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ABSTRACT 

Bacteria within the lower respiratory tract plays a critical role in the clinical course and 

pathogenesis of chronic obstructive pulmonary disease (COPD). Evidence suggests that acute 

exacerbations are attributable to bacteria, and these exacerbations have a significant impact on 

a patient’s health status and health services utilization. New bacterial strains play a central role in 

the pathogenesis of exacerbations, and acquisition of a new strain of potentially pathogenic 

bacteria (e.g., Haemophilus influenzae, Moraxella catarrhalis, Streptococcus pneumoniae, and 

Pseudomonas aeruginosa) is strongly associated with the occurrence of an exacerbation. 

The first part of this dissertation investigates the clinical impact of P. aeruginosa isolation 

in an outpatient COPD cohort. P. aeruginosa is an important pathogen in choric airway diseases 

including cystic fibrosis and bronchiectasis, significantly contributing to both morbidity and 

mortality. The relationship between P. aeruginosa and COPD mortality has been primarily 

investigated in hospitalized patients and is associated with higher mortality. Whether this extends 

to an outpatient sample is unknown, however a greater understanding of this relationship would 

help guide specific therapies and help inform eradication strategies. 

Therefore, this aim investigated the association of P. aeruginosa isolation with long-term 

mortality and patient outcomes (exacerbations and hospitalizations) in a sample of U.S. veterans 

with COPD (n=181). After adjustment for age and pulmonary status, there was a positive 

association between the P. aeruginosa culture-positivity and mortality. Moreover, the rate of 

exacerbations and hospitalizations were higher for P. aeruginosa positive patients. Interestingly, 

we found an upward trend in exacerbation and hospitalization rates prior to isolation of P. 

aeruginosa in sputum culture, indicating that patients may be acquiring this organism prior to its 

isolation. As colonization by P. aeruginosa has adverse consequences, early eradication as 

practiced with cystic fibrosis may be applicable to COPD and should be considered. 

The second part of the dissertation investigated bacterial colonization patterns and 

interactions among the four primary bacterial pathogens. Interspecies bacterial interactions can 
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alter the composition of a microbial community and potentially influence disease incidence and 

severity. To date, our knowledge on respiratory bacterial interactions is limited to the nasopharynx 

in young children and has not yet been extended to longitudinal studies of lower respiratory tract 

colonization or to adults with COPD. 

This aim evaluated the prevalence of bacterial colonization and determined species-

specific interactions using sputum cultures collected at monthly visits in a sample of veterans with 

COPD over a 20 year period (n=8,843 clinic visits). Our findings indicate a positive association 

between S. pneumoniae and H. influenzae colonization as well as negative associations between 

P. aeruginosa and H. influenzae, and P. aeruginosa and M. catarrhalis. These findings were 

similar during both stable and exacerbation visits. Our work presents novel insight into 

interspecies synergy and competition between common pathogenic bacteria in patients with 

COPD. These interactions may offer novel therapeutic opportunities to alter the characteristics of 

the airway microbiota and further study of the mechanistic and clinical implications of these 

interactions is warranted. 

For our third aim, we shifted to a health-services focus in order to further understand the 

causes and factors related to 30-day readmission for an acute exacerbation of COPD. This was 

prompted based on the recent inclusion of COPD discharges as one of the targeted diagnoses in 

the Hospital Readmission Reduction Program. As hospitals implement interventions to reduce 

COPD readmissions, we believe it is necessary to recognize the causes and reasons for early 

readmission and which patient, clinical, and hospital factors raise readmission risk. We conducted 

an analysis of the National Readmission Database from 2013-2014 and defined index admissions 

and readmission for a COPD exacerbation consistent with HRRP guidelines. Our findings indicate 

that respiratory-based diseases were the most common reasons for readmission with COPD as 

the most common diagnosis. Early readmission was associated with patient level factors 

(Medicaid payer status, lower household income, and higher comorbidity burden) and clinical 

factors (longer length of stay and discharge to a skilled nursing facility). Early readmission for 
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AECOPD remains a burden to the healthcare system, with the majority readmitted for respiratory-

based diagnoses. Multiple patient and clinical factors were associated with readmission including 

those related to low socioeconomic status and post-acute care discharge to a skilled nursing 

facility. Further work is needed to develop a risk stratification algorithm based on these factors to 

better predict AECOPD patients at high risk of early readmission during the index hospitalization. 
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Chronic Obstructive Pulmonary Disease Epidemiology 

Introduction. Chronic obstructive pulmonary disease (COPD) is a disease characterized by airflow 

limitation that is not fully reversible.1 This airflow limitation associated with the disease is 

progressive and associated with an abnormal inflammatory response of the lungs to noxious 

chemicals.1,2 In COPD, less air flows in and out of the airways because of one or more of the 

following: 1) the airways and air sacs lose their elastic quality; 2) the walls between many of the 

airs sacs are destroyed; 3) the walls of the airways become thick and inflamed; and 4) the airways 

make more mucus than usual, which can clog them.3 COPD includes two main conditions, 

emphysema and chronic bronchitis.3 In emphysema, the walls between the air sacs are damaged 

and as a result the air sacs lose their shape and become floppy. This damage also can destroy 

the walls of the air sacs, leading to fewer and larger air sacs. This can reduce the amount of gas 

exchange in the lungs. In chronic bronchitis, the lining of the airways is constantly irritated and 

inflamed. This causes the lining to thicken, where thick mucus forms in the airways, making it 

hard to breathe. The general term COPD encompasses both emphysema and chronic bronchitis.3 

Prevalence. In 2011, approximately 6.5% (~15 million) of US adults reported a physician 

diagnosis of COPD, however the actual burden may be higher, as a large proportion may have 

undiagnosed COPD.4,5 Data from the US National Health and Nutrition Examination Study 

(NHANES) show that approximately 13.5% (28.9 million) of adults have evidence of obstruction 

on the basis of spirometry.6 Prevalence of disease varies based on sex, age and socioeconomic 

status. The annual age-adjusted prevalence is higher in women than in men, with the highest 

prevalence for men and women being observed in 2001 (Figure 1).4 
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Figure 1. Reproduced from Ford et al, Chest 2013.6 Age-adjusted prevalence (%) of self-
reported physician-diagnosed COPD among adults aged ≥25 years, by sex and year -
United States, National Health Interview Survey, 1999-2011. 

In the U.S., 7.8% of women compared to 5.8% of men were estimated to have a self-reported, 

physician diagnosis of COPD based on the Behavioral Risk Factor Surveillance System, 2011.4 

COPD also increases with age; 9.2% in individuals aged 55 – 64 years, 12.1% in those aged 65 

– 74 and 11.6%in those above 75 years of age.4 Furthermore, prevalence of COPD is highest 

among individuals with less than a high school education and in those with an annual household 

income of less than US$25,000 (9.5% and 9.9%, respectively).7 

Morbidity. COPD accounts for a considerable amount of morbidity including high healthcare 

costs.8 In 2010, COPD was associated with 10.3 million physician office visits, 1.5 million 

emergency department visits and 699,000 hospital discharges.4 The annual number of 

hospitalizations for COPD has fluctuated between 1999 and 2010 (Figure 2).4 
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Figure 2. Reproduced from Ford et al, Chest 2013.6 Estimated annual rates of 

hospitalizations for COPD as the first-listed discharge diagnosis among adults ≥25 years 

by sex - United States, National Hospital Discharge Survey, 1999-2010. 

Hospital discharges associated with COPD decreased with a rate for men of 39.9 per 10,000 

population to 31.6 per 10,000 compared to 40.2 per 10,000 to 32.2 per 10,000 in women.4 The 

decreasing number of hospitalizations may be influenced by a number of different treatment 

strategies including newer medications, evolving guidelines to treat COPD, respiratory 

management, pulmonary rehabilitation, and influenza vaccinations.9 COPD is a costly disease 

with estimated costs of $36 billion from hospital admissions and absenteeism.10 However, this 

may represent an underestimation as people with COPD usually have a number of concomitant 

comorbidities, therefore it is difficult to specifically attribute costs to a particular disease.11 

Furthermore, a considerable number of people remain undiagnosed, thus the true cost of COPD 

might be much higher.5,12 

Mortality. COPD is the third leading cause of death in the U.S. with 133,575 deaths in 2010 with 

an age adjusted rate of 63.1 per 100,000 population among adults aged ≥25 years.4,13 COPD 
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only ranks behind ischemic heart disease and stroke as major causes of death in the U.S.4,14 The 

Global Burden of Disease Studies quantifies the amount of life lost due to premature mortality 

from a specific cause and COPD ranks in the top 10 as a cause of global years of life lost.14 These 

numbers may be underestimated as well since many people with severe COPD have their deaths 

attributed to causes other than respiratory disease.15 There is a growing burden of chronic 

respiratory disease in the U.S., and it is a major concern for all including the increasingly burdened 

health-care system. 

Risk Factors. Approximately 75% of COPD cases are attributed to cigarette smoking making it 

the most prominent risk factor for COPD.1,16 A retrospective cohort study including 8,045 

participants found that subjects who smoked cigarettes continuously throughout a 25 year 

observation period had at least a 25% increase in the absolute risk of developing COPD.17 

Additional risk factors for COPD include occupation-related and environmental exposures which 

account for another 15% of cases.18-20 These occupational or environmental exposures include 

particulate matter, dusts, gases, fumes or organic antigens are included within this group. Other 

factors that may play a role in the development of COPD include genetic factors, asthma, and 

respiratory infections.21 

Diagnosis and GOLD Classification. The presence of symptoms compatible with COPD (i.e. 

dyspnea, chronic cough, and chronic sputum production) are suggestive of the diagnosis, 

especially if there is a family history of COPD or a history of exposure to risk factors for COPD.22 

The diagnosis of COPD is confirmed by the following: spirometry demonstrating airflow limitation 

(a forced expiratory volume in one second/forced vital capacity [FEV1/FVC] ratio less than 0.7 or 

less than the lower limit of normal plus an FEV1 less than 80% of predicted) that is incompletely 

reversible after the administration of an inhaled bronchodilatory.22 There should also be an 

absence of an alternative explanation for the symptoms and airflow limitation such as asthma, 
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bronchiectasis, or heart failure.9 The Global Initiative for Chronic Obstructive Lung Disease 

(GOLD) program was initiated with a goal of producing recommendations for the management of 

COPD based on the best scientific information available.9 The GOLD therapeutic strategy 

suggests a combination of an individual’s symptoms, history or exacerbations, hospitalizations 

due to exacerbations, and FEV1 to assess the exacerbation risk and guide therapy. Based on 

these components patients are allocated into four groups (Groups A – D) and treatment 

recommendations are provided. 

COPD Exacerbations. An exacerbation in COPD is defined by the GOLD initiative as “an acute 

event characterized by a worsening of the patient’s respiratory symptoms that is beyond normal 

day-to-day variations and leads to a change in medication.”9 An acute exacerbation generally 

includes a change in or increase of the following cardinal symptoms: 1) cough increases in 

frequency or severity; 2) sputum production increases in volume or changes character; 3) 

dyspnea increases.9 Exacerbations play a major role in the course of COPD. The average 

frequency is 1-2 exacerbations annually with increasing frequency as the disease progresses.23 

Most exacerbations of COPD are caused by bacterial or viral infections, however this was a 

controversial issue for several decades.23 

Bacterial Pathogens and COPD Exacerbations 

British Hypothesis and Historical Perspective 

A theory in the 1950s and 1960s, known as the British hypothesis, described the 

pathogenesis of COPD as being associated with repeated airway infection and hypersecretion of 

mucus.24 However, at that time exposure to tobacco was identified as the predominant cause of 

COPD and Fletcho and Peto showed no independent correlation between FEV1 slope and 

bronchial infections or hypersecretion of mucus.25 Fletcho and Peto concluded that neither 

6 

https://mucus.25
https://mucus.24
https://decades.23
https://progresses.23


 
 

            

       

             

         

         

         

        

        

 

      

       

        

           

         

       

        

         

           

          

      

      

            

       

        

            

         

hypersecretion of mucus nor infections played any substantial part in causing irreversible airway 

obstruction. Furthermore, no published evidence was present to support the British hypothesis at 

the time, only published opinions, therefore it fell out of favor.24 Also during this time, multiple 

studies reported that the frequency of bacterial isolation in sputum within COPD patients was 

similar during states of stability and exacerbation.26,27 McHardy et al. identified potentially 

pathogenic bacteria in 30% of exacerbations compared to 22% in stable visits with no significant 

differences between the isolation rates.26 For these reasons, an association between bacterial 

infection and exacerbation came to be regarded as of little significance in COPD. 

Bacteria as a Cause of Acute Exacerbation of COPD 

Conventional methods, including sputum cultures, serologic studies and placebo-

controlled antibiotic trials, have contributed to our understanding of bacterial infections in COPD, 

but are limited and have produced conflicting results.28 Over the last two decades, new research 

methods, such as bronchoscopic sampling of the lower respiratory tract, molecular epidemiology 

of bacterial pathogens, and immune response to bacterial pathogens in exacerbations have been 

applied to further understand the contribution of bacterial infections to exacerbation.29 

The isolation from sputum of a potential pathogen along with the presence of symptoms 

consistent with an acute infection was previously accepted to represent a causal relationship. 

However, this was called into question when a longitudinal cohort study by McHardy et al. found 

no significant difference in isolation of pathogenic bacteria between exacerbation and stable 

visit.26 Similar findings were seen by Gump et al. where 25 patients with chronic bronchitis were 

followed from 1968 to 1972. Neither S. pneumoniae nor H. influenzae were present more 

frequently in the sputum of patients with an exacerbation versus those in remission.27 However, 

sputum cultures are limited when used alone to delineate the cause of exacerbations of COPD 

due to the possibility of contamination by upper airway secretions. This limitation can be overcome 

when uncontaminated lower respiratory secretions are obtained by bronchoscopy. Rosell et al 
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performed a pooled analysis of six cross-sectional studies that used a protected specimen brush 

method during bronchoscopy.30 This study comprised 337 participants including healthy, stable 

COPD and exacerbated COPD patients. The authors showed a clinically significant concentration 

of potentially pathogenic microorganisms in 53 (29%) stable COPD patients and 46 (54%) 

patients with exacerbated COPD. 

An additional limitation of sputum cultures is the lack of strain differentiation within species. 

Identification of a bacterial species within sputum cultures does not distinguish between 

preexisting colonization and acquisition of a new infecting strain. The studies by McHardy et al. 

and Gump et al. showed no difference in the isolation rate of bacterial pathogens between stable 

COPD and an exacerbation.26,27 However, a limitation of these studies is that sputum cultures are 

not able to differentiate between strains within a speicies.29 To overcome this issue, strain 

differentiation can be accomplished through molecular typing of the pathogens recovered from 

sputum. Sethi et al. performed a prospective cohort study to examine whether acquisition of a 

new strain of a pathogen was associated with the development of an exacerbation in a sample of 

81 patients with 1,975 clinic visits over a period of 56 months.31 Molecular typing of sputum 

isolates was performed to differentiate between new and pre-existing strains of bacteria. Their 

findings showed new strain acquisition to be associated with a greater than two fold increase in 

the risk of exacerbation. This increased risk of exacerbation was seen with three of the major 

pathogens implicated in acute exacerbations including Haemophilus influenzae, Moraxella 

catarrhalis, and Streptococcus pneumoniae. Within the same cohort, Murphy et al. investigated 

the role of Pseudomonas aeruginosa in COPD utilizing molecular methods to identify new strains 

of the bacteria over time.32 The authors found that acquisition of a new strain of P. aeruginosa 

was associated with greater than a three-fold increase in risk of an exacerbation.32 

Serological studies of immune response to microbial pathogens are used to determine 

whether the potential pathogen is responsible for an infectious syndrome.28 Previous studies in 

immune response within COPD have produced contradictory results, which may be due to two 
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major limitations including: 1) comparison of single serum antibody levels between control 

subjects and COPD patients and 2) the utilization of acute sera obtained at presentation for 

exacerbation rather than before the onset of infection.29,33-35 A study was performed by Bakri and 

colleagues that utilized methods that avoided the above stated limitations of previous studies.36 

This aim of the study was to characterize immune response to M. catarrhalis after exacerbations 

of COPD utilizing pre- and post-exacerbation samples obtained during 21 exacerbations in 18 

patients. New serum immunoglobulin G (IgG) developed after 12 (57%) of 21 exacerbations while 

new mucosal IgA to surface-exposed epitopes developed after 42% of exacerbations. In a study 

by Yi et al., sera from two patients with exacerbations of chronic bronchitis due to nontypeable H. 

influenzae (NTHI) were characterized.37 Pre-exacerbation sera was obtained 1 month prior to 

exacerbation and post-exacerbation sera was recovered 1 month following the exacerbation. Both 

patients developed new bactericidal antibodies to their infecting strains following the 

exacerbations. The results showed that both patients developed new antibodies to a limited 

number of bacterial antigens, including the development of new antibodies to P2, the major outer 

membrane protein of NTHI. The studies described above overcome previous methodological 

limitations and demonstrate the development of specific immune response to infecting strains of 

NTHI and M. catarrhalis. 

In summary, it is now established that approximately 50% of COPD exacerbations are 

caused by bacterial infection.23 The four predominant bacterial species isolated as mentioned 

above from patients experiencing COPD exacerbation include H. influenzae (20–30% of 

exacerbations), S. pneumoniae (10–15% of exacerbations), M. catarrhalis (10–15% of 

exacerbations) and P. aeruginosa (5–10% of exacerbations).23 Other less frequently isolated 

pathogens include Gram-negative Enterobacteriaceae, H. haemolyticus, H. parainfluenzae, and 

S. aureus. 
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Pseudomonas aeruginosa in COPD Patients 

The focus of Specific Aim 1 of this proposal is to characterize the association between 

airway (sputum) carriage by P. aeruginosa (PA) with multiple clinical outcomes among COPD 

outpatients. The central hypothesis is that PA carriage increases the risk of adverse clinical 

outcomes in COPD. Elucidating the role of PA in COPD will lead to evidence based patient care, 

which can ultimately improve health outcomes in COPD patients. Herein, the discussion will 

include relevant aspects of PA as well as clinical and epidemiologic associations with COPD 

patients. 

