. aureus was detected in over 70% of CF 

patients in the US, with a prevalence of over 80% in children 11–17 years old, coinciding 

with a period of declining average lung function1. However, compared with other common 

CF pathogens, including Pseudomonas aeruginosa and Burkholderia species, relatively little 

is known about S. aureus with respect to CF pathogenesis.

S. aureus isolates are often categorized by their susceptibility to the antibiotic methicillin; 

methicillin-resistant S. aureus (MRSA) has been associated with worse outcomes in diverse 

infectious diseases compared with methicillin-susceptible S. aureus (MSSA). In CF, MRSA 

infection has been associated with higher mortality and worse lung function2,3. However, 

there is a lack of consensus about whether this association is attributable to the organism 

itself or to its association with the higher antibiotic burden that usually accompanies worse 

underlying disease4–6.

Many bacteria undergo genetic changes during chronic CF infections as they adapt to the 

airway environment and to treatments such as antibiotics. While S. aureus adaptations have 

been less well-studied than those of other CF pathogens, slow-growing, antibiotic-resistant 

S. aureus mutants known as small-colony variants (SCVs) have been identified from 

chronically-infected CF patients and from other chronic infections, including those of bone, 

devices, and wounds7. SCVs can be further categorized according to the type of metabolic 

defect they carry (reviewed in detail by Kahl et al.8,9). For example, thymidine-dependent 

(THYD) SCVs have inactivating mutations in the folate biosynthetic pathway. These 

mutations are generally thought to be selected by exposure to antifolate antibiotics, 

especially trimethoprim-sulfamethoxazole, because thymidine monophosphate biosynthesis 

requires folate, and these metabolic mutations lead to sulfonamide resistance10,11. Hemin 

and menadione-dependent SCVs exhibit defective membrane electron transport and are 

known to be selected by both aminoglycosides and growth with P. aeruginosa12. Fatty acid-

dependent SCVs have been selected in vitro with triclosan and other compounds13, and 

SCVs dependent on CO2 occur through as-yet unknown mechanisms. SCVs with no 
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identified metabolic defects and auxotrophies have also been described7. SCVs can be 

formed at the same frequency by MRSA and MSSA14.

SCVs grow poorly on standard laboratory media, and, as a result, SCVs are not routinely 

identified by most clinical laboratories, precluding studying their prevalence and clinical 

associations from registry data or clinical records. Case reports and prevalence studies have 

therefore relied on sensitive culture techniques and experience with SCV detection. THYD 

SCVs were described in case studies of CF patients as early as the late 1970s15,16, and a 

subsequent study identified these SCVs among 10% of CF subjects17. Subsequent single-

center European studies included all SCV subtypes known at the time, reporting prevalences 

of 8–33% of CF patients18–24. However, relatively few studies have examined the 

association of SCV detection with clinical characteristics. In those few studies, SCVs were 

found to be associated with lower lung function19,20, and SCV-positive patients had often 

received trimethoprim-sulfamethoxazole18–20,25. However, associations with pulmonary 

exacerbations were not assessed in these studies.

In a prospective, single-center, US study using culture methods sensitive for SCVs, we 

identified these variants in 24% of children with CF over a two-year period14. SCV detection 

was associated with lower lung function and recent treatment with sulfonamide antibiotics, 

suggesting antibiotics select for SCVs, and also that SCVs may either lead to worse lung 

disease outcomes or, alternatively, indicate higher antibiotic exposure due to worse pre-

existing disease. Together, the above studies suggest that these findings may be generalizable 

to all children with CF. However, it was not known whether SCVs commonly infect CF 

patients throughout the US, or whether SCV infection is associated with worse lung function 

and increased risk of pulmonary exacerbations in the broader pediatric CF population, given 

that treatment strategies, such as antibiotic regimens, differ among providers, centers, and 

countries26.

Therefore, we studied the prevalence, risk factors and clinical associations of S. aureus 
SCVs in a large, multicenter US pediatric CF population. The larger and multicenter nature 

of this study, as well as new information about emerging SCV subtypes9,13, enabled a more 

thorough analysis of the risk factors and clinical associations of SCVs compared with prior 

studies. We hypothesized that S. aureus SCVs commonly infect children with CF in the US 

and are independently associated with worse lung disease indicators, including lung function 

and exacerbation frequency. The goal of this study was to define the burden and 

consequences of SCV infection in the US CF population to better inform ongoing laboratory 

and therapeutic strategies for managing CF lung disease.