Epidemiology of P. aeruginosa 

P. aeruginosa is a non-fermentative gram-negative bacillus that is commonly found in 

hospital settings and in the environment, especially in water.38 Attention is paid to PA as a 

potential pathogen in hospitals because reservoirs for infection can develop, especially in 

intensive care units (ICU).39 This organism displays a preference for infection among 

immunocompromised hosts, it is a major cause of ventilator-associated pneumonia, and there is 

an increase in occurrence of PA strains with resistance to multiple antibiotics.38,39 In a multi-center 

survey of Gram-negative aerobic bacteria isolated from patients in ICUs in the U.S., PA was the 

most commonly isolated Gram-negative aerobic bacterium (23%) and was the most common 

bacterium recurrently isolated from the respiratory tract (32%).40 

PA infection, specifically infections with multi-drug resistant PA, is associated with an 

increased mortality and longer length of hospital stay.41 In a study by Lautenbach et al., the 

authors determined the clinical and economic outcomes among patients who had an inpatient PA 

clinical culture.42 The mortality rate for those infected with PA was 16.7%, which increased to 

31.1% in those infected with imipenem-resistant PA. Patients infected with resistant PA had 

longer hospitalizations (15.5 days vs. 9 days; p=0.02) and greater hospital costs ($81,330 vs 
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$48,381; p<0.001). A study by Carmeli et al. examined the effect of antibiotic resistant PA 

detected in baseline cultures and the effect of resistance emerging during antibiotic treatment.43 

Resistance to any four of the following antipseudomonal drugs was studied: ceftazidime sodium, 

ciprofloxacin hydrochloride, imipenem, and piperacillin sodium. The study population consisted of 

489 patients admitted to Beth Israel Deaconess Medical Center from whom PA was recovered in 

clinical culture and were hospitalized for at least 2 days. The overall in-hospital mortality was 

7.6%, and this increased to 27% in patients in whom resistance emerged (RR=3.0; 95% CI: 1.2-

7.8). The median duration of hospital stay in the entire cohort was 7 days (range: 1-72 days) and 

this also increased to 24 days in whom resistance emerged (p<0.001). The acquisition of PA can 

lead to worse clinical outcomes especially in those with antimicrobial resistant isolates. As PA 

plays a role in COPD, further investigation into its clinical impact is necessary. 

P. aeruginosa and Implications to COPD 

Bacterial infection of the airways plays a critical role in the course and pathogenesis of 

COPD and current evidence suggests ~50% of acute exacerbations are attributable to bacteria.23 

The major pathogens in COPD among ambulatory patients include H. influenzae, M. catarrhalis 

and S. pneumoniae.23 PA is isolated from sputum samples in 4-15% of adults with COPD, which 

suggests it is a common cause of infection.32 However, the role of PA in the clinical course of 

COPD specifically and its impact on COPD clinical outcomes is not well characterized. In other 

chronic lung diseases, including cystic fibrosis (CF) and bronchiectasis, PA plays an important 

role in the clinical course; chronic PA infection is difficult to eradicate and is responsible for much 

of the early mortality associated with CF.44,45 In bronchiectasis, PA colonizes the respiratory tract 

and those colonized by PA exhibit more severe impairment of pulmonary function compared with 

those who remain free of colonization.46 Whether these observations translate to COPD is 

unknown. 
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Risk Factors Associated with P. aeruginosa Acquisition in COPD 

PA accounts for 5–10% of COPD exacerbations, and is associated with advanced 

pulmonary disease.23 Herein, we discuss predicators of PA isolation from sputum in adults with 

COPD. Miravilttles et al. performed a cross-sectional study in six pulmonary units among 

secondary or tertiary hospitals in Spain.47 This study demonstrated that patients with a predicted 

FEV1 of less than 50 percent were more likely to have H. influenzae or PA isolated from sputum 

during exacerbations than patients with less severe impairment of pulmonary function. Another 

study by Eller et al. demonstrated that in patients with a FEV1 less than 35% the predicted value, 

Enterobacteriaceae and Pseudomonas species were the predominant bacteria isolated from 

sputum.48 A study by Gallego et al. examined the prevalence and risk factors for PA recovery 

from sputum in severe COPD outpatients.49 COPD patients were included if they had a 

postbronchodilator FEV1 below 50% and reported three or more severe exacerbations in the 

previous year. PA was isolated in 34.7% of patients and independent risk factors associated with 

PA isolation included bronchiectasis score (>5) [OR=9.8, 95% CI: 1.7-54.8] and the number of 

courses of antibiotic therapy per year (OR=1.7 per each course, 95% CI: 1.1-2.5).49 

Garcia-Vidal et al. examined risk factors for PA isolation in patients hospitalized for acute 

COPD exacerbation.50 This study prospectively examined 188 patients admitted to the hospital 

setting. Independent risk factors for PA isolation in sputum at hospital admission included a poor 

scoring on the BODE index (OR=2.18, 95% CI: 1.26-3.78), systemic steroid treatment (OR=14.7, 

95% CI: 2.28-94.8) and previously isolation of PA (OR=23.1, 95% CI: 5.7-94.3). Lode et al. 

performed a prospective study of 193 COPD patients with moderate to severe acute exacerbation. 

The authors showed the presence of enteric Gram-negative bacilli and PA in the sputum of 

patients during exacerbations could be predicted by severe airflow limitation (FEV1 <35% of 

predicted value).51 

Overall, these findings suggest that PA is a more frequent cause of infection as COPD 

progresses. However, it is not known whether PA in sputum is a marker of disease severity or 
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contributes to disease progression. Antibiotic therapy aimed at eradication of chronic PA infection 

in COPD is an option. Further evaluation on the role of PA and its impact on the clinical course of 

COPD is necessary in order to assess the possible benefit of short- or long-term antimicrobial 

therapy specifically directed at PA infection in COPD. 

Hospital Acquisition of P. aeruginosa and Clinical Outcomes 

Acute exacerbations are an important cause of hospital admission and are associated with 

substantial morbidity and mortality.23 Though PA isolation is associated with severe disease (as 

described above), the prognostic significance of its isolation is not well established. The studies 

below examine PA acquisition during hospitalization for COPD exacerbation and its association 

with in-hospital outcomes and prognosis following hospital discharge. Almago and colleagues 

evaluated the impact of PA isolation in sputum during hospitalization for COPD exacerbation.38 

This prospective study included all patients consecutively hospitalized for acute exacerbation of 

COPD at their institution. Patients were followed for 3 years after discharge and mortality was 

their primary outcome. In patients with a positive culture for PA at initial admission, the 3-year 

mortality was 58.6% compared to 34.9% in patients without PA. In multivariable analysis, patients 

with PA in sputum at admission had an increased risk of mortality at 3 years (adjusted HR=2.2, 

95% CI: 1.2–4.2). Though isolation was associated with mortality, these findings are based on a 

small sample of PA positive patients (n=29) hospitalized for acute exacerbation of COPD. Among 

hospitalized patients, isolation of PA is more frequent and mortality after discharge is higher than 

in outpatients.52 Also, at baseline the PA group was composed of patients with more advanced 

lung disease and were more often admitted to a hospital in the year prior to this study. Therefore, 

it is unclear whether PA was a colonizer in this group of patients with more advanced disease or 

PA isolation is associated with a worse clinical prognosis. 

A retrospective study by Lin et al examined the prognostic value of microorganisms in 

patients hospitalized with acute exacerbation of COPD.53 K. pneumoniae (19.6%) and PA (16.8%) 
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were the most common organisms attained on routine sputum cultures. Isolation of PA was found 

to be an independent risk factor for adverse in-hospital outcomes including: hospital stay >14 

days (OR=2.31, 95% CI: 1.41–3.81), endotracheal intubation (OR=1.80, 95% CI: 1.06–3.03) and 

death (OR=3.19, 95% CI: 1.21–8.38). Though PA was a common sputum isolate no further 

information of the PA group was provided which limits its generalizability. Furthermore, PA was 

found to be a risk factor for three adverse clinical outcomes including in-hospital death; however, 

severity of illness was not clearly defined within the study sample and only 47% of the sample 

reported pulmonary function tests with no other severity of illness criteria provided. It is possible 

the PA subgroup had more advanced disease, therefore more likely to encounter adverse in-

hospital outcomes. 

Acquisition of Multi-Drug Resistant P. aeruginosa and Clinical Outcomes 

As mentioned previously, one of the features of PA is its capacity to generate resistance 

against broad-spectrum antibiotics. Patients with pneumonia due to multi-drug resistant PA were 

shown to have worse clinical outcomes including increased mortality and morbidity.41 Evidence 

for whether multi-drug resistant PA has a similar impact on clinical outcomes in COPD patients is 

discussed below. 

Montero et al assessed the prognostic significance of multi-drug resistant Pseudomonas 

(MDRP) infection in hospitalized patients with acute exacerbation of COPD.54 Subjects admitted 

to the hospital for COPD exacerbation in which MDRP was isolated from sputum were defined as 

cases. Here, MDRP was defined as the absence of susceptibility to three or more antibiotic 

classes. Controls were COPD patients admitted to the hospital due to acute exacerbation without 

isolation of MDRP. Cases were matched to controls based on age, date of admission and degree 

of airway obstruction. Overall crude mortality was the primary outcome. At 2 years of follow-up, 

the crude mortality in the MDRP group was 60% compared to 28% in those without MDRP 

(p=0.01). In multivariable regression analyses, isolation of MDRP was significantly associated 
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with mortality (OR=6.2, 95% CI: 1.7–22.1). This study found a strong association between multi-

drug resistant PA and mortality indicating the resistance profile of the PA isolate may play a role 

in these patients. However, this study was limited by the fact it did not include a standardized 

approach to following up patients and almost half of the case-patients were excluded from the 

study which may have given rise to a selection bias. 

Rodrigo-Troyano et al. reported conflicting results in regards to PA resistance and clinical 

outcomes.55 The authors conducted a prospective observational study of patients admitted to an 

inpatient facility with a primary diagnosis of an acute exacerbation of COPD and isolation of PA 

from sputum. Primary outcomes were all-cause 30-day and 90-day mortality. To be classified as 

PA resistant, the PA isolated in the sputum culture had to be non-susceptible to at least one of 

the following antimicrobial categories: antipseudomonal quinolones, antipseudomonal 

cephalosporins, antipseudomonal penicillins plus beta-lactamase inhibitors, antipseudomonal 

carbapenems, aminoglycosides, monobactams and polymyxins. Patients classified with a 

sensitive strain of PA had a higher 30-day (22% vs 2.8%, p=0.03) and 90-day (33% vs. 8.3%, 

p=0.04) mortality. Furthermore, the PA sensitive group had a longer hospital length of stay. These 

findings suggest the differences in outcomes were due to the virulence characteristics of the 

sensitive and resistant PA strains isolated in this population. The underlying mechanism may be 

that patients with PA resistant strains are more likely to have PA colonization for long periods of 

time, therefore modulating the immune response and protecting them from poor clinical outcomes. 

These findings suggest that PA is associated with poor clinical outcomes, and resistance patterns 

may play an important role. However, both studies included hospitalized COPD patients, in which 

PA isolation is more frequent than outpatients with COPD.52 

P. aeruginosa and Clinical Outcomes among COPD Outpatients 

The findings discussed above suggest that the presence of PA is associated with poor 

clinical outcomes, especially mortality, but these findings included patients hospitalized with 
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exacerbations or those with multidrug resistant pathogens. The impact of PA identified in sputum 

from COPD outpatients is less clear but is an important issue in order to determine the benefit of 

antimicrobial therapy specifically directed at PA in COPD. 

Murphy et al. examined the role of PA in COPD utilizing a prospective study of a general 

COPD outpatient population.32 This study enrolled 126 patients with COPD and patients were 

evaluated monthly or whenever they had symptoms suggestive of an exacerbation. Their findings 

suggest that PA isolation was not associated with exacerbation (20.8% vs 18.2%, p=0.33), 

however acquisition of a new strain of PA was associated with the occurrence of an exacerbation 

(42.6% vs 18%; RR=3.36, 95% CI: 1.88–6.03). Within the same cohort of patients, the authors 

demonstrated that acquisition of a new strain of non-typeable H. influenzae, M. catarrhalis and S. 

pneumoniae was associated with the occurrence of an exacerbation.31 At the time of this previous 

study, the authors found no association between new strain acquisition of PA and an 

exacerbation. However, this was probably due to the limited number of episodes of acquisition 

and carriage of PA at that time. This study also showed unique carriage patterns of PA among 

COPD patients including: 1) short-term colonization followed by clearance and 2) long-term 

persistence with mucoid strains. These carriage patterns demonstrate differences between 

COPD and cystic fibrosis. Most patients with cystic fibrosis acquire PA and chronic PA infection 

is responsible for early mortality.44 However, colonization with Pseudomonas does not seem to 

be unavoidable in COPD, which may improve the clinical prognosis of these patients. 

A subsequent study by Boutou et al. examined whether the isolation of PA in sputum of a 

general outpatient COPD population was associated with long-term mortality.56 The authors 

performed a nested case-control study utilizing a COPD research audit database associated with 

the Royal Brompton Hospital (London, UK). Case patients were those with at least one positive 

sputum culture for PA and controls had either negative cultures or bacteria other than PA. Sixty-

six PA culture positive patients were matched to 66 PA culture negative patients based on sex, 

age and FEV1% predicted. Over a twelve year period, 51 (38.6%) patients died; of these 52.9% 
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(n=27) were PA positive, and 47.1% (n=24) were PA negative. Based on the Kaplan-Meier 

survival curve, PA positive sputum culture was not associated with mortality (p=0.49). Based on 

these findings the authors concluded that a single isolate of PA in sputum from a general COPD 

population is not associated with worse survival. However, this study was limited by the lack of 

baseline data including exercise capacity, dyspnea severity, and frequency of previous 

hospitalizations, which all could have affected mortality. The prevalence of bronchiectasis, which 

is a factor that could have favored PA infection, was also not systematically assessed in all 

patients. Furthermore, the authors did not asses other clinical outcomes which may impact the 

morbidity associated with the disease (i.e. frequency of exacerbations and hospitalizations). 

As these studies demonstrate, there is conflicting evidence on whether PA acquisition is 

associated with worse clinical outcomes. In COPD patients hospitalized with an exacerbation or 

with a multi-drug resistant organism, studies have found that the presence of PA is associated 

with mortality. However, in COPD outpatients the acquisition of a new strain of PA was found to 

be associated with the occurrence of an exacerbation, but no relationship was found with long-

term mortality. In order to improve health outcomes in COPD patients, we must further our 

understanding of the relationship between PA carriage and clinical outcomes in COPD. Whether 

therapy aimed at eradication or suppression of chronic PA infection in COPD is beneficial is 

unclear. Additional evidence for a negative impact of chronic PA carriage on the clinical course of 

COPD may provide evidence for or against the role of specific treatment for PA, which could lead 

to improved outcomes. 

Microbial Prevalence and Interactions in COPD 

The focus of Specific Aim 2 is to further understand the distribution of bacterial 

colonization in COPD patients and to evaluate the species-specific associations between bacteria 

within the respiratory tract. The central hypothesis is that individual patients with COPD are 
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susceptible to certain pathogenic bacteria and a relationship exists between these bacterial 

species that may directly influence the disease. The rationale behind the proposed research is 

that if we elucidate these patterns then we can pursue personalized strategies for the treatment 

of COPD. Currently, the literature on bacterial associations in the respiratory tract is focused on 

the upper respiratory tract within pediatrics. Here, we will review the pertinent literature within the 

pediatric literature as this includes the same microorganisms (including S. pneumoniae, H. 

influenzae, and M. catarrhalis) as seen in COPD. 

Bacterial Interactions 

Bacterial infections cause ~50% of COPD exacerbations, and the occurrence of these 

exacerbations are strongly associated with acquisition of new strains of pathogenic bacteria 

(nontypeable H. influenzae, Moraxella catarrhalis, Streptococcus pneumoniae, and 

Pseudomonas aeruginosa).23 These same bacterial species colonize the lower airways in COPD 

for an extended period of time and likely enhance the inflammatory process that underlies COPD. 

Bacterial colonization of the lower respiratory tract is a dynamic and complex process. A 

characteristic of colonization is to outcompete inhabitants that were already present in the lower 

respiratory tract.57 Microbes have developed a range of different interaction tools that lead to both 

positive and negative interactions.57 Positive interactions are assumed to exist when one 

microorganism generates a favorable condition for another via mutualism, commensalism or by 

helping to evade the host immune system.57 Conversely, negative interactions may be due to 

direct interspecies interactions where an organism may directly compete for the same niche, or 

when host immune response disproportionately affect ones of the competing microorganisms.57 

Highly evolved relationships exist between microbes and it is important to understand these 

relationships within the lower respiratory tract, especially when flora is manipulated with the 

possibility of affecting other pathogens.58 
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Bacterial Mechanisms of Interaction 

Several mechanisms have been proposed to explain bacterial-bacterial interactions in the 

upper respiratory tract. First, the production of hydrogen peroxide (H2O2) is a mechanism used by 

bacteria to complete with other species.57 S. pneumoniae is tolerant of H2O2 and produces 

concentrations that are bactericidal even for bacteria that produce the H2O2-neutralizing enzyme, 

catalase, such as H. influenzae.59 Another strategy used by competing species to interfere with 

each other is to target structures that mediate adherence to the epithelium of the competing 

microorganism.57 Pneumococcus is able to express neuraminidase which is able to cut off cell 

surface-expressed sialic acids of some H. influenzae strains. This prevents attachment of H. 

influenzae to the surface of airways cells and subsequent colonization.60 A third mechanism 

involves phosphorycholine (PhC), a cell-surface molecule that mediates bacterial adherence to 

host cell receptors.57 This molecule is expressed by both S. pneumoniae and H. influenzae, and 

seems to contribute to the competitive effect between these two species through its 

immunogenicity.57 The production of antibodies against PhC is induced at pre-exposure to one of 

the two species, which promotes clearance of the other co-colonizing species.61,62 In vitro studies 

have shown that PhC is necessary for the survival of pneumococci but not H. influenzae, therefore 

61,63 H. influenzae may switch off PhC expression to give it an advantage over S. pneumoniae. 

Microbial interactions are multifactorial and involve a complex interplay between bacterial 

characteristics and host factors which may have important consequences on the susceptibility to 

disease.57 

Bacterial Prevalence and Interactions in the Upper Respiratory Tract among Children 

Interbacterial competition was explored in two prospective studies by Pettigrew et al. and 

Xu et al. The prevalence of colonization of S. pneumoniae, H. influenzae, M. catarrhalis, and 

Staphylococcus aureus was explored by Pettigrew et al. in a prospective study of otitis media 

complications of upper respiratory tract infections (URIs) in children.64 The study included 212 
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children that experienced at least one URI. A nasopharyngeal swab for bacterial culture was 

collected and individual children contributed between 1 and 20 swab specimens each (mean [SD] 

and median of 4.6 [3.8] and 3.0 swabs, respectively) from 1 to 18 URI episodes (mean [SD] and 

median of 4.0 [3.3 and 3.0 episodes, respectively). Overall, at least 1 of the 4 species was isolated 

from 86.9% of samples. Of the 968 swabs, S. pneumoniae was present in 45.6%, H. influenzae 

was present in 32.4%, and M. catarrhalis was the most common bacteria species identified in 

63.1% swabs. S. aureus was relatively rare with only 7.1% positive cultures. Polymicrobial 

colonization was common with at least 2 of the 4 species isolated from 32% of samples and 3 of 

the 4 species isolated from 14% of samples. 

Bacterial interaction was assessed in the same study by Pettigrew et al. using repeated 

measures logistic regression models to predict colonization by S. pneumoniae, H. influenzae or 

M. catarrhalis.64 A positive association between bacteria is indicated by an odds ratio (OR) ≥1; a 

negative association is indicated by an OR <1. An OR of 1.0, or any 95% confidence interval that 

includes 1.0 indicates no significant association. The model predicting colonization by S. 

pneumoniae indicated that colonization by H. influenzae was negatively associated with S. 

pneumoniae (OR=0.59, 95% CI: 0.40-0.88). However, when H. influenzae and M. catarrhalis 

colonized together, they were positively associated with S. pneumoniae colonization (OR=2.13, 

95% CI: 1.35-3.38). In the model examining H. influenzae colonization, H. influenzae was 

negatively associated with S. pneumoniae (OR=0.52, 95% CI: 0.32-0.83) and M. catarrhalis 

(OR=0.45, 95% CI: 0.29-0.69). The third model examined factors associated with colonization by 

M. catarrhialis. H. influenzae was negatively associated with colonization by M. catarrhalis 

(OR=0.44, 95% CI: 0.30-0.63), but when H. influenzae and S. pneumoniae colonized together, 

they were positively associated with colonization by M. catarrhalis (OR=2.09, 95% CI: 1.30-3.37). 

Overall, this study described nasopharyngeal colonization of children with four pathogenic species 

alone or in combination during URI as well as the bacterial interaction between species. Their 

models predicting S. pneumoniae colonization indicated that H. influenzae is negatively 
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associated with S. pneumoniae, which is in line with a previous in vivo mouse model.65 In 

BALBc/SCID mice, both S. pneumoniae and H. influenzae were injected separately and 

successfully colonized. However, S. pneumoniae was rapidly cleared when H. influenzae was 

present and this competitive interaction was dependent on complement and neutrophils.65 

However, when Pettigrew and colleagues examined both H. influenzae and M. catarrhalis 

together the odds of S. pneumoniae colonization increased by >2 fold. Unfortunately, M. 

catarrhalis was not examined in the mouse model. These findings suggest that competitive 

interactions between bacteria are complex after URI and may shift from negative and positive 

when additional bacteria species are present. 

A subsequent study by Xu et al. evaluated the differences in nasopharynx colonization 

rate and bacterial interactions of young children while healthy (healthy visits) and at onset of acute 

otitis media (AOM).66 This study used data from a 5-year prospective study where they analyzed 

nasopharyngeal samples collected during 1,183 healthy visits and 334 AOM visits among 320 

children 6-24 months of age. The pathogens S. pneumoniae (SP), H. influenzae (HI), and M. 

catarrhalis (MC) were isolated and identified. The overall colonization rates for any of the three 

pathogens were 57.4% (679/1,183) at healthy visits and 89.8% (300/334) at AOM visits 

(p<0.0001). The rate of SP colonization, when neither HI nor MC were present, for children at 

healthy visits was 14.2% which did not differ statistically from AOM visits (14.4%; p=0.93). The 

rate of HI colonization, when neither SP nor MC were present, at AOM visits was 19.5% compared 

to 4.5% at health visits (p<0.0001). A similar difference in rate of colonization between AOM and 

healthy visits was seen for MC colonization. 

The authors of the above study utilized repeated measures logistic regression models to 

evaluate bacterial interactions at healthy and AOM visits for colonization with SP, HI and MC. The 

first model examined factors associated with SP colonization. At healthy visits, MC colonization 

was positively associated with SP colonization (OR=1.42, 95% CI: 1.06-1.99), and at AOM visits 

HI colonization was negatively associated with SP colonization (OR=0.40, 95% CI: 0.22-0.71). In 
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the second model, HI colonization was the outcome, and at AOM visits both SP (OR=0.41, 95% 

CI: 0.23-0.73) and MC (OR=0.37, 95% CI: 0.19-0.71) were negatively associated with SP 

colonization. In the third model, MC colonization was the outcome. At healthy visits SP 

colonization was positively associated with MC colonization (OR=1.51, 95% CI: 1.12-2.03), and 

at AOM visits HI colonization was negatively associated with MC colonization (OR=0.35, 95% CI: 

0.18-0.68). Overall, the study by Xu et al. provides further insight into bacterial colonization and 

interaction among pediatric patients at both a healthy state and those with AOM. The authors 

found that H. influenzae colonization was competitively associated with S. pneumoniae and M. 

catarrhalis colonization at AOM visits but not at healthy visits. These data suggest that 

nasopharynx colonization of healthy children might not reflect the polymicrobial mix at the time of 

onset of AOM. Though the nasopharyngeal environment favors H. influenzae colonization during 

onset of AOM it is the mix of bacteria at time of infection that determines which organisms are 

more likely to cause infection. The authors’ findings of competitive interactions between S. 

pneumoniae and H. influenzae at time of infection are similar to those seen by Pettigrew et al., 

however the authors further show the differences in colonization and bacterial interactions during 

times of health and at onset of AOM in young children. 

The knowledge regarding bacterial distribution and interactions among S. pneumoniae, H. 

influenzae and M. catarrhalis is confined to studies in the upper respiratory tract among children. 

Our study will be the first to examine these questions in the lower respiratory tract in a COPD 

patient sample. Enhanced understanding of patterns of bacterial colonization and interaction in 

COPD is vital to prevention and management of these infection. There is wide variation in the 

occurrence of exacerbations and patterns of colonization among COPD patients. Knowledge of 

these patterns could lead to a more in depth investigation of underlying susceptibility mechanisms 

and personalized strategies for reducing bacterial infection in COPD through vaccination and 

tailored antibiotic therapy. 
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Hospital Readmissions related to COPD Exacerbations 

The focus of Specific Aim 3 is to further understand the frequency, causes and predictors 

for early hospital readmission related to COPD exacerbations. The central hypothesis is that 

causes and predictors for early hospital readmission are different from late hospital readmission. 

The rationale behind the proposed research is that by further understanding early readmissions 

related to COPD we can facilitate high-quality patient care, thus improving patient outcomes and 

reducing healthcare costs. The discussion below will include relevant aspects of COPD 

rehospitalization including its emergence as an emphasis within the healthcare system, rates of 

readmission and established risk factors for rehospitalization. 

Hospital readmissions have become a healthcare focus since 2012 when the Centers for 

Medicare and Medicaid Services (CMS) launched the Hospital Readmissions Reduction Program 

(HRRP) to reduce the risk of hospital readmissions.67 Initially, this program included patients 

hospitalized for acute myocardial infarction, pneumonia or heart failure; however in 2014, the 

program was expanded to include hospitalizations for COPD exacerbations.68 Financial penalties 

are used by CMS HRRP to motivate hospitals to implement quality improvement programs to 

reduce avoidable hospital admissions within 30 days of hospital discharge. These penalties can 

be as high as 3% of hospital specific Medicare payment for all discharges. In fiscal year 2013, 

more than 2,000 hospitals were penalized nationwide, resulting in an estimated $280 million in 

penalties.69 

Rate of COPD Hospital Readmissions 

High rates of hospital readmission may indicate problems in transitions of care or 

outpatient management following discharge.70 Jencks et al. analyzed fee-for-service Medicare 

beneficiaries to describe patterns of rehospitalizations.71 The authors found that 19.6% of the 

11,855,702 beneficiaries discharged from a hospital were hospitalized within 30 days and that 

increases to 34% at 90 days. Among beneficiaries admitted to the hospital with COPD, 22.6% 
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were readmitted within 30 days. This article showed that rehospitalizations among Medicare 

beneficiaries are frequent, costly and can be associated with gaps in follow-up care. 

Elixhauser et al. specifically examined COPD rehospitalizations utilizing data from the 

Healthcare Cost and Utilization Project (HCUP).70 The authors included 15 states in the U.S. and 

the index admission was defined as occurring between January and November of 2008. There 

were 190,700 index admissions with a principal diagnosis of COPD, and among these patients, 

7.1% of admissions were followed by at least one readmission within 30 days. When COPD was 

listed as either the primary or secondary diagnosis code, the 30 day readmission rate increased 

to 17.3%. All-cause 30-day readmission, where COPD was not included on the subsequent 

admission was 20.5%. The readmission rate for patients with a principal diagnosis of COPD was 

highest among Blacks (8.0%), those with a lower household income (7.8%) and males (7.6%). In 

summary, this article provided a baseline rate for readmissions related to COPD, however these 

findings were based on data from 2008. 

More recent data on COPD-related rehospitalizations in the United States was published 

by Ford et al. in 2015.8 The study by Ford and colleagues examined trends in 30 day readmission 

rates utilizing the Nationwide Inpatient Sample (NIS).8 The NIS is a national database through 

HCUP, which is sponsored by the Agency for Healthcare Research and Quality (AHRQ). It is 

created by drawing a stratified probability sample of hospitals drawn from State Inpatient 

Databases that include hospitalizations by patients with Medicare, Medicaid, private insurance 

and the uninsured. In 2012, there were 44 participating states, including 4,378 hospitals and 

7,296,968 discharges which covers approximately 95% of the US population. This study assessed 

patients with an index hospitalization for COPD or bronchiectasis from 2009 to 2012. The findings 

were similar to those of Elixhauser et al. with readmission rates ranging from 6.9-7.4% in those 

with a principal ICD-9 code for COPD. The data does suggest some improvement in 30-day 

readmission with a 2012 rate of 6.9%. 
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Acute exacerbations are common within COPD, and more severe cases require 

hospitalization. Within the first few weeks of the index exacerbation, patients are at increased risk 

of re-exacerbation, which can lead to hospital readmission. In addition, there appears to be high 

risk for development of new acute conditions or worsening of comorbidities in this timeframe, as 

half of the readmissions are related to other diagnoses besides COPD complications.4,10 Though 

several studies have been published about hospital readmission in 30 days, none have examined 

in detail the frequency and causes of readmission based on days from discharge due to an acute 

exacerbation of COPD. 

Risk Factors for Hospital Readmissions 

Importantly, we should examine the causes of readmission in the early post discharge 

period to assess whether they are different from later ones. Identifying risk factors for hospital 

readmission in COPD patients can have important health policy implications.68 With the current 

emphasis of CMS on short hospital stays, it is possible that early readmission is due to 

exacerbation relapses after partial recovery. Shorter time frame to readmission (≤14 days) needs 

to be evaluated as risk factors to these events may be different than late readmission (15-30 

days). For this reason, the discussion below will focus on risk factors for COPD-related hospital 

readmission. 

Cross-Sectional and Case-Control Studies 

Cao et al. performed a cross-sectional study of 186 COPD patients in two general 

hospitals in Singapore.72 This study compared frequent readmission (≥2 admissions in past year) 

versus non-frequent readmission (<2 readmissions in past year). Independent predictors 

associated with frequent readmissions included duration of COPD >5 years (OR=2.32, 95% CI: 

1.09–4.92), FEV1% <50% (OR=2.60, 95% CI: 1.18–5.74), consumption of psychotropic drugs 
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(OR=13.47, 95% CI: 1.48-122.92), and receipt of vaccination (OR=3.27, 95% CI: 1.12–9.57). In 

summary, this study found that frequent past admissions for an acute exacerbation of COPD was 

associated with disease severity and psychosocial distress as well as increased use of 

vaccination. 

To identify risk factors for non-elective readmission in patients with COPD, Pouw and 

colleagues conducted a retrospective case-control study at a hospital in the Netherlands. The aim 

of this study was to identify risk factors for 14-day readmission in COPD patients.73 Cases were 

matched 1:1 to controls based on age, sex, month of admission and FEV1% predicted obtained 

during a stable phase of the disease. Risk factors for unplanned early readmission included a low 

body mass index (p=0.005) on admission and weight loss during hospitalization (p=0.01). These 

findings suggest that nutritional status may play a role in short-term hospital readmissions and 

are similar to another study that reported associations between baseline nutritional parameters 

and morbidity in COPD patients with exacerbated disease.74 However, the total number of 

patients studied was small (14 cases and 14 controls), which may reduce the potential 

significance of other included variables and of the overall findings. 

In summary, these two non-U.S. studies found disease severity, psychosocial distress, 

and vaccination to be associated with readmission. The relatively small sample sizes of both 

studies led to imprecise measurements of the association while their international origin may 

compromise the generalizability of the findings to the U.S. healthcare system, with vastly different 

payment and care delivery principles. Furthermore, other factors associated with hospital 

readmission need to be considered such as socioeconomic status. Larger studies and more 

rigorous study designs are necessary in order to further explore characteristics that may be 

associated with hospital readmission. 
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Prospective Cohort Studies 

Three prospective cohort studies examined risk factors for COPD readmission.75-77 These 

studies provide a stronger study design and larger sample in order to further explore risk factors 

for hospital readmission. 

Gudmundsson et al. conducted a prospective cohort of patients hospitalized with acute 

exacerbations of COPD in five university hospitals in the Nordic countries.75 The study included 

416 patients with COPD and readmission data available for 406 subjects up to one year. Sixty-

one percent of patients had a readmission within 12 months. Significant determinants for 

readmission included a 4-unit increase in St. George’s Respiratory Questionnaire score 

(HR=1.06, 95% CI: 1.02–1.11), 10% increase of the predicted FEV1 (HR=0.83, 95% CI: 0.76– 

0.91), and patients with a history of anxiety (HR=1.36, 95% CI: 1.12–1.65). The strengths of this 

study are the large number of patients from five countries and a mixture of males and females at 

different GOLD stages. The limitations of this study include a lack of information on participants 

versus nonparticipants as the authors did not follow-up on patients that declined to participate. 

Also, the authors did not assess co-interventions such as nonpharmacological approaches 

included pulmonary rehabilitation or disease education, and no data were available on home care 

and availability of informal caregivers. The authors also only assessed risk factors for readmission 

at one year, and did not measure differences at other time points (i.e. 30 or 60 days following 

hospital discharge). 

A prospective cohort study conducted by Connolly et al included 247 hospitals in the 

United Kingdom.76 Forty consecutive COPD exacerbation admissions per site were identified 

prospectively and audited from the notes retrospectively. Readmission within 90 days was one of 

the secondary outcomes. Previous admission and poor performance status were the major 

predictors of readmission, though the association was not provided. Furthermore, after case mix 

adjustment, age, admitting physician, and admission policy were not found to be associated with 

readmission. Overall, 90-day readmission rates were not related to age, but were related to 
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whether or not the patient was previously admitted. These findings may suggest that in evaluating 

readmission other factors need to be taken into account such as non-disease related factors. 

These non-disease factors may include coordination of care, social support, and rehabilitation 

following discharge. However, it is more likely that readmission at 90 days is reflective of 

differences in ambulatory care rather than transition of care following hospital discharge. 

Garcia-Aymerich et al. sought to assess the association between readmission for a COPD 

exacerbation and a wide range of modifiable risk factors.77 The authors performed a prospective 

cohort study recruiting 347 COPD patients from four tertiary hospitals in Spain. The median 

number of days until first readmission was 186 (IQR, 40–432) with 63% of the sample having at 

least one readmission during follow-up. Risk factors for readmission to a hospital for an 

exacerbation included: ≥3 COPD admissions in the year before recruitment (adjusted HR 

(aHR=1.66, 95% CI: 1.16–2.39), one percent increase in FEV1 (aHR=0.97; 95% CI: 0.96–0.99), 

one kPa in PO2 (aHR=0.88, 95% CI: 0.79–0.98) and utilization of anticholinergic medications 

(aHR=1.81, 95% CI: 1.11–2.94). The generalization of these results may be limited to the specific 

patient population recruited which included 92% men, average age of 69 years and a mean FEV1 

of 36%. However, it is consistent with previous results that show as the disease worsens, patients 

are more likely to be re-hospitalized following an index admission. Another limitation of these 

results is that the authors excluded patients who died without a readmission, which may have 

introduced a degree of survival bias. 

These three prospective cohort studies provide insight into potential risk factors for 

hospital readmission at varying time frames. Different factors were found between studies, 

however it seems to be consistent that as the disease progresses, patients are more likely to be 

readmitted. A potential problem in the above studies is that readmissions during the follow-up 

period may not be a new exacerbation but a relapse of the previous one, especially if the patient 

is readmitted within 14 days. The follow-up period to readmission within these studies ranged 

from 90-365 days and all three studies were based in Europe, which has a dramatically different 
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health-care system. Within the U.S. health-care system, an emphasis has been place on 30-day 

hospital readmissions, therefore further research is necessary to elucidate specific risk factors 

within the 30-day timeframe. 

Retrospective Cohort Studies 

Factors associated with rehospitalization were further evaluated within two retrospective 

cohort studies.78,79 Lau and colleagues examined COPD admissions to a facility in Hong Kong.78 

The goal of this study was to identify factors associated with shorter time to first readmission after 

treatment for an acute exacerbation. The study included 551 patients of which 327 (59.4%) 

patients were readmitted at least once. The median time to first readmission was 240 days. 