Methods

Study Design

This report conforms to the Strengthening the Reporting of Observational Studies in 

Epidemiology (STROBE) guidelines27. This study was performed at five CF centers: Seattle 

Children’s Hospital (SCH), Boston Children’s Hospital (BCH), Texas Children’s Hospital 

(TCH), University of Pittsburgh Children’s Hospital (UPCH), and the University of 

Alabama Children’s Hospital (UABCH) between 2014–2017 and approved by the respective 
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sites’ institutional review boards. Eligible patients at enrollment were aged 6–16 years, with 

documented CF diagnosis, minimum 2 CF clinic visits and 2 respiratory cultures in the 12 

previous months, and written informed consent/assent. The CFTR mutations in the study 

population are listed in Table S1. The minimum age for inclusion was 6 years to increase the 

likelihood of obtaining reliable spirometric data. Patients were excluded for previous lung 

transplant or co-morbidities that would interfere with data interpretation (e.g., prematurity, 

non-CF immunodeficiency, or congenital or structural lung disease). Subjects provided 

informed consent and were observed prospectively for up to 2 years [mean 6.4 (SD 2.02) 

study visits per subject] during regularly-scheduled quarterly CF clinic visits (Figure S1). 

The mean and median interval between visits was 3.94 and 3.45 months, respectively (Range 

3.0–4.4 months). Information was not collected on clinic schedule precluding comparison 

between scheduled and actual visit dates. Participants recorded their use of antibiotics in 

either written or online data logs. Lung function measurements and culture results were 

recorded by site research coordinators. Respiratory exacerbations were defined as in our 

previous study14 as the administration of new inpatient or outpatient antibiotics for 

respiratory symptoms while on study; because this definition required accurate antibiotic 

treatment data, we did not define pre-study exacerbation frequency. Sixty percent of the 

subjects received maintenance antibiotics during the study, with either inhaled tobramycin, 

aztreonam, or azithromycin.

Bacterial isolate culture and characterization

Respiratory tract specimens [sputum or oropharyngeal (OP) swabs (Figure S2)] were stored 

at 4°C after collection and shipped overnight on ice to the CF Foundation-funded 

Therapeutics Development Network Center for CF Microbiology (TDN-CCFM) at SCH. All 

respiratory specimens were cultured at the TDN-CCFM’s central laboratory within 48 hr 

after collection as described previously14. Culture results from the central study laboratory 

were not provided to treating physicians. SCVs were defined using a specialized method 

previously described14, but with the additional analysis of growth on a laboratory medium 

(i.e. Mueller-Hinton agar) on which SCVs grow very poorly. SCV auxotrophic testing was 

performed on Luria-Bertani agar plates with disks impregnated with thymidine (5 μg), 

hemin (Oxoid), menadione (1.5 μg), or tween 80 (10% solution). Auxotrophy for CO2 was 

assessed after growth of SCVs on blood agar plates and Luria-Bertani agar in air compared 

to 5% CO2 following 24 hr incubation at 35°C.

Statistical Methods

Baseline demographic, clinical and laboratory characteristics of study children were 

summarized for the whole group, and compared between children who ever had SCV S. 
aureus and those who never had SCV S. aureus detected during the study period (Table 1). 

Continuous variables were summarized using means (and standard deviations) and 

compared using the two-sample t-test if normally distributed; otherwise they were 

summarized using medians (and interquartile ranges) and compared using Wilcoxon-Mann–

Whitney test. Categorical variables were summarized using counts and proportions and 

compared between study groups using Pearson’s chi-square tests or Fisher’s exact tests as 

appropriate. For each variable, where values are missing, the denominator will be stated in 

the respective table. Timing of visits was considered as a continuous variable (follow-up 

Wolter et al. Page 5

Lancet Respir Med. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



time in months since baseline) in our initial analyses; time had no impact on results in these 

analyses. Therefore, time was treated as a discrete variable in all analyses.

Potential sources of bias in this study included selection (e.g. center and subject), 

informational (e.g. recall), and confounding biases that can lead to misinterpretation of the 

data. We adjusted for confounding bias using multivariate analyses. The sample size was 

chosen a priori using data from previous studies for estimates and was targeted assuming a 

cumulative prevalence of SCVs of 25% that would provide sufficient power for exploring 

clinical associations with disease severity, including 80% power to detect significant 

differences in lung function.