Independent factors associated with a shorter time to first readmission included: hospital 

admission in previous 1 year (adjusted HR=1.51, 95% CI: 1.2–1.9), total length of stay in index 

admission >5 days (aHR=1.27, 95% CI: 1.02–1.59), nursing home residency (aHR=1.68, 95% CI: 

1.16–2.42), dependency in self-care activities (aHR 1.50, 95% CI: 1.16–1.94), right heart strain 

pattern on EKG (aHR=1.60, 95% CI: 1.25–2.06) and current administration of high dose inhaled 

corticosteroids (aHR=1.37, 95% CI: 1.05–1.80). A drawback of this study is the lack of pulmonary 

function data, which as a marker of disease severity has been shown to be predictor of hospital 

readmission. A strength of this study may be the retrospective nature of its study design as the 

decision to admit or discharge would not be biased by the study and the results can be taken to 

represent real-life situation. 

A study by Sharif et al. examined a large U.S. private health insurance plan 

(OPTUMInsight) to determine the frequency and predictors of 30 day rehospitalization among 

COPD patients aged 40–64 years.79 Approximately 8,263 patients were hospitalized for COPD of 

which 8.9% of patients were readmitted within the follow-up period. Following the multivariable 

analysis the following factors were associated with a higher odds of 30-day readmission: lung 

cancer comorbidity (OR=1.6; 95% CI: 1.3–2.1), anxiety (OR=1.5; 95% CI: 1.2-1.8), depression 
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(OR=1.3; 95% CI: 1.1-1.8), osteoporosis (OR=1.3; 95% CI: 1.1-1.6), and length of stay [≤2 

days(OR=1.3; 95% CI: 1.0–1.5) and ≥7 days (OR=1.2; 95% CI: 1.1–1.5)]. A limitation of this study 

was the use of ICD-9 codes to identify patients hospitalized with COPD, which has been shown 

to have a low and variable sensitivity (12-25%).80 Furthermore, as this study used administrative 

data, information was not available on the severity of patients’ COPD or the complexity of the 

index hospitalization. These factors can confound the rate of readmission. Socioeconomic status 

is an important determinant of readmission, and was not assessed in this study. Overall, this study 

was able to show a mix of provider and system factors that may be important modifiable risk 

factors for 30-day hospital readmission. 

Though several studies have been published about hospital 30-day readmission in 30 

days after initial COPD-related admission, none have examined in detail the frequency and 

causes of hospital readmission. It is quite likely that there are differences in causes of readmission 

in the early post discharge (≤14 days) period versus a later one (15-30 days). It is also possible 

that early readmission is due to exacerbation relapses, while late readmission could be due to 

comorbid conditions deteriorating or the onset of a second exacerbation. If this is correct, 

strategies to prevent early readmission within the first 2 weeks could be distinct from those used 

to prevent late readmission. Early readmission reduction may require a careful ongoing 

assessment of patient’s respiratory status at and following discharge and prompt intensification 

of treatment of exacerbation if required. Late readmission reduction strategies would focus on 

treatment of comorbidities and reduction of susceptibility to reinfection with vaccination, 

antibiotics, and other developing strategies. In order to further investigate, we plan to evaluate 

the frequency, causes and predictors for hospital readmission utilizing the National Readmission 

Database, which contains national estimates on hospital readmissions and is developed by 

AHRQ. 
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Study Rationale and Significance 

Bacterial infection of the airways plays a critical role in the course and pathogenesis of 

COPD. The role of bacterial infection in COPD has advanced over the past decade, however a 

significant gap in our knowledge is the understanding of the role of P. aeruginosa and its impact 

on mortality and morbidity in COPD. In contrast to cystic fibrosis, it is unclear whether therapy 

aimed at eradication or suppression of chronic PA infection in COPD is beneficial. We think that 

by looking for additional evidence for PA carriage on the clinical course of COPD, we can provide 

evidence for or against the role of specific treatment for PA, which will lead to improved outcomes. 

For this reason, we plan to evaluate the impact of PA acquisition in COPD and its association with 

long-term mortality and a series of clinical outcomes. 

Bacterial infection of the lower respiratory tract causes ~50% of exacerbations and this 

process is dynamic and complex. Acquisition of new strains of pathogenic bacteria (nontypeable 

Haemophilus influenzae, Moraxella catarrhalis, Streptococcus pneumoniae, and Pseudomonas 

aeruginosa) is strongly associated with the occurrence of an exacerbation. These same bacterial 

species ‘colonize’ the lower airways in COPD for extended periods of time and likely enhance the 

inflammatory process that underlies COPD. Enhanced understanding of patterns of bacterial 

colonization in COPD is vital to prevention and management of these infections. There is wide 

variation in the occurrence of exacerbations and patterns of colonization among COPD patients. 

An important unanswered question is whether individual host susceptibility to bacterial 

colonization extends across species. Knowledge of these patterns could lead to a more in depth 

investigation of underlying susceptibility mechanisms and personalized strategies for reducing 

bacterial infection in COPD through vaccination or tailored antibiotic therapy. To further 

understand bacterial colonization, we will determine the patterns of bacterial colonization and 

evaluate how pathogenic bacteria interact with one another during both clinically stable and 

exacerbation visits utilizing a prospective cohort study of COPD patients. 
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Hospital readmissions have become a healthcare focus since the launch of HRRP in 2012. 

Acute exacerbations are typical within COPD, and more severe cases require hospitalization. 

Within the first few weeks of an index exacerbation, patients are at increased risk of re-

exacerbation, which can lead to hospital readmission. We hypothesize that the causes of early 

readmission are more likely related to relapse of the index exacerbation event, while late 

readmission is related to re-exacerbation or comorbid conditions. Although studies have identified 

risk factors for COPD-related readmission, these studies include a small sample of patients and 

have utilized variable times to readmission, therefore limiting their findings. With the substantial 

sample size of the AHRQ National Readmissions Database, and by including time to readmission 

as an important analytic variable, this analysis will add substantially to our understanding of risk 

factors for early and late readmission. Our findings could have important health policy and 

management strategy implications, with possibly a dynamic rather than static readmission 

prevention strategy that changes over the days following the index hospitalization. Furthermore, 

given limited resources, a focus on high risk patients will be invaluable. 
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CHAPTER 2 – IMPACT OF PSEUDOMONAS AERUGINOSA ISOLATION ON LONG-TERM 

MORTALITY AND PATIENT OUTCOMES IN CHRONIC OBSTRUCTIVE PULMONARY 

DISEASE 
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Abstract 

Background: Tracheobronchial colonization by Pseudomonas aeruginosa has been shown to 

negatively impact outcomes in cystic fibrosis and bronchiectasis. There is uncertainty whether the 

same association is prevalent in chronic obstructive pulmonary disease (COPD), especially in the 

outpatient setting. Here we evaluated whether P. aeruginosa isolation is: (i) associated with 

mortality, and (ii) changes in exacerbation and hospitalization rates within a longitudinal 

prospective cohort of COPD in the outpatient setting. 

Methods: P. aeruginosa colonization was ascertained in monthly sputum cultures, with additional 

samples obtained at exacerbation, in a prospective cohort study in participants with COPD was 

conducted from 1994-2014. All-cause mortality was compared between patients who were 

colonized anytime during their follow-up period (PA+) and those who remained free of such 

colonization (PA-) using a Cox proportional hazards model. Exacerbation and hospitalization rates 

were evaluated by segmented regression analysis of interrupted time series for 12 months before 

and 24 months after P. aeruginosa isolation in PA+ patients and compared to PA- patients over 

similar times. 

Results: P. aeruginosa was isolated at least once from sputum in 73/181 (40%) COPD 

participants. Increased mortality was seen with P. aeruginosa isolation, as 56/73 (77%) patients 

died in the PA+ group compared to 73/108 (68%) in the PA- group (p=0.004). After controlling for 

age and pulmonary function (FEV1 %), PA+ patients had a 47% higher risk of mortality (HR: 1.47, 

95% CI: 1.03, 2.11, p=0.04). COPD exacerbation rates were higher for the PA+ group during both 

pre-isolation (15.4 vs. 9.0 per 100 person-months, p<0.001) and post-isolation periods (15.7 vs. 

7.5 per 100 person-months, p<0.001). Hospitalization rates were only higher during the post-

isolation time period for P. aeruginosa-positive patients (6.25 vs. 2.44, p<0.001). 

Conclusions: Tracheobronchial colonization by P. aeruginosa in community dwelling individuals 

with COPD was associated with higher morbidity and mortality. Consideration should be given to 

improve strategies for monitoring, prevention and treatment of P. aeruginosa in COPD. 
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Introduction 

P. aeruginosa is a significant pathogen in chronic airway diseases including cystic fibrosis 

(CF) and bronchiectasis. While S. aureus is the most commonly isolated bacterium in young 

patients with CF, P. aeruginosa predominates in older patients, eventually representing over 80% 

of bacteria in the lung 16,81 . Chronic respiratory infection with P. aeruginosa is one of the main 

characteristics of CF and significantly contributes to morbidity and mortality 82,83 , with a reported 

2.6-times higher risk of death in respiratory culture P. aeruginosa-positive patients 44. P. 

aeruginosa is isolated less frequently from patients with non-CF bronchiectasis, but once it 

46,84 becomes a chronic infection it is rarely eradicated . P. aeruginosa colonization in adult 

bronchiectasis is associated with increased mortality, hospital admissions, exacerbations, and a 

worse quality of life 85. 

Pseudomonas aeruginosa does colonize a proportion of patients with COPD and is more 

likely to be isolated from patients with severe disease, as defined by worse pulmonary function 

47,48,51,86 . The relationship between P. aeruginosa and COPD morbidity and mortality has been 

primarily investigated in hospitalized patients. P. aeruginosa isolation from patients hospitalized 

for a COPD exacerbation was prognostic for both in-hospital and three-year mortality 38,53 . In 

another study, isolation of multidrug resistant P. aeruginosa during hospitalization was also 

associated with a higher mortality up to two years after the hospital stay 54. Conversely, P. 

aeruginosa isolation identified from sputum specimens using hospital microbiology records did 

not show a relationship with long-term mortality 56. The majority of guidelines recommend specific 

treatment against P. aeruginosa in the context of COPD exacerbations, however the management 

of outpatients with isolation of this organism is not well established 87,88 . Previous studies based 

on pulsed-field gel electrophoresis and polymerase chain reaction have shown that P. aeruginosa 

are cleared over time and only a minority persist 89. However, in some patients a pattern of chronic 

colonization by P. aeruginosa has been reported 32. Unfortunately, the relationship between initial 
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P. aeruginosa isolation, clinical outcomes (e.g., exacerbations and hospitalizations), and long-

term mortality within COPD outpatients has not been thoroughly evaluated to date. 

A greater understanding of the impact of P. aeruginosa isolation on COPD mortality and 

morbidity in outpatients would help to guide specific therapies and help inform eradication 

strategies. Therefore, the goals of this study were: 1) to determine the association between P. 

aeruginosa isolation and long-term mortality, and 2) to evaluate the change in exacerbation and 

hospitalization rates following P. aeruginosa isolation within a prospective outpatient COPD 

cohort. 
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Methods 

Study Design and Participants. Data were analyzed from the Bacterial Infection in COPD study, 

a prospective study of individuals with COPD recruited through an outpatient clinic in the Veterans 

Affairs Medical Center (VAMC), Buffalo, NY, between April 1994 and June 2014 31. Participants 

were evaluated monthly and whenever they had symptoms suggestive of an exacerbation. At 

clinic visits, clinical information and sputum and serial samples were obtained. A clinical 

evaluation was performed at each visit to determine whether the patients had stable disease or 

an exacerbation as described 31,32 . The Human Studies Subcommittee of the Veterans Affairs 

New York Healthcare System approved the study protocol. 

Sputum Processing. Sputum samples were obtained at each clinic visit, and study personnel 

processing the samples were blinded to the patients’ clinical status. Sputum samples were 

homogenized by incubation at 37°C for 15 minutes with an equal volume of 0.1% dithiothreitol. 

Serial dilutions of homogenized sputum in phosphate buffered saline were placed on blood, 

chocolate, and MacConkey agar plates. Bacterial identification was performed using standard 

techniques. P. aeruginosa isolation was identified by colony morphology, the absence of lactose 

fermentation, and the presence of oxidase. To further identify P. aeruginosa sputum culture-

positive patients, the microbiology records within the Buffalo VAMC electronic medical record 

(EMR) were examined for all study participants. For patients with repeated positive sputum 

cultures, the date of the first culture was recorded. For the purposes of this study, patients were 

divided into two groups: those in whom P. aeruginosa was isolated in sputum (PA+) and those in 

whom P. aeruginosa was not isolated in sputum over the study period (PA-). 

Outcomes. Survival time was defined as the interval between study entry and the date of death 

or the date of final follow-up in the VAMC EMR (May 31, 2017). PA+ subjects were entered into 

the study at the date of P. aeruginosa isolation, and PA- were entered at the study entry date. 
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For the morbidity outcomes, we compared PA+ and PA- groups with regard to changes in 

monthly exacerbation and hospitalization rates. Exacerbations and hospitalizations were 

collected from both COPD study records and the VAMC EMR. Changes in monthly rates were 

compared between pre- and post-P. aeruginosa isolation phases. Exacerbations were counted 

as distinct events if they occurred at least two weeks after a previous exacerbation. 

Statistical Analysis. Demographic and clinical characteristics were compared between P. 

aeruginosa culture-positive and -negative groups. Categorical variables were reported as 

percentages and compared using the chi-square or Fisher’s exact test, as appropriate, and 

continuous variables were reported as medians (interquartile ranges, IQR) and compared using 

the Mann-Whitney U test. 

Mortality was evaluated utilizing Kaplan-Meier survival curves and the log-rank test to 

assess the association between P. aeruginosa isolation and mortality. Cox proportional hazards 

models were used to calculate hazard ratios (HRs) and 95% confidence intervals (CIs) associated 

with the risk of mortality following P. aeruginosa isolation. The following patient characteristics 

were investigated as confounders in the model: age, race, smoking status (current vs. former), 

pack-years of smoking, Charlson comorbidity index, and pulmonary function (i.e., forced 

expiratory volume in 1 second (FEV1)% predicted) 90. To construct the final model, each potential 

confounding factor was examined individually using a change-in-estimate criterion and was 

considered a confounder if it changed the HR of interest by 10% or more 91. All Cox models were 

checked to ensure that they fulfilled the proportional hazard assumption. 

Morbidity outcomes were evaluated in two ways: 1) by comparing the exacerbation and 

hospitalization rates 12 months prior to the first positive P. aeruginosa culture (considered the 

pre-isolation segment) to the rates 24 months after P. aeruginosa isolation (considered the post-

isolation segment); and 2) using a segmented regression analysis of interrupted time series data 

to assess changes in level and slope of the regression lines in the pre- and post-isolation 
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segments. This analysis allowed estimation of changes in outcomes between pre- and post-

isolation phases, while accounting for both sudden changes and changes in trends for the 

outcomes of interest. A change in level between the segments indicated a step-change, and a 

change in slope indicated a change in trend. Overall, the equation is represented as follows: 

𝑌𝑡 = 𝛽0 + 𝛽1 ∗ 𝑡𝑖𝑚𝑒 + 𝛽2 ∗ 𝑃. 𝑎𝑒𝑟𝑢𝑔𝑖𝑛𝑜𝑠𝑎 + 𝛽3 ∗ 𝑡𝑖𝑚𝑒 𝑎𝑓𝑡𝑒𝑟 𝑎𝑐𝑞𝑢𝑖𝑠𝑖𝑡𝑖𝑜𝑛 + 𝑒𝑡 

where 𝛽0 estimates the baseline level of the outcome (such as the mean number of exacerbations 

per month); 𝛽1 estimates the change in the mean number of exacerbations per month occurring 

in each month before P. aeruginosa isolation, representing the baseline trend; 𝛽2 estimates the 

level change in the mean number of exacerbations per month immediately after P. aeruginosa 

isolation (at the end of the preceding segment); and 𝛽3 estimates the change in the post-isolation 

trend in the mean number of exacerbations per month in each month after isolation. 𝑒𝑡 includes 

random error and autocorrelation. 

Monthly exacerbation and hospitalization rates were modeled as incidence rates, 

including baseline age and FEV1% predicted as confounders. Data were adjusted for 

autocorrelation. Incidence rates for exacerbations and hospitalizations in the culture-negative 

group were estimated by dividing the subjects into pre- and post-isolation segments based on the 

mean time to P. aeruginosa isolation within the P. aeruginosa culture-positive group. Only patients 

with non-missing data over the 36-month period were included in the exacerbation and 

hospitalization rate analyses (n=133). A two-tailed p-value of 0.05 was deemed statistically 

significant, and all analyses were performed using SAS version 9.4 (SAS Institute, Cary, NC). 
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Results 

Over the study period, 181 COPD patients were enrolled, and P. aeruginosa was isolated 

in 73 (40%) patients. Demographics and clinical characteristics of the P. aeruginosa culture-

positive and culture-negative groups are presented in Table 1. The median age of the sample 

was 68 years (IQR: 61, 74), and most patients were white (88%). The median baseline Charlson 

comorbidity index was 4 (IQR: 3, 5), and the median pack-years of smoking was 75 (IQR: 50, 

100). There were no significant differences between the PA+ and PA- patients for any of these 

characteristics. However, PA+ patients did have a significantly lower baseline FEV1% predicted 

(44% vs. 53%, p=0.01) and were followed up for a longer duration (4.7 vs. 2.4 years, p<0.001). 

During the study period, 77% (56/73) of P. aeruginosa culture-positive patients died 

compared to 68% (73/108) of P. aeruginosa culture-negative patients, with a crude HR of 1.70 

(95% CI: 1.18, 2.44) [Table 2]. The median (95% CI) survival for P. aeruginosa culture-positive 

patients was 5.5 (4.2-6.9) years compared to 8.2 (5.5-10.9) years in the P. aeruginosa culture-

negative group (Figure 1). 

Kaplan-Meier survival curves with log-rank analysis indicated that P. aeruginosa isolation 

was associated with mortality (p=0.004). After adjustment for age and FEV1%, the Cox 

proportional hazards model indicated a 47% higher risk of mortality in the P. aeruginosa culture-

positive group vs. the culture-negative group (adjusted HR [aHR] 1.47, 95% CI: 1.03-2.11, p=0.04) 

[Table 2]. As a sensitivity analysis, we performed an additional multivariable model adjusting for 

variables believed to be clinically important including age, FEV1%, Charlson comorbidity index, 

baseline smoking status, and race. The results were similar between models (aHR 1.49, 95% CI: 

1.04-2.13, p=0.03). The proportionality hazard assumption was tested using the Schoenfeld 

residuals and was non-significant in both models, indicating that the assumption was not violated. 

For the P. aeruginosa culture-positive group, the exacerbation rate was 15.4 per 100 

person-months in the pre-isolation segment and 15.7 per 100 person-months in the post-isolation 

segment (Table 3). The exacerbation rate was higher in the P. aeruginosa culture-positive group 
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vs. the culture-negative group in both the pre-isolation (15.4 vs. 9.0, p<0.001) and post-isolation 

(15.7 vs. 7.5, p<0.001) segments. 

The results of the segmented regression analysis for exacerbation rates are summarized 

in Table 4. For the P. aeruginosa culture-positive group, a significant decrease in the slope 

(coefficient -1.19, p=0.02) in the post-isolation segment was observed for the P. aeruginosa 

culture-positive group, but no significant changes in slope or level were observed in the P. 

aeruginosa culture-negative group. The relative difference between the P. aeruginosa culture-

positive and culture-negative groups based on the exacerbation rates showed an increase in trend 

in the pre-isolation segment (coefficient 0.709, p=0.11) followed by a decrease in trend in the 

post-isolation segment (coefficient -1.18, p=0.06). Monthly exacerbation incidence rates are 

presented in Figure 2. 

The hospitalization rate in the P. aeruginosa culture-positive group increased from 4.74 

per 100 person-months in the pre-isolation segment to 6.25 per 100 person-months in the post-

isolation segment (p=0.17) [Table 3]. Hospitalization rates were similar between P. aeruginosa 

culture-positive and culture-negative groups in the pre-isolation segment (p=0.71) and 

significantly higher within the culture-positive group in the post-isolation segment (6.25 vs. 2.44 

hospitalizations per 100 person-months, p=0.01). A decreasing trend in the PA- group was seen 

pre-isolation (P=0.07) with an almost significant difference from the PA positive group (P=0.06) 

There were no significant changes in slope or level in either group within the pre- and post-

isolation segments (Figure3/Table 4). 
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Here we show that even in the outpatient setting, P. aeruginosa tracheobronchial 

colonization increases long-term mortality in COPD. P. aeruginosa colonization is also associated 

with greater morbidity, with a higher exacerbation frequency observed in the year before and two 

years after isolation. Interestingly, in P. aeruginosa culture-positive patients, there was an upward 

trend in the exacerbation rate in the 12 months prior to P. aeruginosa isolation followed by a 

downward trend in the 24 months following isolation. Additionally, P. aeruginosa culture-positive 

patients had higher, sustained hospitalization rates over the observation period. 

Our data indicate that the isolation of P. aeruginosa from an outpatient based COPD 

population is associated with worse survival. Previous studies evaluating this relationship were 

based on patients hospitalized for COPD exacerbations. Almago et al. 38 prospectively studied 

patients hospitalized with a COPD exacerbation and reported that P. aeruginosa isolation in 

sputum was associated with a higher mortality at three years (HR: 2.2, 95% CI 1.2-4.2). Similarly, 

Lin et al. 53 described 494 COPD exacerbations in hospitalized patients in Taiwan and found that 

P. aeruginosa was a common pathogen and independent risk factor for inpatient mortality (OR: 

3.19, 95% CI 1.21-8.38). MDR P. aeruginosa isolation in hospitalized patients has also been 

shown to be associated with mortality in COPD 54,55 . In contrast to our observations, Boutou et al. 

56 found no relationship between P. aeruginosa isolation and long-term mortality using hospital-

based microbiology to identify isolation. The retrospective nature of this study prohibited authors 

from systematically recording the reasons for sputum culture collection, therefore samples may 

have been collected during a hospitalization for an exacerbation or from outpatients with chronic 

sputum production. Moreover, the findings by Boutou and colleagues may be explained by an 

immortal time bias where PA + subjects contributed time to the survival analysis prior to PA 

isolation. This bias may contribute to no association between PA isolation and mortality. 

COPD exacerbations incur a substantial burden on healthcare systems and are a major 

cause of morbidity, mortality, and poor health status 92,93 . Our results suggest that patients with 
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P. aeruginosa-positive sputum cultures have higher exacerbation rates. Previous analyses of the 

same cohort of patients demonstrated that isolation of a new P. aeruginosa strain was associated 

with exacerbation 32. Gallego et al. 49 recently reported that P. aeruginosa is associated with a 

higher exacerbation frequency (4.4±4 vs. 2.5±2, p=0.008) in a prospective study of 118 COPD 

patients followed for up to one year following hospital discharge. Boutou et al. 56 also reported a 

significantly higher exacerbation rate per year in P. aeruginosa isolation-positive patients. 

The upward trend in the exacerbation rate prior to P. aeruginosa isolation was a novel 

observation in our study. Temporal relationships have been explored in CF patients, including of 

serum antibody production prior to isolation of P. aeruginosa. West et al. 35 showed that titers of 

antibodies directed against P. aeruginosa were elevated to 1:256 or more up to 11.9 months prior 

to P. aeruginosa isolation (P<0.001). Clinical indicators of P. aeruginosa-associated pulmonary 

infection, including a Wisconsin Cystic Fibrosis Radiograph score of 5 or more and cough severity, 

were also seen prior to the increase in antibody titers. Antibody titers were not available in our 

study, but we speculate that the upward trend observed may be a clinical indicator of P. 

aeruginosa-associated pulmonary infection in COPD patients prior to initial isolation. As early 

detection and prompt treatment of exacerbations are essential to reduce COPD burden, a prompt 

diagnosis of P. aeruginosa-related infection should be a priority to limit long-term sequelae. As 

chronic colonization by PA has adverse consequences also, whether early eradication as is 

practiced in CF with success is applicable to COPD could be considered. 

The frequency of hospitalizations increased following P. aeruginosa isolation and was 

substantially greater than in the PA- patients. Our observation extends the observations in 

previous studies that show higher hospitalization rates and lengths of stay among COPD patients 

with P. aeruginosa 38,49,50 . 

Does PA colonization directly increase COPD morbidity and mortality, or is it a marker of 

another cause of worse clinical outcomes? The accumulating evidence for the vicious cycle 

hypothesis in COPD, that bacterial presence in the tracheobronchial tree even in clinically stable 
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COPD, is pro-inflammatory and associated with pathological and structural evidence of chronic 

infection, would suggest that PA is a direct driver of adverse outcomes rather than a marker. The 

clear cut adverse consequences of PA colonization in bronchiectasis and CF have been 

described in several studies, and though differences exist, a final common of infection associated 

inflammatory damage to the airways is likely to be common among these airway diseases. 

This study had several strengths, including the prospective design, outpatient population, 

and the careful documentation and diagnosis of COPD exacerbations. A limitation of our study 

was the relatively small number of patients included; however, most published studies in this field 

have used similar sample sizes. Further, high-resolution computed tomography was not 

performed to diagnose bronchiectasis, so we could not estimate the prevalence of bronchiectasis 

within our cohort. Since the patient population included predominantly moderately severe and 

severe COPD with chronic bronchitis, subclinical bronchiectasis is likely to have been present in 

a proportion of participants. 

Isolation of P. aeruginosa in sputum is associated with long-term mortality in COPD 

outpatients. P. aeruginosa isolation was also associated with adverse clinical outcomes including 

higher exacerbation and hospitalization rates. An upward trend in the exacerbation rate was seen 

prior to isolation of P. aeruginosa in sputum cultures, supporting the hypothesis that a temporal 

relationship exists between exacerbations and initial isolation. To confirm these findings, 

additional studies are necessary with a larger number of patients over longer observation times 

to improve strategies for the prevention and treatment of P. aeruginosa in patients with COPD. 
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Table 1. Differences between Pseudomonas aeruginosa culture-positive and 
culture-negative groups among patients enrolled in the COPD study, Buffalo, NY 
April 1994-June 2014 

P. aeruginosa P. aeruginosa 
Characteristic, N (%) or 

culture-positive culture-negative P 
median (IQR) 

(N=73) (N=108) 

Age, yr 66 (61, 73) 68 (62, 74) 0.63 
Race 0.32 

White 62 (85) 97 (90) 
Black 11 (15) 11 (10) 

Smoking status 0.95 
Current smoker 24 (33) 36 (33) 
Former smoker 49 (67) 72 (67) 

Pack-years of smoking 75 (50, 106) 73 (50, 96) 0.28 
Charlson comorbidity index 4 (3, 5) 4 (3, 5) 0.89 
FEV1, L 1.42 (1.08, 1.78) 1.67 (1.25, 2.19) 0.01 
FEV1 % predicted 44 (33, 54) 53 (36, 63) 0.01 
Duration in Study, yr, (mean±SD) 5.7±4.2 3.7±3.7 <0.001 

Median (IQR) 4.7 (2.8, 7.6) 2.4 (1.1, 5.2) <0.001 
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Table 2. Pseudomonas aeruginosa isolation and risk of mortality in adults with COPD, Buffalo Veterans 
Affairs Medical Center, Buffalo, NY, 1994-2014 

Events/ Crudea HR Adjustedb HR Adjustedc HR 
Group p p p

Persons (95% CI) (95% CI) (95% CI) 

P. aeruginosa 
73/108 1.0 (reference) - 1.0 (reference) - 1.0 (reference) -culture-negative 

P. aeruginosa 
56/73 1.70 (1.18, 2.44) 0.004 1.47 (1.03, 2.11) 0.04 1.49 (1.04, 2.13) 0.03culture-positive 

aCox proportional hazards regression, unadjusted 
bCox proportional hazards model, covariates: age and FEV1 % 
cCox proportional hazards model, covariates: age, FEV1 %, Charlson comorbidity index, baseline smoking status, and race 
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Table 3. Exacerbation and hospitalization rates in P. aeruginosa culture-positive and culture-
negative groups during the pre- and post-isolation segments, Buffalo, NY, USA, April 1994-June 
2014 

Outcome Group 

Exacerbation rate PA culture-positive 
PA culture-negative 

P-value 
(Positive vs. negative groups) 

Hospitalization rate PA culture-positive 
PA culture-negative 

P-value 
(Positive vs. negative groups) 

Abbreviations: PA, P. aeruginosa 
a Rates are expressed as per 100 person-months 

Pre-isolation 
segmenta 

(95% CI) 

15.4 (12.6, 18.6) 
9 (7.1, 11.2) 

<0.001 

4.74 (3.26, 6.65) 
4.33 (3.08, 5.92) 

0.71 

Post-isolation 
P-value 

segmenta 
(pre vs. post) 

95% CI 

15.7 (13.7, 17.9) 0.88 
7.5 (6.3, 8.9) 0.20 

<0.001 

6.25 (5.01, 7.71) 0.17 
2.44 (1.78, 3.29) 0.01 

<0.001 
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Table 4. Changes in exacerbation and hospitalization rates between P. aeruginosa culture-positive and culture-negative 
groups using segmented regression analysis, Buffalo, NY, USA, April 1994-June 2014 

Baseline trend Trend change 
Outcome Group (per 100 person- Change in level after month 12 

months) (per 100 person-months) 

Coefficient (SE) p Coefficient (SE) p Coefficient (SE) p 

Exacerbation rate PA culture-positive 0.537 (0.339) 0.12 1.34 (3.27) 0.69 -1.19 (0.472) 0.02 
PA culture-negative -0.356 (0.458) 0.44 -1.99 (3.02) 0.52 0.225 (0.405) 0.58 
Difference 0.709 (0.434) 0.11 2.70 (4.18) 0.52 -1.18 (0.603) 0.06 

Hospitalization rate PA culture-positive 0.247 (0.281) 0.39 1.83 (2.71) 0.50 -0.312 (0.391) 0.43 
PA culture-negative -0.533 (0.289) 0.07 -2.84 (1.90) 0.15 0.343 (0.255) 0.19 
Difference 0.522 (0.263) 0.06 3.33 (2.54) 0.20 -0.561 (0.366) 0.14 

Abbreviations: PA, P. aeruginosa; SE, standard error. 
a Each model is adjusted for age and FEV1 % 
b Significant results are shown in boldface 
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Figure 1. Kaplan-Meier comparing overall survival for the Pseudomonas aeruginosa 
culture-positive and culture-negative groups 
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P=0.004 (log rank)
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Figure 2. COPD exacerbation rates comparing P. aeruginosa culture-positive and culture-
negative groups in the pre- and post-isolation segments (abbreviation: PA, P. 
aeruginosa) 
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Figure 3. Hospitalization rates comparing P. aeruginosa culture-positive and culture-negative 

groups in the pre- and post-isolation segments (abbreviation: PA, P. aeruginosa). 
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CHAPTER 3 – LOWER AIRWAY BACTERIAL COLONIZATIN PATTERNS AND SPECIES-

SPECIFIC INTERACTIONS IN CHRONIC OBSTRUCTIVE PULMONARY DISEASE 

52 



 
 

 
 

     

     

            

            

          

           

        

         

        

             

            

       

       

             

          

      

            

       

            

     

 
 
  

Abstract 

Little is known about interactions between nontypeable Haemophilus influenzae, Moraxella 

catarrhalis, Streptococcus pneumoniae and Pseudomonas aeruginosa in the lower respiratory 

tract of COPD patients. We characterized colonization by these four bacterial species, determined 

species-specific interactions, and estimated the effect of host factors on bacterial colonization 

among COPD patients. We conducted a prospective cohort study in veterans with COPD that 

involved monthly clinical assessment and sputum cultures over 20 years. Cultures were used for 

bacterial identification. We analyzed bacterial interactions using generalized linear mixed models 

after controlling for clinical and demographic variables. The outcomes of interest were the 

relationships between bacteria based on clinical status (stable or exacerbation). 181 participants 

completed a total of 8,843 clinic visits, 30.8% of which had at least one of four bacteria isolated. 

H. influenzae was the most common bacteria isolated (14.4%), followed by P. aeruginosa (8.1%). 

In adjusted models, S. pneumoniae colonization was positively associated with H. influenzae 

colonization (OR: 2.79, 95% CI: 2.03-3.73). We identified negative associations between P. 

aeruginosa and H. influenzae (OR: 0.15, 95% CI: 0.10-0.22) and P. aeruginosa and M. catarrhalis 

(OR: 0.51, 95% CI: 0.35-0.75). Associations were similar during stable and exacerbation visits. 

Recent antimicrobial therapy was associated with a lower prevalence of S. pneumoniae, H. 

influenzae, and M. catarrhalis but not P. aeruginosa. Our findings support the presence of specific 

interspecies interactions between common bacteria in the lower respiratory tracts of COPD 

patients. Further work is necessary to elucidate the mechanisms of these complex interactions 

that shift bacterial species. 

53 

https://0.35-0.75
https://0.10-0.22
https://2.03-3.73


 
 

 
 

     

         

          

       

      

        

             

          

              

           

           

         

       

        

       

             

         

        

        

        

       

        

           

         

            

Introduction 

Chronic obstructive pulmonary disease (COPD) incurs a substantial public health burden 

and has a high morbidity and mortality in the U.S. and worldwide 92,93 . The progressive course of 

COPD is accelerated by acute exacerbations that are associated with more frequent 

hospitalizations and death 94-96. It is recognized that most exacerbations are caused by bacterial 

infections; Haemophilus influenzae, Moraxella catarrhalis, Streptococcus pneumoniae, and 

Pseudomonas aeruginosa are the four most common pathogens 23. Bacterial colonization and 

infection by H. influenzae, M. catarrhalis, and S. pneumoniae, typically occur earlier in the course 

of COPD, while acquisition of P. aeruginosa is more prevalent in advanced disease 23. Overall, 

acquisition of a new strain of any of these four pathogens is associated with an exacerbation 31,32 . 

Chronic colonization of the lower airway by these pathogens in COPD is pro-inflammatory and a 

likely contributor to COPD pathogenesis. Understanding determinants of bacterial acquisition and 

persistence in the lower airways in COPD is therefore important and as yet poorly understood. 

Bacterial colonization patterns in COPD could be influenced by therapeutic interventions, 

especially antimicrobials, or host factors such as age, smoking history, and disease severity 

64,66,97,98 . In addition, interspecies bacterial interactions can influence which species establish and 

persist in a given environment, altering the composition of a microbial community and potentially 

influencing disease incidence and severity 64,99-102 . Bacterial species can interact synergistically 

to promote persistent colonization; alternatively, bacteria can compete for the same 

environmental niche and reduce colonization. To date, literature on respiratory bacterial 

interactions is limited to the nasopharynx in young children and has not yet been extended to 

studies of lower respiratory tract colonization or to adults with COPD. 

We characterized bacterial colonization patterns and interactions among the four primary 

bacterial pathogens in COPD patients during both stable and exacerbation clinical states. The 

goals of our study were to: 1) describe the prevalence of bacterial colonization with H. influenzae, 

M. catarrhalis, S. pneumoniae, and P. aeruginosa; 2) determine species-specific interactions; and 

54 



 
 

           

         

        

 

 
 
  

3) estimate the influence of host factors on colonization with the four selected species. We 

hypothesized that interspecies interactions are an important independent determinant of bacterial 

colonization patterns in COPD, and that this interaction is different in stable disease vs at 

exacerbation. 
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Methods 

Study Design and Participants 

We analyzed data from the Bacterial Infection in COPD study, a prospective study of 

individuals with COPD recruited through an outpatient clinic in the Veterans Affairs Medical 

Center, Buffalo, NY between April 1994 and June 2014 31. Participants were evaluated monthly 

and whenever they had symptoms suggestive of an exacerbation. The Human Studies 

Subcommittee of the Veterans Affairs New York Healthcare System approved the study protocol, 

and all participants gave written informed consent. 

A total of 183 adults enrolled in the study. We excluded two adults who did not have any 

follow-up visits. Of the total number of clinic visits (N=8,953), 8,843 (99%) visits had sputum 

culture data available for 7,464 (83%) stable and 1,379 (15%) exacerbation visits. Sputum 

samples were not available in 110 (1.2%) clinic visits (27 exacerbation and 83 stable visits). 