Prevalence and correlates of infection with SCVs

We determined the prevalence of SCVs and used multivariate logistic regression models to 

assess the correlates of infections with SCV detection among CF children. In bivariate and 

multivariate analyses, we evaluated unadjusted associations between being ever infected 

with SCV S. aureus and several a priori defined predictors, including pre-enrollment culture 

findings. To identify independent predictors of SCV S. aureus detection, we adjusted for the 

following a priori selected confounders in the multivariate logistic regression; child’s age, 

sex, race genotype. We retained in multivariate analyses correlates that had strong plausible 

theoretical and clinical link with SCV S. aureus even if they were not significant in bivariate 

analysis.

Analysis of the association of SCVs, lung function, and pulmonary exacerbation risk

FEV1% predicted (FEV1pp) values were calculated using the reference equations for 

spirometry from the Global Lung Function Initiative (GLI)28. Means of FEV1pp at each 

visit were calculated based on the available data and tabulated for subjects for whom SCVs 

were never detected, and those for whom SCVs were ever detected, during the study (Table 

S5 and Figure 1). Visual exploratory and inspection of longitudinal FEV1pp data using 

profile and spaghetti plots suggested that a random intercept-only linear mixed effects 

regression model was more plausible than a model with both random intercept and slope for 

this data set. Therefore, associations of SCVs with differences and longitudinal changes in 

lung function as measured by FEV1pp were evaluated using linear mixed effect regression 

models with random intercept with exchangeable correlation matrix and a robust variance 

estimator. We assessed the association between infection with SCVs and occurrence of 

pulmonary exacerbations using generalized estimating equations logistic regression models 

with exchangeable correlation matrix and a robust variance estimator. Multivariate 

regression models were constructed based on carefully selected potential cofactors and 

confounders according to subject matter and prior knowledge from previously published 

studies and conceptual frameworks. For all analyses, two-sided tests and 5% level of 

significance were used. Analyses were conducted using Stata 15.1 (Stata Corp., College 

Station, TX). Because subjects had different numbers of study visits during their 2-year 

follow-up period, resulting in fewer subjects having Visit 8 data, all analyses were restricted 

to data from Visits 1–7.
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Role of the Funding Source

The funding source had no role in the design of this study; data collection, analysis, or 

interpretation; or in the writing of this report. The corresponding author had full access to all 

of the study data and final responsibility for the decision to submit for publication.

Results

The study population comprised 230 CF subjects at 5 centers (Table S2). One center 

(Seattle) had fewer subjects than the others because children who participated in the prior 

single-center SCV study14 were excluded from participating in the current study. Subjects 

were followed for two years, with a mean of 6.4 visits per subject (range, 2–9 visits). 

Demographic characteristics are listed in Table 1. The mean age of study subjects was 11.8 

years, and the majority (54.5%) of subjects were homozygous for the F508del mutation in 

the cystic fibrosis transmembrane conductance regulator (CFTR) protein (Table S1).

Sixty-four of the 230 (27.8%) study subjects were culture-positive during the study and after 

enrollment for SCVs (Table S2, Figure S2, and S3), as defined by poor growth of isolated S. 
aureus on indicator media. Fifty-five of these 64 subjects were culture negative for SCVs at 

enrollment (based on baseline cultures) but became SCV culture-positive, at least once 

during the study (Figure S3). Nine of these 64 subjects were positive for SCVs at enrollment 

and were SCV culture-positive at least once during the study (Figure S3). The overall 

prevalence of subjects with SCVs during the study (27.8%) was similar to those at baseline 

of canonical CF pathogens P. aeruginosa (28.7%) and MRSA (24.8%) in the study 

population (Table S3). Figure S2 demonstrates the overall prevalence of MSSA, MRSA and 

SCVs of each S. aureus category (MSSA-SCV and MRSA-SCV) during the study. SCV 

prevalence varied among the 5 study sites between 14 and 35.3% (Table S2). As shown in 

Table 1, subjects with SCVs detected during the study were older and more likely to receive 

dornase alfa at baseline, but less likely to receive hypertonic saline. The CFTR modulator 

ivacaftor, while uncommon among this pediatric population, was more commonly used at 

enrollment among SCV-negative subjects. Baseline lung function, measured in mean forced 

expiratory volume in 1 second % predicted (FEV1pp), was significantly lower among 

subjects with SCVs during the study (p=0.0145). Subjects with SCVs detected during the 

study were also more likely to be culture-positive for MSSA, MRSA, and/or MSSA-SCVs in 

their baseline respiratory cultures (Table S3). There were similar numbers of subjects with 

repeated detection of SCVs (> 1 positive culture during study, “persistent”) and subjects 

culture-positive for SCVs only once (“intermittent”) during the study (Figure S3 and Table 

S4). Subjects with persistent SCV infection did not differ in age, sex, or genotype from 

subjects with intermittent infections (Table S4). The vast majority of subjects with either 

persistent (29/30) or intermittent (31/34) SCV infections, received dornase alfa, suggesting 

that SCV persistence was not likely attributable to this medication.