Data Collection 

Participants completed an in-depth interview conducted by trained personnel at 

enrollment, which collected information on demographics, baseline respiratory health history, 

occupational exposures, smoking history, medical history, current medications, and baseline 

pulmonary function tests. Subsequently, at each monthly visit, sputum and serum samples were 

collected and participants were also questioned about their chronic respiratory symptoms 

(dyspnea, cough, sputum production, viscosity, and purulence), and responses were graded 1 (at 

the usual level), 2 (somewhat worse than usual), or 3 (much worse than usual). Clinical 

assessment of the cause was prompted by a minor worsening of two or more symptoms or a 

major worsening of one or more symptoms. If the patient had a fever (a temperature ≥38.3°C), 

appeared ill, or had signs of consolidation on lung examination, a chest film was obtained to rule 

out pneumonia. If other causes of symptom worsening such as pneumonia, upper respiratory tract 

infection, and congestive heart failure were ruled out clinically, the participant was considered to 
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have a COPD exacerbation at that visit. The determination of whether the patient had stable 

disease or an exacerbation was made by one of two physicians (T.F.M. or S.S.) prior to receipt 

of sputum culture results. 

Sputum Samples 

Sputum samples were spontaneously expectorated morning samples homogenized by 

incubation at 37°C for 15 min with an equal volume of 0.1% dithiothreitol. Serial dilutions of 

homogenized sputum in phosphate buffered saline were placed on blood, chocolate, and 

MacConkey agar plates. Bacteria were identified using standard techniques. A P6-specific 

monoclonal antibody was used to distinguish H. influenzae from H. haemolyticus. Sputum 

supernatants and pellets were stored at -70°C. Study personnel processing the samples were 

blinded to the participant’s clinical status. 

The dynamics of bacterial colonization of the respiratory tract in adults with COPD include 

patterns that involve the isolation of identical strains from sputum with intervening negative 

cultures. This phenomenon is known as “gaps” and is defined as a period of negative sputum 

cultures preceded and followed by clinic visits at which an apparently identical strain was isolated. 

Previous findings have shown that persistent colonization occurs between these gaps and that 

sputum cultures underestimate the frequency of colonization of the respiratory tract in COPD 32,73 . 

Therefore, we presumed that colonization was present between clinic visits where an identical 

strain was isolated. 

Statistical Analyses 

The rates of lower airway colonization by the four potential bacterial pathogens at monthly 

visits over the course of the study were characterized using chi-square or Fisher’s exact tests, as 

appropriate. The main outcomes of interest were the relationships between bacteria overall and 

based on clinical status (stable and exacerbation). 
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Colonization by H. influenzae, M. catarrhalis, S. pneumoniae, and P. aeruginosa was 

examined using a generalized linear mixed model with random intercept to account for repeat 

visits. We used the logit link in the model along with an unstructured covariance structure (SAS 

version 9.4, SAS Institute, Inc., Cary, NC). Since each participant contributed multiple sputum 

samples, we used a repeated measures design to take into account variability of multiple samples 

from each participant. P. aeruginosa colonization was examined as a separate covariate in each 

model to reduce multiple comparisons between organisms. 

Each model included the presence or absence of other bacterial pathogens and additional 

host factors: age, race, Charlson comorbidity index, duration in primary study, pack-years of 

smoking, smoking status (current vs. former), forced expiratory volume in one second (FEV1), and 

recent antimicrobial therapy (between the last and current visits) 90, since these factors have been 

shown to influence colonization patterns 64,66,97,98 . For each model, we estimated odds ratios (ORs) 

for the response pathogen given the presence of each predictor pathogen alone and then jointly 

including the additional host factors. To examine the effect of covariates on each of the pathogens 

of interest based on clinical status, we first modeled colonization of each pathogen individually, 

before separately examining whether bacterial interactions differ according to stable and 

exacerbation visits. 
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Results 

Characteristics of the study participants are presented in Table 1. The mean age of 

participants at study entry was 67±9.2 years, and most were white (88%). The mean baseline 

Charlson comorbidity index was 4.2±1.5 and the mean FEV1% was 49%±18. Participants were 

followed up for a mean of 4.5 years (median 3.5 years). 

Bacterial Colonization during Stable and Exacerbation Visits 

The distribution and colonization patterns of the four potential bacterial pathogens during 

stable and exacerbation visits are presented by duration in the study (Table 2). Overall, at least 

one species was isolated from 30.8% (2722 of 8843) of total visits. Of the 8843 visits, H. 

influenzae was the most common bacterial species identified in 14.4% (n=1277) of visits, M. 

catarrhalis was present in 6.9% (n=606), and S. pneumoniae was present in 5.7% (n=500). P. 

aeruginosa was present in 8.1% (n=716) of visits. Polymicrobial colonization, defined as two or 

more of these four pathogens detected at a visit, was observed in 5% of visits. 

When examining the bacteria individually, the rate of H. influenzae colonization when no 

other co-bacteria were present was higher at exacerbation than at stable visits (13.3% vs. 10.4%; 

p=0.003). Similarly, M. catarrhalis colonization was significantly more frequent at exacerbation 

than at stable visits (9.1% vs 3.4%; p=0.0001). 

S. pneumoniae colonization alone at stable visits, when no other pathogens were present, 

was 2.8% (211/7464) compared to 2.6% (36/1379) during exacerbation visits (p=0.72). 

Colonization by P. aeruginosa alone was slightly higher at exacerbation visits compared to stable 

visits, though this difference did not reach statistical significance (7.5% vs. 6.4%, p=0.12). Visits 

characterized by colonization by two or more pathogens were significantly more common at 

exacerbation versus stable visits (7.3% vs. 4.6%, p=0.0001). 
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Interspecies Interactions between H. influenzae, M. catarrhalis, S. pneumoniae, and P. 

aeruginosa 

The outcomes of colonization with H. influenzae, M. catarrhalis, and S. pneumoniae are 

presented in separate models in Table 3. In the model examining H. influenzae colonization as 

the outcome, H. influenzae was positively associated with S. pneumoniae colonization (OR: 2.79, 

95% CI: 2.09-3.73) but not M. catarrhalis (OR: 1.01, 95% CI: 0.78-1.32). S. pneumoniae and M. 

catarrhalis co-colonization was positively associated with H. influenzae colonization (OR: 2.82, 

95% CI: 1.91-4.17). Colonization by P. aeruginosa resulted in 85% reduction in the odds of H. 

influenzae colonization (OR: 0.15, 95% CI: 0.10-0.22). 

When stratified based on clinical status (stable versus exacerbation), similar relationships 

between H. influenzae, S. pneumoniae, and M. catarrhalis were apparent during stable visits 

(Table 4). However, S. pneumoniae or the combination of S. pneumoniae and M. catarrhalis 

colonization was not associated with H. influenzae colonization during exacerbation visits. 

Colonization by P. aeruginosa was negatively associated with H. influenzae colonization during 

both stable and exacerbation visits. 

Neither S. pneumoniae nor H. influenzae were significantly associated with M. catarrhalis 

colonization individually or when they co-colonized; this did not differ for stable and exacerbation 

visits. Colonization by P. aeruginosa was associated with a 49% reduction in the odds of M. 

catarrhalis colonization (OR: 0.51, 95% CI: 0.35-0.75). The relationship between M. catarrhalis 

and P. aeruginosa persisted during stable visits only. 

An increase in S. pneumoniae colonization was seen with H. influenzae (OR: 2.81, 95% 

CI: 2.10-3.77) and when H. influenzae and M. catarrhalis were both present (OR: 2.30, 95% CI: 

1.44-3.67). These relationships were only statistically significant during stable visits (Table 4). P. 

aeruginosa colonization was positively associated with S. pneumoniae (OR: 1.67, 95% CI: 1.04-

2.68) during stable visits, but not at exacerbation visits (OR: 0.78, 95% CI 0.34-1.81). 
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Effect of Host Factors on Bacterial Colonization 

Table 3 shows that antibiotic therapy between visits was negatively associated with 

colonization by H. influenzae (OR: 0.81, 95% CI: 0.67-0.98), M. catarrhalis (OR: 0.62, 95% CI 

0.48-0.79), and S. pneumoniae (OR: 0.62, 95% CI: 0.45-0.84). Similar relationships were found 

when stratified by clinical status (Table 4). Colonization by P. aeruginosa was not significantly 

associated with antibiotic utilization. 

Smoking was positively associated with H. influenzae colonization during stable visits 

(each 10 pack-year increase: OR: 1.12, 95% CI: 1.00-1.26) and negatively associated with M. 

catarrhalis colonization during exacerbation visits (current smoker: OR: 0.40, 95% CI: 0.24-0.67). 

Additional host factors including age, race, Charlson comorbidity index, and FEV1 percent were 

not significantly associated with bacterial colonization. 

61 

https://0.24-0.67
https://1.00-1.26
https://0.45-0.84
https://0.48-0.79
https://0.67-0.98


 
 

 
 

        

         

          

     

           

           

           

          

          

       

       

       

          

      

       

          

       

             

        

        

          

         

         

        

         

Discussion 

We examined lower respiratory colonization with S. pneumoniae, H. influenzae, M. 

catarrhalis, and P. aeruginosa in a COPD cohort, and our models indicate significant interspecies 

interactions. During stable COPD, S. pneumoniae and H. influenzae appear to have a synergistic 

relationship, while colonization with M. catarrhalis does not appear to interact with these two 

pathogens. P. aeruginosa has a negative impact on H. influenzae and M. catarrhalis colonization, 

but not on S. pneumoniae, where actual enhancement of colonization is seen. In exacerbations, 

the relationship between S. pneumoniae and H. influenzae are no longer seen; however, the 

negative interaction of P. aeruginosa with H. influenzae and M. catarrhalis persist. Reduction of 

interspecies interactions at exacerbation could represent the dominance of a newly acquired 

bacterial strain and the associated host immune-inflammatory response. Not surprisingly, recent 

antibiotic therapy was negatively associated with colonization by S. pneumoniae, H. influenzae, 

and M. catarrhalis but not colonization by P. aeruginosa. 

Our study is the first clinical study of bacterial interactions in COPD within a prospective 

study design. The literature regarding interactions between these organisms is limited to studies 

of nasopharyngeal colonization in children. Madhi et al. 100 investigated nasopharyngeal 

interactions between S. pneumoniae and H. influenzae in healthy children in South Africa. They 

reported a synergistic association in which children colonized by S. pneumoniae were more likely 

to be colonized by H. influenzae than children not colonized by S. pneumoniae (73.9% vs. 29.3%, 

P<0.0001). Jacoby et al. 99 investigated nasopharyngeal microbial interactions among children in 

Western Australia and found synergistic associations between S. pneumoniae, H. influenzae, and 

M. catarrhalis. Chien et al. investigated nasopharyngeal bacterial interactions in healthy young 

Peruvian children and reported a positive association between S. pneumoniae and H. influenzae 

by both culture and qPCR.103 Our results are similar, having identified positive interactions 

between S. pneumoniae and H. influenzae. Conversely, Pettigrew et al. investigated 

nasopharyngeal bacterial interactions in children with upper respiratory tract infections; the 
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authors found competitive interactions between S. pneumoniae and H. influenzae as well as H. 

influenzae and M. catarrhalis.64 Interestingly, the competitive balance between S. pneumoniae 

and H. influenzae was altered by the addition of M. catarrhalis. Co-colonization with H. influenzae 

and M. catarrhalis was associated with a synergistic interaction with S. pneumoniae. Similar 

competitive interactions were found by Xu et al. in their analysis of nasopharyngeal colonization 

in children at the onset of acute otitis media. 66 Our results mirror the synergism seen in the upper 

airway between S. pneumoniae and H. influenzae, however the conflicting evidence indicates the 

mechanism of interaction between these organisms is complex. 

The presence of P. aeruginosa in COPD is associated with an accelerated decline in lung 

function, more frequent exacerbations, and a higher requirement for antibiotic therapy 32,47,48,51,86 . 

Our results provide support for the hypothesis that competitive interactions exist between P. 

aeruginosa, H. influenzae and M. catarrhalis in COPD. Colonization with P. aeruginosa is better 

characterized in other chronic lung diseases, including cystic fibrosis (CF) and bronchiectasis. In 

CF, the most common isolated bacterium is S. aureus in young patients. In older adults with CF 

however, P. aeruginosa is the predominant organism, eventually representing over 80% of 

bacteria in the lung 16,81 . Multiple mechanisms have been proposed to explain the competitive 

interactions associated with P. aeruginosa in CF. Pernet et al. showed that colonizing P. 

aeruginosa triggers host cells to produce type-IIA-secreted phospholipase A2, a host enzyme with 

bactericidal activity capable of inhibiting S. aureus 104. Filkins et al. found that P. aeruginosa drives 

S. aureus from aerobic respiration to fermentative metabolism, which reduces S. aureus viability 

and eventually results in the predominance of P. aeruginosa in the community 105. In 

bronchiectasis, competitive interactions associated with P. aeruginosa are further supported by 

Rogers et al., where the authors demonstrated interspecies competition between H. influenzae 

and P. aeruginosa 106 . When H. influenzae or P. aeruginosa were present in the opposite 

dominant group, the two species were found to be in very low abundance, i.e., patients in the P. 

aeruginosa-dominant group competitively excluded H. influenzae (P. aeruginosa mean 
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abundance ± SD=87.3±13.4% and H. influenzae=0.56±0.77%). These findings are consistent 

with strong competitive effects between P. aeruginosa and H. influenzae, moving towards 

competitive exclusion. Provided the poor prognosis associated with P. aeruginosa colonization in 

COPD and other lung diseases, it is of importance to further understand the mechanistic and 

clinical implications of these interactions. Interventions could be envisaged that rationally alter the 

lung microbiota or novel drug targets could be selected to enable or inhibit these interactions, 

which may competitively suppress P. aeruginosa colonization and subsequent infection. 

The mechanisms of bacterial interaction between S. pneumoniae and H. influenzae have 

previously been explored. Weimer et al. showed that β-lactamase producing nontypeable H. 

influenzae was able to protect biofilm-resident S. pneumoniae from amoxicillin treatment in the 

chinchilla middle ear 107. Interestingly, the study also showed that a β-lactamase deficient H. 

influenzae strain was able to protect biofilm S. pneumoniae from amoxicillin indicating that β-

lactamase plays a role in interspecies synergy but other factors may also lead to bacterial 

protection. A study by Cope et al. demonstrated synergy in vitro between H. influenzae and S. 

pneumoniae where both species reached higher cell densities in co-culture compared with 

monoculture 108. In the co-culture biofilm setting, H. influenza contact with S. pneumoniae resulted 

in an upregulation of pilA expression by H. influenzae which is known to encode the major subunit 

of the Tfp.21 Conversely, some studies have demonstrated competitive interactions between S. 

pneumoniae and H. influenzae. In vitro experiments have shown that S. pneumoniae and H. 

influenzae co-culture leads to a rapid decrease in H. influenzae through the action of hydrogen 

peroxide 59. However, pneumococcal strains modified to not produce hydrogen peroxide lost their 

ability to kill H. influenzae. An in vivo mouse model showed that when H. influenzae colonized 

with S. pneumoniae in the nasopharynx, S. pneumoniae was rapidly cleared 65. The competitive 

interactions between H. influenzae and S. pneumoniae were dependent on cellular components 

of H. influenzae activating host complement and neutrophils. Multiple disruptions in innate 

defense mechanisms are prevalent in COPD, which may explain why pathogen persistence is 
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seen in spite of abundant inflammation in the lower airways in this disease. We believe this could 

also explain the synergism between these two pathogens that dominates in this study. 

Recent antibiotic exposure was associated with a lower prevalence of colonization with S. 

pneumoniae, H. influenzae, and M. catarrhalis. Chronic microbial colonization contributes to 

chronic inflammation and progressive loss of lung function 31,97,109,110 . The potential role of long-

term antibiotic use in COPD has previously been investigated, primarily with respect to long-term 

macrolide therapy 111. Albert et al. 112 investigated the use of 12-months of daily azithromycin in 

COPD patients at increased risk of exacerbations and reported a reduction in the frequency of 

acute exacerbations among patients who received azithromycin. Interestingly, a recent study by 

Pettigrew et al. showed that macrolides were ineffective at eradicating H. influenzae, and 

fluoroquinolones were a more effective antibiotic in eradicating H. influenzae in individuals with 

COPD 113. For P. aeruginosa, we did not observe any association between antibiotic therapy and 

colonization. A previous analysis of the same cohort reported that antibiotics did not fully account 

for P. aeruginosa clearance, with only 32% of P. aeruginosa cases cleared in the presence of any 

antibiotic therapy 32. Our results reinforce the finding that antibiotics may only play a minor role in 

P. aeruginosa clearance and factors other than antibiotics may facilitate P. aeruginosa clearance 

from the respiratory tract of COPD patients. 

This study had several strengths, including the prospective study design, the large number 

of repeated samples, and careful documentation and diagnosis of COPD exacerbations. We 

examined lower respiratory bacterial carriage during exacerbations, a time when patients are at 

risk of further complications. A limitation of our study is that we did not evaluate bacterial-viral 

interactions, as viruses were not examined within the primary study. Viruses are known to cause 

COPD exacerbations and have been detected in up to 15% of sputum samples during stable 

COPD 23. The mechanisms by which viruses influence bacterial colonization are diverse, and it is 

possible that these interactions may have influenced those observed 57. Further, the lung 

microbiota includes multiple bacterial taxa and bacterial families and the interrelationship between 
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these bacteria most likely influences which species are dominant within the lower airways of 

114-116 COPD patients . Colonization patterns may also be interrelated with the host immune 

response and the presence of exacerbation symptoms. A longitudinal study using culture-

independent techniques is necessary to further evaluate these bacterial interactions in the lung 

microbiome as well as the influence of host factors on microbial composition. 

In summary, our work presents novel insight into interspecies synergy and competition 

between common pathogenic bacteria in patients with COPD. These interactions may offer novel 

therapeutic opportunities to alter the characteristics of the airway microbiota. Optimal treatment 

of COPD may be enhanced through personalized strategies for strain-specific therapy, by 

screening microbial communities and analyzing the probability of strain replacement and 

subsequently reducing bacterial infection. Vaccines also may play a role in the microbial ecology 

of the lower respiratory tract, and whether this is beneficial or detrimental for interspecies 

interaction is unknown. Further studies on the mechanisms and complex interactions that shift 

bacterial species within COPD patients are necessary to pursue therapeutic gains. 
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Table 1. Characteristics of participants enrolled in the 
COPD study, Buffalo, NY, April 1994-June 2014. 

Characteristic, N (%) or Mean±SD N=181 

Age, yr 67±9.2 
Race 

White 159 (88) 
Black 22 (12) 

Smoking Status 
Former smoker 121 (67) 
Current smoker 60 (33) 

Pack-years of smoking 79±36 
FEV1, L 1.64±0.68 
FEV1, % predicted 49±18 
Charlson Comorbidity Index 4.2±1.5 
Duration in Study 4.5±4.0 

Median (IQR) 3.5 (1.5, 5.8) 
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Table 2. Distribution of 4 major respiratory pathogens collected from adults with COPD, Buffalo Veterans Affairs Medical Center, Buffalo, NY, USA, 1994-2014. 

Years in Study 

<1 1–3 >3–5 >5–10 >10 

N Participants (%) 181 32 (18) 50 (28) 34 (19) 49 (27) 16 (9) 
Stable Exac Stable Exac Stable Exac Stable Exac Stable Exac 

N Visits (%)a 8843 155 37 819 184 1252 220 3171 540 2150 425 

Bacteria Present (N [%]) 
0 6231 (70) 130 (84) 33 (89) 673 (82) 121 (66) 884 (71) 117 (53) 2236 (71) 308 (57) 1490 (69) 239 (56) 

1 
Streptococcus pneumoniae 

247 (2.8) 4 (2.6) 2 (5.4) 27 (3.3) 11 (6.0) 7 (0.56) 3 (1.4) 55 (1.7) 20 (3.7) 101 (4.7) 17 (4.0) 

Moraxella catarrhalis 380 (4.3) 3 (1.9) 1 (2.7) 26 (3.2) 16 (8.7) 36 (2.9) 20 (0.1) 76 (2.4) 35 (6.5) 114 (5.3) 53 (13) 
Pseudomonas aeruginosa 579 (6.5) 5 (3.2) 1 (2.7) 10 (1.2) 2 (1.1) 98 (7.8) 26 (12) 246 (7.8) 40 (7.4) 116 (5.4) 35 (8.2) 
Haemophilus influenzae 957 (11) 7 (4.5) 0 52 (6.4) 22 (12) 185 (15) 32 (15) 373 (12) 78 (14) 157 (7.3) 51 (12) 

2 
S. pneumoniae, H. influenzae 128 (1.4) 0 0 1 (0.12) 2 (1.1) 10 (0.8) 0 50 (1.6) 9 (1.7) 49 (2.3) 7 (1.7) 
S. pneumoniae, M. catarrhalis 37 (0.4) 0 0 17 (2.1) 3 (1.6) 5 (0.4) 1 (0.45) 4 (0.13) 1 (0.19) 5 (0.23) 1 (0.24) 
S. pneumoniae, P. aeruginosa 51 (0.6) 0 0 1 (0.12) 0 0 0 8 (0.25) 3 (0.56) 35 (1.6) 4 (0.94) 
H. influenzae, M. catarrhalis 115 (1.3) 0 0 2 (0.24) 1 (0.54) 14 (1.1) 7 (3.2) 54 (1.7) 20 (3.7) 13 (0.60) 4 (0.94) 
H. influenzae, P. aeruginosa 41 (0.5) 0 0 1 (0.12) 0 1 (0.08) 2 (0.91) 26 (0.82) 7 (1.3) 3 (0.14) 1 (0.24) 
M. catarrhalis, P. aeruginosa 39 (0.4) 0 0 2 (0.24) 0 4 (0.32) 4 (1.8) 8 (0.25) 8 (1.5) 8 (0.37) 5 (1.2) 

3 
S. pneumoniae, H. influenzae, 
M. catarrhalis 

32 (0.4) 0 0 2 (0.24) 0 2 (0.16) 1 (0.45) 6 (0.19) 0 19 (0.88) 2 (0.47) 

S. pneumoniae, H. influenzae, 
P. aeruginosa 

3 (0.03) 0 0 0 0 0 0 1 (0.03) 1 (0.19) 1 (0.05) 0 

S. pneumoniae, M. catarrhalis, 
P. aeruginosa 

2 (0.02) 0 0 0 0 0 0 1 (0.03) 0 0 1 (0.24) 

H. influenzae, M. catarrhalis, 
P. aeruginosa 

1 (0.01) 0 0 0 0 0 0 0 1 (0.19) 0 0 

Abbreviation: Exac, exacerbation. aBacterial cultures were missing during 110 subject visits. 
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Table 3. Determinants and interactions of colonization with the four major bacterial pathogens in COPD 
patients, Buffalo, NY, USA, April 1994-June 2014. 

Adjusted OR (95% CI)a 

N (%) of 
Samples 

H. influenzae M. catarrhalis S. pneumoniae 

Characteristic n=8843 

S. pneumoniae x M. catarrhalis 
Neither present 7808 (88) 1.0 (reference) 
S. pneumoniae only 429 (4.9) 2.79 (2.09, 3.73) 
M. catarrhalis only 535 (6.0) 1.01 (0.78, 1.32) 
Both 71 (0.8) 2.82 (1.91, 4.17) 

H. influenzae x S. pneumoniae 
Neither present 7229 (82) 1.0 (reference) 
H. influenzae only 1114 (13) 1.11 (0.86, 1.44) 
S. pneumoniae only 337 (3.8) 0.86 (0.61, 1.20) 
Both 163 (1.8) 0.95 (0.63, 1.44) 

H. influenzae x M. catarrhalis 
Neither present 7108 (80) 1.0 (reference) 
H. influenzae only 1129 (13) 2.81 (2.10, 3.77) 
M. catarrhalis only 458 (5.2) 0.82 (0.57, 1.18) 
Both 148 (1.7) 2.30 (1.44, 3.67) 

P. aeruginosa 
Absent 8124 (92) 1.0 (reference) 1.0 (reference) 1.0 (reference) 
Present 719 (8) 0.15 (0.10, 0.22) 0.51 (0.35, 0.75) 1.34 (0.89, 2.02) 

Age (10 year increase) 0.79 (0.43, 1.46) 1.19 (0.77, 1.83) 1.49 (0.75, 2.96) 

Antibiotic therapy between visits 
No 1.0 (reference) 1.0 (reference) 1.0 (reference) 
Yes 0.81 (0.67, 0.98) 0.62 (0.48, 0.79) 0.62 (0.45, 0.84) 

Race 
White 1.0 (reference) 1.0 (reference) 1.0 (reference) 
Non-White 1.14 (0.37, 3.55) 1.01 (0.45, 2.27) 0.24 (0.05, 1.14) 

Charlson Comorbidity Index 
(1 point increase) 

1.02 (0.73, 1.44) 1.06 (0.83, 1.35) 0.75 (0.49, 1.13) 

Duration in study (1 year increase) 1.04 (0.95, 1.14) 1.05 (0.99, 1.12) 1.03 (0.94, 1.13) 

Smoking Status 
Former Smoker 1.0 (reference) 1.0 (reference) 1.0 (reference) 
Current Smoker 0.82 (0.35, 1.93) 0.81 (0.45, 2.27) 1.54 (0.62, 3.84) 

Pack-years of smoking (10 pack 
increase) 

1.10 (0.99, 1.23) 1.06 (0.98, 1.14) 0.98 (0.87, 1.11) 

FEV1 % predicted (10% increase) 1.02 (0.82, 1.25) 0.96 (0.82, 1.11) 0.94 (0.74, 1.20) 

Abbreviations: OR, odds ratio; CI, confidence interval. aSignificant ORs and 95% CIs are shown in boldface. Each 
model included variables representing presence of absence of other bacteria as well as all other variables included. 
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Table 4. Outcome of colonization with Haemophilus influenzae, Moraxella catarrhalis, and S. pneumoniae in COPD patients during stable and acute exacerbation visits 

Adjusted OR (95% CI)a 

No. (%) of Samples H. influenzae M. catarrhalis S. pneumoniae 

Stable Exac Stable Exac Stable Exac Stable Exac 

Characteristic n=7464 n=1379 

S. pneumoniae x M. catarrhalis 
Neither present 6693 (90) 1115 (81) 1.0 (reference) 1.0 (reference) 
S. pneumoniae only 350 (4.7) 79 (5.7) 3.75 (2.69, 5.24) 1.21 (0.64, 2.28) 
M. catarrhalis only 360 (4.8) 175 (13) 1.06 (0.76, 1.46) 0.90 (0.57, 1.43) 
Both 61 (0.8) 10 (0.7) 3.96 (2.50, 6.28) 1.09 (0.49, 2.42) 

H. influenzae x S. pneumoniae 
Neither present 6165 (83) 1064 (77) 1.0 (reference) 1.0 (reference) 
H. influenzae only 888 (12) 226 (16) 1.15 (0.84, 1.58) 1.11 (0.73, 1.69) 
S. pneumoniae only 270 (3.6) 67 (4.9) 0.83 (0.56, 1.24) 0.67 (0.33, 1.38) 
Both 141 (1.9) 22 (1.6) 0.96 (0.60, 1.53) 0.74 (0.33, 1.69) 

H. influenzae x M. catarrhalis 
Neither present 6126 (82) 982 (71) 1.0 (reference) 1.0 (reference) 
H. influenzae only 917 (12) 212 (15) 3.86 (2.76, 5.39) 1.18 (0.64, 2.19) 
M. catarrhalis only 309 (4.1) 149 (11) 0.80 (0.53, 1.22) 0.60 (0.28, 1.28) 
Both 112 (1.5) 36 (2.6) 3.09 (1.81, 5.28) 0.71 (0.26, 1.89) 

P. aeruginosa 
Absent 6886 (92) 1238 (90) 1.0 (reference) 1.0 (reference) 1.0 (reference) 1.0 (reference) 1.0 (reference) 1.0 (reference) 
Present 578 (7.7) 141 (10) 0.13 (0.08, 0.22) 0.26 (0.12, 0.56) 0.37 (0.22, 0.62) 0.92 (0.53, 1.61) 1.67 (1.04, 2.68) 0.78 (0.34, 1.81) 

Age (10 year increase) 0.74 (0.38, 1.41) 0.83 (0.47, 1.44) 1.38 (0.78, 2.42) 0.97 (0.67, 1.39) 1.62 (0.79, 3.32) 0.87 (0.43, 1.79) 

Antibiotic therapy between visits 

No 1.0 (reference) 1.0 (reference) 1.0 (reference) 1.0 (reference) 1.0 (reference) 1.0 (reference) 
Yes 0.77 (0.62, 0.97) 0.73 (0.50, 1.05) 0.69 (0.50, 0.93) 0.44 (0.29, 0.66) 0.59 (0.41, 0.85) 0.70 (0.40, 1.22) 

Race 

White 1.0 (reference) 1.0 (reference) 1.0 (reference) 1.0 (reference) 1.0 (reference) 1.0 (reference) 
Non-White 1.39 (0.41, 4.68) 0.77 (0.28, 2.10) 0.89 (0.30, 2.64) 1.04 (0.55, 1.94) 0.17 (0.03, 1.00) 0.14 (0.02, 1.28) 

Charlson Comorbidity Index 
(1 point increase) 

1.01 (0.70, 1.45) 1.08 (0.79, 1.49) 1.01 (0.73, 1.39) 1.08 (0.86, 1.35) 0.71 (0.45, 1.11) 1.08 (0.69, 1.68) 

Duration in study (1 year increase) 1.02 (0.93, 1.12) 1.01 (0.94, 1.09) 1.03 (0.95, 1.12) 1.05 (1.00, 1.10) 1.04 (0.94, 1.15) 1.02 (0.92, 1.11) 

Smoking Status 

Former Smoker 1.0 (reference) 1.0 (reference) 1.0 (reference) 1.0 (reference) 1.0 (reference) 1.0 (reference) 
Current Smoker 0.78 (0.31, 1.94) 0.92 (0.43, 1.94) 1.15 (0.53, 2.49) 0.40 (0.24, 0.67) 1.75 (0.68, 4.55) 0.79 (0.31, 2.04) 

Pack-years of smoking (10 pack 
increase) 

1.12 (1.00, 1.26) 1.02 (0.93, 1.12) 1.05 (0.95, 1.17) 1.03 (0.98, 1.09) 0.98 (0.86, 1.12) 0.98 (0.88, 1.11) 

FEV1 % predicted (10% increase) 1.03 (0.83, 1.29) 1.04 (0.86, 1.25) 0.96 (0.78, 1.17) 0.97 (0.85, 1.10) 0.94 (0.73, 1.20) 0.98 (0.75, 1.28) 

Abbreviations: OR, odds ratio; CI, confidence interval; Exac, exacerbation. aSignificant ORs and 95% CIs are shown in boldface. Each model included variables 
representing presence of absence of other bacteria as well as all other variables included 
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CHAPTER 4 – EARLY HOSPITAL READMISSIONS FOLLOWING AN ACUTE 

EXACERBATION OF COPD IN THE NATIONWIDE READMISSIONS DATABASE 
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Abstract 

Rationale: Understanding the causes and factors related to readmission for an acute 

exacerbation of chronic obstructive pulmonary disease (AECOPD) within a nationwide database 

including all payers and ages can provide valuable input for the development of generalizable 

readmission reduction strategies. 

Objectives: To determine the rates, causes, and predictors for early readmission in patients 

hospitalized with AECOPD in the United States utilizing the Nationwide Readmission Database 

(NRD). 

Methods: We conducted an analysis of the NRD from 2013-2014. Index admissions and 

readmissions for an AECOPD were defined consistent with Hospital Readmission Reduction 

Program guidelines. We investigated the percentage of 30-day readmissions occurring each day 

after discharge and the most common readmission diagnoses at different time periods after 

hospitalization. The relationship between predictors, categorized as patient, clinical, and hospital 

factors, and early readmission were evaluated using a hierarchical two-level logistic model. To 

examine covariate effects on early day readmission, predictors for 3-, 7- and 30-day readmissions 

were modeled separately. 

Results: There were 202,300 30-day readmissions after 1,055,830 index AECOPD admissions, 

a rate of 19.2%. The highest readmission rates (4.2-5.5%) were within the first 72 hours of 

discharge, and 58% of readmissions were within the first 15 days. Respiratory-based diseases 

were the most common reasons for readmission (52.4%), and COPD was the most common 

diagnosis (28.4%). Readmission diagnoses were similar at different time periods after discharge. 

Early readmission was associated with patient (Medicaid payer status, lower household income, 

and higher comorbidity burden) and clinical factors (longer length of stay and discharge to a skilled 

nursing facility). Predictors did not vary substantially by time of readmission after discharge, within 

the 30 day window. 
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Conclusion: Thirty-day readmissions after an AECOPD remain a major healthcare burden and 

are characterized by a similar spectrum of readmission diagnoses. Predictors associated with 

readmission include both patient and clinical factors. Development of a COPD-specific risk 

stratification algorithm based on these factors may be necessary to better predict AECOPD 

patients at high risk of early readmission. 
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Introduction 

Readmission to hospital within 30 days is common and accounts for over $17 billion in 

theoretically avoidable annual Medicare expenditure.71,117 The Hospital Readmission Reduction 

Program (HRRP) was established to target inpatient discharges in the Medicare population in 

order to address rising costs and to encourage hospitals to reduce readmissions.118 In the HRRP, 

hospitals that fail to stay below their expected readmission rates can be penalized up to 3% of 

total Medicare reimbursement for all discharges. The program initially targeted congestive heart 

failure, acute myocardial infarction, and pneumonia but was later expanded in 2015 to target six 

medical conditions including acute exacerbation of chronic obstructive pulmonary disease 

(AECOPD).118 

Chronic obstructive pulmonary disease (COPD) is an attractive HRRP metric given that COPD is 

responsible for almost 700,000 hospitalizations annually, with 1 in 5 patients readmitted within 30 

days.8,71 COPD healthcare costs are estimated at $50 billion annually in the United States, and 

hospital readmissions alone account for over $15 billion.10,119,120 Despite the potential benefits of 

a readmission program for AECOPD, the COPD population faces a number of unique challenges: 

there is no clear link between quality of care and 30-day hospital readmissions; no AECOPD 

interventions to date significantly reduce readmission rates; and safety-net hospitals might be 

unfairly penalized, thereby worsening health disparities.69,121-124 Identifying drivers of early hospital 

readmission for high risk patients would be useful to optimize readmission reduction programs. 

Recent studies have shown a number of factors associated with an increased risk of early 

readmission, however most of this work was done prior to HRRP implementation, focused on 

specific population groups, or was confined to geographically limited health care systems.87,125-128 

Furthermore, analysis of Medicare claims studies may not be generalizable to patients younger 

than 65 years and private claims data may not extend to patients on Medicare or Medicaid.79,125 
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In order to design generalizable COPD-readmission reduction strategies it would be important to 

understand causes and risk factors utilizing a nationwide database including all payers and ages. 

As hospitals implement interventions to reduce COPD readmissions, it is crucial to recognize the 

causes and reasons for early readmission and which patient (particularly socioeconomic and 

comorbidity data), clinical, and hospital factors raise readmission risk. Therefore, the objectives 

of this this study were to evaluate the rates, causes, and predictors for early readmission in 

patients hospitalized with AECOPD in the United States utilizing the Nationwide Readmission 

Database (NRD). This study is novel in the following ways: 1) the NRD is a large-scale 

administrative database designed specifically to support analyses of national readmissions for all 

ages and payers, 2) index admissions and readmissions for an AECOPD were defined consistent 

with HRRP measures, and 3) the study time period was after HRRP initiation but prior to its 

expansion to COPD. 
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Materials and Methods 

Data Source 

We used data from the 2013 and 2014 NRD developed by the Agency for Healthcare Research 

and Quality (AHRQ) for the Healthcare Cost and Utilization Project (HCUP).129 At time of analysis, 

NRD data was only available over this time period. The NRD is drawn from the HCUP State 

Inpatient Databases, which contain reliable, verified patient linkage numbers to track a person 

across within-state hospitals. The NRD is limited to data from community hospitals including 

academic facilities (not rehabilitation or long-term acute care facilities). The NRD contains records 

for persons that are considered ‘inpatient’ and does not include observation services or those not 

admitted to the hospital. The NRD compiled approximately 15 million raw discharges in 2013 and 

2014, corresponding to approximately 35 million weighted discharges from 22 states and 

representing 49% of US discharges for each year. Due to the complex NRD survey design, 

sample weights were applied to raw data to generate national estimates. The University at Buffalo 

Institutional Review Board exempted this study from review as it is publicly available, anonymized 

data. 