To determine the relationship between SCVs and lung function, we first compared mean 

FEV1pp measures at each of the study visits for subjects with and without SCVs detected 

during the study. As shown in Figure 1 and Table S5, subjects with SCVs had consistently 

lower lung function than those without SCVs at all study visits. SCVs were associated with 

significantly lower FEV1pp in univariate (Coeff = −7.071, 95% CI −12.195,−1.948, 
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p=0.0068) and multivariate (Coeff = −5.495, 95% CI −10.507,−0.483, p = 0.0316) analyses 

after adjusting for both patient demographics and P. aeruginosa culture status (Table S6). 

Regression analyses of the association between SCV detection and rate of change in FEV1pp 

did not demonstrate evidence of a significant interaction between SCV detection and follow-

up time in either univariate or multivariate analyses (Table S7), indicating that subjects with 

and without SCVs had similar rates of decline in FEV1pp during the study. FEV1pp was 

lower for subjects with either intermittent and persistent SCV infections compared with SCV 

culture-negative subjects, but results were only significant for subjects with intermittent 

infections (Table S8).

Figure 2 and Table S9 illustrate the prevalence of respiratory exacerbations (defined as a new 

antibiotic prescription for respiratory symptoms) among study subjects according to SCV 

detection. Subjects with SCVs had significantly more exacerbations during the study than 

subjects without SCVs at each study visit with sufficient data for analysis (Visits 1–7). As 

shown in Table S10, SCV detection was significantly associated with increased odds of 

pulmonary exacerbation in both unadjusted analyses (OR = 1.727, 95% CI 1.185,2.516, p = 

0.004) and when adjusting (OR = 1.492, 95% CI 1.037,2.147, p = 0.031) for demographic 

variables and P. aeruginosa detection (which was associated with lower odds of 

exacerbation), but no longer reached significance when adjusting for lung function at 

enrollment. These results held even if Visit 7, which included data from fewer subjects than 

earlier visits, was also excluded in the analyses. Subjects with SCVs detected in multiple 

cultures had significantly higher odds of an exacerbation than subjects with SCVs detected 

once (Table S11).

To determine the relationship between SCV detection and prior antibiotic exposure, 

antibiotic treatment histories for the preceding 3 months were collected from subjects and 

families at each study visit. As shown in Table 2, only treatment with sulfonamides was 

significantly associated with SCV detection at the subsequent study visit by univariate 

analysis (OR=2.223, 95% CI 1.062,4.655, p=0.0338). Multivariate analyses confirmed this 

association (OR=1.892, 95% CI 1.026,3.488, p=0.0407) for all SCV subtypes (Table S12); 

this relationship was even stronger for THYD SCVs in multivariate analyses (OR=10.876, 

95% CI 3.831,30.876, p=<0.0001). Subjects treated with dornase alfa also had significantly 

increased odds of SCV detection, while treatment with hypertonic saline was associated with 

lower odds in both univariate (Table 2) and multivariate analyses (Table S12).

We categorized the biochemical subtype of each SCV isolate to further investigate their 

likely selective pressures and antibiotic resistance patterns. As shown in Table S13, SCVs of 

each auxotrophic type were detected in this study population, including fatty-acid dependent 

SCVs (15%), which have not previously been described in CF respiratory infections. The 

majority of all SCVs detected (55.7%) were THYD; a higher proportion of MRSA-SCVs 

(81%) than MSSA-SCVs (34.7%) were THYD (Table S13). Subjects with persistent SCV 

infections were more likely to have THYD SCVs than any other SCV subtype (Table S4).

We investigated whether different SCV types had different associated clinical outcomes. 

THYD SCVs appeared to account for the majority of the clinical associations observed for 

all SCVs in this population. For example, subjects with THYD SCVs had significantly lower 
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FEV1pp (Figure 1, Tables S5 and S14) and a higher risk of pulmonary exacerbations (Figure 

2, Tables 3 and S9), even after adjusting for patient demographics, P. aeruginosa culture 

status, and baseline lung function, than did subjects with all other SCV types. Subjects with 

MRSA-SCVs, which were predominantly THYD, had significantly lower lung function and 

increased odds of pulmonary exacerbations in both univariate and multivariate analyses 

compared with other subjects (Tables S15 and S16). MSSA-SCVs were also associated with 

lower lung function in univariate and multivariate analyses (Table S15).

Because it was possible that detection of THYD SCVs was simply a marker for sulfonamide 

treatment, we analyzed whether sulfonamide treatment itself was associated with worse 

clinical outcomes. Sulfonamide treatment was not associated with lung function (difference 

−2.96, 95% CI −7.81,1.88, p = 0.23) (Table S17). Sulfonamides were associated with higher 

odds of pulmonary exacerbations (OR = 3.117, 2.344–4.145, p = <0.001), as were all 

antibiotics used in this study other than maintenance macrolides (Table S18), most likely 

reflecting their standard use in exacerbation treatment and the study definition of 

exacerbation. Sulfonamides were only the fifth most commonly prescribed antibiotic class in 

this study (Table S19). Therefore, the high prevalence of THYD SCVs could not be 

attributed to disproportionate use of this antibiotic. However, significantly more subjects 

with MRSA were treated with sulfonamides during the study than subjects with only MSSA 

(Table S20, 59.5% versus 40.5%; p=0.0079), likely explaining the higher frequency of 

THYD MRSA-SCVs than THYD MSSA-SCVs (Table S13).

To further investigate the relationship between medications and SCVs, we compared 

reported medication use and SCV detection frequencies among the 5 study sites. Sites with 

the highest SCV prevalences generally reported higher mean sulfonamide treatment 

frequencies than centers with lower SCV rates; for example, the sites with the highest and 

lowest SCV detection frequencies (35.3% and 14% of subjects, respectively, Table S2) 

reported the correspondingly highest and second lowest mean sulfonamide usage during the 

study (22.7% and 11.2% of subjects, respectively). Interestingly, the center with the lowest 

prevalence of SCVs also reported significantly more hypertonic saline usage (96%) than the 

other centers (range of 60–69%).

Discussion

In this multicenter US study, S. aureus SCVs were detected among approximately 28% of 

children with CF when using sensitive culture methods rarely used in clinical laboratories. 

SCVs were associated with multiple measures of worse lung disease during the study, 

including lower lung function and higher exacerbation frequency, even in multivariate 

models that adjusted for disease severity at baseline. By comparison, P. aeruginosa did not 

have consistent associations with these poor outcomes in models that included SCVs, and 

relationships between MRSA and poor outcomes were apparently attributable to MRSA-

SCVs in this population. Risk factors for SCVs included age, treatment with dornase alfa at 

enrollment, and sulfonamide treatment during the prior quarter. More detailed analysis 

demonstrated that these observations were attributable primarily to THYD SCVs, which 

were the most common SCV subtype in this study and are known to be selected by 
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sulfonamide treatment10; however, sulfonamide treatment was not a risk factor for worse 

outcomes in the absence of SCVs.

THYD SCVs were particularly common among MRSA isolates, an observation likely 

attributable to higher sulfonamide treatment of MRSA culture-positive subjects in this study; 

of note, trimethoprim-sulfamethoxazole is recommended as first-line therapy for MRSA, but 

not MSSA, CF infections in the US29,30. MRSA prevalence in the US CF population has 

also been shown to be higher than in many other countries31; therefore, one might expect 

sulfonamides to be used particularly often in the US. However, these antibiotics are 

commonly used in some countries continuously as antistaphylococccal prophylaxis or 

treatment for CF patients, neither of which are common in the US32. Considering our 

findings, the role of trimethoprim-sulfamethoxazole in management of S. aureus respiratory 

infection in CF merits discussion. We propose that this drug be avoided upon SCV detection; 

however, given our results, and because S. aureus CF isolates tend to be sulfonamide-

susceptible33,34, we do not recommend removing this antibiotic from the CF 

antistaphylococcal armamentarium. Our observations also identified a new plausible 

candidate mechanism for SCV selection: treatment with dornase alfa (recombinant human 

DNase I). This enzyme cleaves free DNA near pyrimidines and may release free thymidine, 

which supports the growth of THYD SCVs. The importance of this mechanism in SCV 

selection will require further study.

The associations with worse lung disease measures is consistent with observations from a 

single-center US study14, and also from European studies that were smaller18,20–22, single-

center18–21, and/or did not focus on SCVs or their associations with clinical outcomes22. In 

the US single-center study14, SCVs were associated with worse lung function decline that 

was not observed in this multicenter study. However, the prior study population was younger 

on average (mean age at enrollment 9 y, compared with 12 y in the current study), and the 

current study may therefore have been less likely to capture initial infection, making it 

difficult to determine whether lung function trajectory changes after this event. By 

comparison with SCVs, the canonical CF pathogen P. aeruginosa was actually associated 

with fewer exacerbations in multivariate analyses in this pediatric CF population, and in 

models that adjusted for MRSA SCVs, P. aeruginosa was not significantly associated with 

lower lung function. Because SCVs have rarely been considered in CF studies or clinical 

care, these results raise questions about the associations between P. aeruginosa, MRSA, and 

CF clinical outcomes identified in previous studies.

The causal relationship between SCV detection and clinical outcomes cannot be definitively 

established from this observational study. SCVs are known to be selected by antibiotics, 

which are used more frequently in people with more severe symptoms. Therefore, the 

associations established here may indicate either that SCVs worsen disease or are simply a 

marker of worse pre-existing disease. Both explanations may also be true. Similar 

controversy exists for clinical associations identified for MRSA5,6, multiresistant P. 
aeruginosa35, and for the gradual decrease in CF sputum microbial diversity observed to be 

associated with advancing age and disease36. Three observations could be interpreted to 

support the latter, marker hypothesis, regarding SCVs: First, SCVs were not associated with 

advanced lung function decline in the current study; second, SCVs were detected less often 
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in patients treated with ivacaftor, which is predicted to decrease the need for antibiotics; and 

third, single detection (intermittent infection), but not repeated detection (persistent 

infection), was associated with worse pulmonary function. Alternatively, two observations 

support the possibility that SCVs may be particularly pathogenic: First, sulfonamide 

treatment, which can select SCVs, was not independently associated with worse lung 

function. Therefore, SCVs do not simply indicate sulfonamide exposure as a proxy of 

severity. Second, the regression models that identified associations between SCVs and both 

exacerbation risk and worse lung function adjusted for FEV1pp at enrollment, a measure of 

pre-existing disease severity. Future studies of SCV-preventive or treatment interventions 

may be able to address this question.

At least one prior study, performed in Australia, did not identify SCVs among 

bronchoalveolar lavage (BAL) samples from children with CF37. Here, most study 

specimens were oropharyngeal swabs. While it is possible that SCVs primarily infect the 

upper airways rather than lower airways, compared with the US, the CF S. aureus prevalence 

is markedly lower than in Australia, where antistaphylococcal antibiotic prophylaxis and 

treatment on detection are routine practices1,38. Therefore, SCVs may be less common, and 

their clinical impact lower, in populations where antistaphylococcal strategies are employed 

(although SCVs have been detected often in European countries where such strategies are 

common19). We previously identified SCVs in pediatric CF sputum14, which may more 

accurately reflect lower airway microbiology than do OP swabs. Another limitation of using 

OP swabs in this study was the inability to measure inflammatory markers, some of which, 

including neutrophil elastase, have been associated with both specific bacteria and with 

outcomes in CF39,40. A future sputum and/or BAL-based study may be able to address these 

questions.

This study was also limited by the quarterly respiratory sampling regimen, and by the fact 

that each culture identified only the most abundant morphologically distinct isolates, 

undersampling the diversity of infecting S. aureus cell populations. SCVs are known to 

revert to a normal colony phenotype during subculture, which can lead to an incorrect 

categorization. The study was also limited by relatively few observations at Visits 7 and 8 

and lack of pulmonary exacerbation data at baseline, in addition to the inability to establish 

causality described previously. While the effects of potential confounders were adjusted for 

in multivariate analyses, selection (i.e. center and subject selection) and informational (e.g. 

recall) biases may reduce generalizability and accuracy of the findings.

SCVs are not routinely identified by most clinical laboratories, including many of those 

specifically dedicated to CF microbiology, and susceptibility testing is not usually possible 

due to their slow growth. However, methods have been developed to identify these variants 

and test their antibiotic susceptibilities that are not yet in widespread use33. The high 

prevalence of SCVs and their clinical associations identified in this and prior studies of other 

CF populations14,18–21 indicate that consideration should be made for the routine adoption 

of these methods by clinical microbiology laboratories, particularly for samples from 

chronic infections where SCVs are often present, including those of the CF airway, skin and 

skin structure, bone, and medical devices7,8. We also recommend that SCV epidemiologic 
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and susceptibility data be recorded in registries, such as the US CF Patient Registry, which 

currently tracks P. aeruginosa, MRSA, and other “standard CF pathogens”1.

Conclusion

S. aureus SCVs commonly infected a multicenter US pediatric CF population and were 

associated with significantly worse lung disease measures. These variants are not routinely 

identified by most clinical laboratories. These results highlight the importance of SCVs in 

CF lung disease and support consideration of the routine adoption of clinical laboratory 

methods that are sensitive for SCV detection and that define SCV subtypes, in addition to 

their inclusion in registries. Future interventional studies may establish the causal 

relationship between SCV infection and disease outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research in context

Evidence before this study

Staphylococcus aureus is the bacterium most frequently cultured from the airways of 

people with cystic fibrosis (CF). S. aureus is known to adapt to form slow-growing, 

antibiotic-resistant variants, known as small-colony variants (SCVs), during many 

chronic human and animal infections, including those of the CF airway. S. aureus SCV 

infections have been hypothesized to result in worse clinical outcomes than normal-

colony S. aureus infections. Identification of S. aureus SCVs requires special culture 

techniques that are not used by most clinical laboratories, and SCVs are therefore not 

included in registry data, limiting any research on SCV prevalence or clinical 

associations. To clarify what was known about the prevalence and clinical associations of 

S. aureus SCVs in CF, we searched PubMed for all studies, regardless of publication 

date, containing the keywords “aureus cystic fibrosis small colony”. The resulting studies 

indicated that S. aureus SCVs commonly infected CF patient airways in Europe and the 

US, with prevalences varying substantially, and none were detected in an Australian 

study. In some studies, SCVs were associated with lower lung function. However, these 

studies were generally short in duration, were usually single-center studies, did not focus 

on SCVs, did not investigate their independent associations with outcomes, and used 

different culture techniques, limiting generalizability. We sought to determine the 

prevalence, risk factors, and independent clinical associations of SCVs among a large, 

multicenter population of children with CF using a standardized laboratory protocol.

Added value of this study

This study identified S. aureus SCV infection among 28% of a multicenter, US 

population of children with CF during a two-year period, demonstrating a strong 

correlation between SCV detection and worse clinical outcomes, including consistently 

lower lung function and higher risk of respiratory exacerbations. In multivariate analyses 

that included SCVs, neither of the common CF pathogens Pseudomonas aeruginosa and 

MRSA had similar associations. The prevalence of S. aureus SCVs in this population was 

similar to those identified in prior, single-center studies in Europe and in the US. This 

observation, combined with the larger sample size and the multicenter nature of the 

current study population, indicate that the current findings are generalizable to the CF 

population, warranting consideration of the general adoption of SCV detection and 

subtyping methods among CF clinical laboratories and investigation of SCV-targeting 

treatments.

Implications of all the available evidence

The available evidence indicates that S. aureus SCVs commonly infect the respiratory 

tracts of children with CF and are associated with significantly worse respiratory 

outcomes. These results support considering the general adoption of clinical laboratory 

methods that detect SCVs and inclusion of these variants in registry data for future 

research, surveillance, and CF clinical care.
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Figure 1. 
Lung function measures of S. aureus SCV culture-negative subjects compared to SCV 

culture-positive subjects at each study visit. (Visit 8, which included relatively few subjects, 

is omitted for clarity). The number of subjects per culture status is indicated below each 

study visit.

Wolter et al. Page 16

Lancet Respir Med. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Prevalence of pulmonary exacerbations since the prior study visit for SCV culture-negative 

subjects compared with SCV culture-positive subjects at study visits 1–7 (Visit 8, which 

included relatively few subjects, is omitted for clarity). The number of subjects per culture 

status is indicated below each study visit.
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Table 1.

Demographics and clinical characteristics of subjects at enrollment.

Demographics / Characteristics Total Popul (N=230) Never SCV Pos (N=166) Ever SCV Pos (N=64) p-value

Mean (SD) Mean (SD) Mean (SD)

Age 11.8 (3.1) 11.5 (3.1) 12.5 (3.0) 0.0302

Weight (kg) 40.5 (14.4) 40.6 (14.8) 40.1 (13.5) 0.82

Height (cm) 145.4 (17.1) 144.9 (17.7) 146.6 (15.5) 0.51

BMI
a 18.5 (3.0) 18.6 (3.1) 18.1 (3.0) 0.22

Gender N (%) N (%) N (%) 0.92

 Male 109 (47.2%) 79 (47.6%) 30 (46.9%)

 Female 122 (52.8%) 87 (52.4%) 34 (53.1%)

Race 0.78

 White 220 (95.2%) 158 (95.2%) 61 (95.3%)

 Black/African American 6 (2.6%) 4 (2.4%) 2 (3.1%)

 American Indian/Alaskan Native 2 (0.9%) 2 (1.2%) 0 (0.0%)

 American Indian or Alaska Native 1 (0.4%) 1 (0.6%) 0 (0.0%)

 Unknown 2 (0.9%) 1 (0.6%) 1 (1.6%)

Hispanic race 0.70

 Hispanic 10 (4.3%) 8 (4.8%) 2 (3.1%)

 Non-Hispanic 220 (95.2%) 157 (94.6%) 62 (96.9%)

 Unknown 1 (0.4%) 1 (0.6%) 0 (0.0%)

Pancreatic status 0.20

 Pancreatic Sufficient (PS) 15 (6.5%) 13 (7.8%) 2 (3.1%)

 Pancreatic Insufficient (PI) 216 (93.5%) 153 (92.2%) 62 (96.9%)

Genotype 0.41

 F508 homoz 126 (54.5%) 87 (52.4%) 38 (59.4%)

 F508 heteroz 80 (34.6%) 62 (37.3%) 18 (28.1%)

 Other 25 (10.8%) 17 (10.2%) 8 (12.5%)

Sweat chloride value 101.6 (15.3) 100.7 (17.0) 103.6 (9.4) 0.27

Medications and Treatments
b N (%) N (%) N (%)

 Bronchodilator 208 (90.4%) 150 (90.4%) 58 (90.6%) 0.95

 Pancreatic Enzyme Supplement 213 (92.6%) 151 (91.0%) 62 (96.9%) 0.12

 Inhaled Steroid 122 (53.0%) 83 (50.0%) 39 (60.9%) 0.14

 Oral Steroid 11 (4.8%) 6 (3.6%) 5 (7.8%) 0.18

 Hypertonic Saline 161 (70.0%) 123 (74.1%) 38 (59.4%) 0.0290

 Dornase alfa 193 (83.9%) 133 (80.1%) 60 (93.8%) 0.0117

 CFTR Modulator 17 (7.4%) 17 (10.2%) 0 (0.0%) 0.0078

Mean (SD) Mean (SD)

GLI FEV1pp at enrollment 90.4 (18.9) 92.4 (18.6) 85.5 (19) 0.0145

a
Calculated using the 2006 and 2007 World Health Organization’s reference populations for children aged 6 months to <5 and children ≥5, 

respectively (de Onis, et al., Bulletin of the World Health Organization 2007; 85: 661–668)
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b
Indicates medications or treatments subjects received
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Table 2:

Association between treatment and subsequent SCV detection in univariate analysis.

Univariate

Covariate
a Odds Ratio 95% Conf. Interval p-value

Aminoglycoside

 No* 1

 Yes 1.283 (0.644 – 2.556) 0.48

Beta-lactam

 No* 1

 Yes 1.026 (0.515 – 2.042) 0.94

Fluoroquinolone

 No* 1

 Yes 1.105 (0.514 –2.376) 0.79

Glycopeptide

 No* 1

 Yes 1.218 (0.442–3.354) 0.70

Lincosamide

 No* 1

 Yes 0.858 (0.225–3.275) 0.82

Macrolide

 No* 1

 Yes 1.375 (0.771–2.452) 0.28

Polymyxin

 No* 1

 Yes 3.432 (0.891–13.215) 0.07

Rifamycin

 No* 1

 Yes 0.361 (0.043–2.990) 0.35

Sulfonamide

 No* 1

 Yes 2.223 (1.062 – 4.655) 0.0338

Tetracycline

 No* 1

 Yes 1.744 (0.694 – 237) 0.24

Anti-fungal

 No* 1

 Yes 5.323 (0.474–59.746) 0.18

Hypertonic Saline

 No* 1

 Yes 0.511 (0.278–0.938) 0.0304
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Univariate

Covariate
a Odds Ratio 95% Conf. Interval p-value

Inhaled Steroid

 No* 1

 Yes 1.560 (0.867–2.806) 0.14

Dornase alfa

 No* 1

 Yes 3.722 (1.262–10.976) 0.0172

*
Baseline category

a
Treatment exposures were evaluated for the study quarter prior to the culture under consideration.
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