Study Sample 

All adult patients (aged ≥40 years) with an International Classification of Disease, Ninth Revision, 

Clinical Modification (ICD-9-CM) code for AECOPD were included in the analysis. The ICD-9-CM 

codes were chosen based on those published by the Centers for Medicare and Medicaid Services 

(CMS) for the HRRP for assessment of all-cause readmissions for an AECOPD.130 These 

included a primary discharge diagnosis code of COPD (ICD-9-CM codes: 491.21, 491.22, 491.8, 

491.9, 492.8, 493.20, 493.21, 493.22, and 496) or a primary diagnosis of respiratory failure (ICD-

9-CM codes: 518.81, 518.82, 518.84, 799.1) and a secondary diagnosis of AECOPD (ICD-9-CM 

codes: 491.21, 491.22, 493.21, 493.22). We limited our index hospitalizations to January 1 to 

November 30, 2013 and 2014, to capture all 30-day readmissions. We excluded patients if they 
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died during the index hospitalization, the readmission visit was elective, patient was discharged 

against medical advice, the length of stay variable was missing, or if they were a resident of a 

different state (n=141,671). Within the NRD, persons are identified by State-specific linkage 

numbers therefore they cannot be tracked across states. 

Covariates 

Predictor variables were classified as demographics, pre-existing comorbidities, clinical and 

hospital characteristics. Demographic and socioeconomic status variables were age, sex, 

insurance status, and household income. Age was stratified into groups of 40-64 and ≥65 years 

of age. Insurance status was categorized as Medicare, Medicaid, private insurance, self-pay, or 

“other” (including no charge). Income levels were based on the estimated median household 

income of residents in the patient’s zip code and were divided into $1-$37,999, $38,000-$47,999, 

$48,000-$63,999, and ≥$64,000. We further examined comorbidities prevalent in this population 

based on existing literature including congestive heart failure, alcohol abuse, depression, diabetes 

mellitus, renal failure and obesity.7,131 Pre-existing comorbidities were assessed individually and 

as overall comorbidity burden using the methodology provided by the AHRQ.132 

Clinical and hospital variables included post-acute care disposition (home, skilled nursing facility 

(SNF), and home health care), hospital size (small, medium, or large based on bed size and 

hospital location, with larger cut-offs for hospitals in urban locations), ownership (government 

(public), private (not-for-profit), and private (investor-owned)), location (large metropolitan area 

(≥1 million residents), small metropolitan (<1 million residents), and “other” (including micropolitan 

and non-urban areas)), and teaching status (metropolitan non-teaching, metropolitan teaching, 

and non-metropolitan). Length of stay during the index hospitalization was categorized as <2, 2– 

≤5, and >5 days. Due to the positive skew of length of stay, we categorized the variable into 

tertiles based on its distribution. 
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Outcomes 

Readmission Timing. We identified the percentage of 30-day readmissions occurring on each day 

(1-30) after discharge. We used definitions consistent with the CMS HRRP measures to identify 

all readmissions from any cause occurring within 30 days of hospitalization.130 Briefly, the CMS 

measures only define the first readmission within 30 days of discharge as a 30-day readmission. 

Additional readmissions within the 30-day period are not counted as 30-day readmissions or index 

hospitalizations for the same condition. After 30 days from discharge, hospitalizations are counted 

as index admissions if they meet inclusion criteria. We determined if readmission changes were 

uniform across two age groups: younger adults (40-64 years) and older adults (≥65 years). 

Readmission Diagnoses by Time after Discharge. We identified the ten most common reasons 

for readmission based on Clinical Classification Software (CCS).133 We also identified the most 

common readmission diagnoses during cumulative periods (days 1-3, 1-7, 1-15, and 1-30) and 

consecutive periods after discharge (days 1-3, 4-7, 8-15, and 16-30). These periods were chosen 

because cumulative periods after discharge may occur before outpatient follow-up and be of 

importance to discharging hospitals while consecutive periods may coincide with outpatient visits 

and be of importance to ambulatory care providers.134 

Predictors of Hospital Readmission. We examined whether patient, clinical and hospital specific 

factors were associated with early readmissions at 3-, 7-, and 30-days. 

Statistical Analyses 

Summary statistics for readmission timing by day after discharge (1-30), readmission diagnoses 

by CCS codes, and readmission diagnoses for cumulative and consecutive periods were 

calculated. Chi-square tests and student’s t-tests were used to compare proportions and 

continuous variables, respectively. Three multivariable hierarchical logistic regression models 

were built to determine the independent predictors for early readmission. Hierarchical two-level 
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logistic models with hospital ID as a random effect were used to account for clustering of 

observations within hospitals. To examine the effect of covariates on early readmission, we 

modeled 3-, 7-, and 30-day readmissions separately. Each model included patient demographics 

(age, gender, insurance type, and median household income), pre-existing comorbidities 

(individual comorbidities and comorbidity burden), clinical (post-acute care disposition and length 

of stay) and hospital characteristics (hospital bed size, ownership and teaching status). Odds 

ratios (ORs) and 95% confidence intervals (CIs) were estimated and each estimate was adjusted 

for all other variables in the model. All analyses were performed using in SAS version 9.4 (SAS 

Institute, Cary, NC) and all hypothesis testing was two sided with significance set a P≤0.05. 
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Results 

There were 202,300 30-day readmissions after 1,055,830 hospitalizations for an AECOPD 

(19.2%) (Table 1). The percentages of index admissions readmitted were similar in 2013 and 

2014 (19.1% and 19.2%, respectively). Individuals aged ≥65 years accounted for 642,004 index 

AECOPD admissions over the study period and 124,941 readmissions (20%). Those aged 40-64 

years had a slightly lower frequency and rate of 30-day readmissions at 18% (77,359 

readmissions). 

The median (interquartile range; IQR) age of the cohort was 68 (58, 77) years, and 59% were 

female (Table 2). Most patients had Medicare insurance status (70%) followed by Medicaid 

(13%). The median length of stay was 2.9 (1.7, 4.8) days, and 68% of patients were discharged 

home following their index hospitalization. Index admission patients had a median of 6.2 (4.2, 8.4) 

chronic conditions, with common comorbidities of hypertension (68%), diabetes (32%), and fluid 

and electrolyte disorders (26%) (Table A1 in the data supplement). 

Readmission Hospitalizations, Diagnoses, and Costs 

Of all 30-day readmissions, 14.4% of AECOPD readmissions occurred within 3 days following 

discharge (Figure 1). Approximately 30% of readmissions were within the first 7 days, and 58% 

were within the first 15 days. Ranked reasons for readmission for the ten most common CCS 

codes are presented in Table 3. The most common reasons were: 1) COPD and bronchiectasis 

(28.4%), 2) respiratory failure (9.5%), 3) pneumonia (7.6%), 4) asthma (7.0%), and 5) congestive 

heart failure (5.8) [Table 3]. Collectively, respiratory diseases including COPD, respiratory failure, 

pneumonia, and asthma comprised 52.4% of readmissions. Cardiovascular disease (9.4%), 

septicemia (5.7%), and renal disease (1.5%) accounted for the remaining readmissions. 
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Both age sub-groups had similar readmission diagnoses (Table 3). The most common reasons 

for readmissions among patients ≥65 years included COPD and bronchiectasis (27%), 

pneumonia (8.6%), respiratory failure (8.6%), congestive heart failure (6.8%), and septicemia 

(6.6%). A higher percentage of 40-64 year-olds were readmitted for respiratory disease compared 

to those aged 65 years or older (59.1% vs. 48.3%). The overall diagnosis pattern was similar in 

both consecutive and cumulative periods of discharge (Figure A1 and Figure A2). Respiratory 

diseases including COPD, respiratory failure, pneumonia, and asthma were the four most 

common readmission diagnoses regardless of time to follow-up and changed only slightly within 

the 30-day period. 

Among patients with an AECOPD who were readmitted within 30 days, the median total charge 

for the first readmission was $27,349 (IQR, $15,605-$49,962). Readmission charges were 21% 

higher than the median charges of the index hospitalization (median: $22,535, IQR $13,547-

$38,360). When aggregated for all AECOPD patients in the NRD over 2 years, the total charges 

attributable to the first readmission within 30 days were over $9 billion. 

Predictors Associated with Early Readmission 

Univariate index predictors for 3-, 7-, and 30-day readmissions are shown in Table A2. In 

multivariable analysis, factors associated with an increased odds of 3-day readmission included 

Medicaid payer status (compared to Medicare; aOR 1.09; 95% CI: 1.03–1.16) and a lower median 

household income ($38,000–$47,999; aOR 1.09; 95% CI: 1.03–1.15 and ≤$37,999; aOR 1.11; 

95% CI: 1.04–1.17; Table 4). Comorbidities with the highest odds of readmission included 

patients with renal failure (aOR 1.16; 95% CI: 1.10-1.22) and alcohol abuse (aOR 1.14; 95% CI: 

1.06-1.24). Higher comorbidity burden was also associated with an increased odds of readmission 

(p<0.0001). 
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When evaluating clinical and hospital factors (Table 4), patients with a longer length of index 

hospitalization (>5 days vs. ≤2 days; aOR 1.23; 95% CI: 1.17-1.29) were more likely to be 

readmitted within 3 days. Post-acute care involving a SNF or home healthcare was also 

associated with an increased odds of readmission (SNF, aOR 1.26; 95% CI: 1.19-1.33; home 

health care, aOR 1.26; 95% CI: 1.20-1.32). 

Predictors of 7- and 30-day readmissions were similar to 3-day readmissions (Table 4). Being in 

the older age group was associated with a lower odds of 30-day readmission (65-74 yrs; aOR 

0.88; 95% CI: 0.85–0.91 and ≥75 years; aOR 0.78; 95% CI: 0.75-0.81). Medicaid payer status, 

lower household income, higher comorbidity burden, length of stay, and discharge location were 

all associated with higher odds of 7- and 30-day readmission. 
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Discussion 

This study utilized a nationwide readmission database to provide national estimates of 

readmission after an AECOPD under the HRRP COPD methodology. Nearly one-fifth of AECOPD 

patients were readmitted within 30 days, with approximately a third occurring within a week and 

the highest daily rates of readmission (4.2-5.5%) within the first 72 hours. Causes of readmission 

after hospitalization for an AECOPD were primarily respiratory in nature. Furthermore, a number 

of patient and clinical factors were associated with readmission including socioeconomic markers, 

higher comorbidity burden, and post-acute care disposition. 

Our 30-day readmission rate of 19.1% is consistent with previous studies.8,70,71 Shah et al. recently 

examined AECOPD-related hospitalizations and readmissions among Medicare beneficiaries 

from 2006 to 2010 and reported a 30-day readmission rate of 20.2%.125 While this study enrolled 

Medicare patients in seven states, our sample included all patients ≥40 years and all payers so 

represents a more comprehensive representation of the US COPD population. Furthermore, other 

studies on COPD readmissions evaluated samples from employer-sponsored health insurance, 

which may further limit their generalizability.79,126 COPD treatment is complex, and the approaches 

used to reduce COPD readmissions are unclear. A systematic review of randomized controlled 

trials implementing AECOPD rehospitalization reduction interventions failed to find clinical trials 

targeting a 30-day readmission outcome rather these studies had a primary outcome of 

rehospitalization at 6 or 12 months.121 The included trials tested different interventions, and only 

two of the five studies demonstrated a significant decrease in rehospitalizations in the intervention 

group. Given the lack of evidence to recommend a specific intervention, a large database such 

as the NRD may be used to integrate patient, clinical, and hospital factors in order to develop a 

real-time predictive model to identify COPD patients at high-risk of early readmission. To date, 

there are no rigorously tested COPD-specific algorithms to predict risk of 30-day readmission. 

The next step would be to develop and validate a risk stratification algorithm based on these 
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factors to better predict AECOPD patients at high risk of early readmission. COPD patients have 

a unique set of complications which are important in identifying high risk patients. A predictive 

model incorporating these factors at real-time during a patient’s index admission may allow 

providers and hospitals to risk-stratify patients and apply necessary resources to enhance patient-

focused care. Such a model can then be incorporated into COPD-specific readmission reduction 

programs. 

Consistent with other studies, the majority of readmissions occurred within 14 days, with the 

125,134 highest rates in the first three days representing a diverse spectrum of readmission 

diagnoses. Further, there were no major differences in readmission diagnoses grouped by time 

period after discharge. Provided the majority of readmissions are in the short-term and primarily 

respiratory in nature, a multifaceted approach could be considered to successfully transition 

patients back into the community.135 Comprehensive care management and bundled care 

programs including multiple providers and a coordinated team to provide comprehensive services 

to COPD patients have been evaluated, but results are mixed.136-138 A recent study by Bhatt et al. 

evaluated a comprehensive program that provided multidisciplinary care across the hospital-to-

home transition.139 The intervention showed no reduction in 30-day or 90-day readmission rates 

or cost savings, although the study was underpowered to detect a significant difference in 

readmission rates. Jennings et al. performed a single-center randomized trial of AECOPD patients 

implementing a multi-component intervention including smoking cessation, screening for 

gastroesophageal reflux disease and depression or anxiety, COPD education, and post-

discharge communication.140 Overall, the authors found no difference in readmissions rates 

between patients receiving a bundled intervention and standard care. 

We identified a number of patient-level factors associated with an increased risk of early 

readmission. One was socioeconomic status, which has not been extensively studied. Medicaid 
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beneficiaries and those in the lowest two household income quartiles were more likely to be 

readmitted. This is of concern, since Medicaid beneficiaries are more likely to have barriers to 

primary care than those with private insurance, which can lead to higher emergency department 

utilization.141 These barriers associated with lower socioeconomic characteristics may represent 

unique challenges beyond the control of hospitals and independently increase the likelihood of 

readmission. Further, COPD patients are more likely to have less-than-adequate health literacy 

and to misuse respiratory inhalers, which further complicates readmission reduction strategies.142 

From a policy perspective, the readmission equation as calculated by CMS for HRRP does not 

adjust for socioeconomic factors, raising the concern that financial penalties may worsen health 

disparities by unfairly penalizing safety-net hospitals. During the first year of the HRRP program, 

safety-net hospitals had a higher adjusted odds of being penalized versus non-safety-net 

facilities.143 Since the penalty associated with the HRRP increased to 3% for fiscal year 2015, this 

may create substantial financial shortfalls for hospitals operating on low profit margins such as 

safety-net facilities. 

AECOPD patients had a high comorbidity burden independently associated with readmission. 

Comorbidities including cardiovascular disease, diabetes, and depression increase the 

complexity of COPD management.144,145 We found that congestive heart failure is a common 

comorbidity and readmission diagnosis among COPD patients, and congestive heart failure has 

been shown to be the most common readmission diagnosis following respiratory-based 

diseases.71,125 Depression is also common in COPD patients and has been shown to be 

associated with an increased risk of both all-cause and COPD-specific early readmissions.146,147 

Given that multiple comorbidities are typical in COPD patients, a multidisciplinary approach may 

help to prevent readmissions. 

85 



 
 

          

          

          

            

          

          

         

            

        

 

          

         

         

       

           

          

       

         

      

 

            

           

           

         

     

       

Several clinical factors played a role in COPD readmissions including length of index 

hospitalization and post-acute care disposition. A longer index hospitalization has previously been 

shown to be associated with a higher risk of readmission.79,125 While length of stay may not in 

itself be modifiable, it can be used to identify patients at higher risk of early readmission and who 

might, therefore, benefit from closer follow-up during transition from acute care. Post-acute care 

discharge to a skilled nursing facility or with home healthcare was associated with a higher odds 

of readmission, similar to Shah et al. for 30-day readmission.125 Patients discharged with 

additional care tend to be more unwell than those discharged home. However, the quality of care 

delivered at skilled nursing facilities may also merit further investigation. 

It is important to note that the data included in this analysis was following the implementation of 

HRRP for congestive heart failure, acute myocardial infarction, and pneumonia, but prior to its 

expansion to COPD. Programs such Project RED (Re-Engineered Discharge) have been 

successful at reducing readmissions, however COPD-specific programs have not had similar 

success. Although HRRP interventions for other diagnoses may have been introduced during this 

time their impact on COPD readmissions is most likely minimal. It is currently unclear what 

combination of interventions are necessary to reduce readmissions among patients with COPD 

exacerbations. Therefore, it will be necessary to re-evaluate COPD readmission trends as 

additional data become available and hospitals respond to the HRRP standards. 

Our study is limited by the fact that we relied on ICD-9-CM codes to classify index AECOPD 

hospitalizations. The CMS HRRP algorithm to define AECOPD by discharge ICD-9-CM codes 

has yet to be tested or validated. Previous work testing several coding algorithms similar to the 

CMS HRRP methodology against chart review found that coding underestimated AECOPD. The 

sensitivities of the different ICD-9-CM algorithms were low and varied (12%-25%), with positive 

predictive values as low as 81%.80 Furthermore, we used this methodology to identify index 
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hospitalizations for younger AECOPD patients not included in the HRRP. However, since this 

methodology is used by CMS to identify AECOPD admissions, we thought it prudent to apply it to 

the entire study to provide national readmission estimates. Our study also relied on accurate 

coding of administrative claims data, which may not be as reliable as a medical record review. 

The lack of an acceptable biomarker to objectively diagnose COPD exacerbations adds to the 

complexity of accurately coding hospitalizations given that COPD symptoms overlap with many 

other diseases. Due to a limitation in the NRD we excluded patients who were residents of 

different states. Persons are identified and tracked in the NRD by State-specific linkage numbers, 

therefore a person readmitted between two different states cannot be tracked between states. 

This limitation in the NRD may cause readmissions rates to be artificially low; an analysis of 

Medicare claims data showed a 1.9% increase in COPD-specific readmission rates when patients 

were followed across states.129 Further, we were not able to track observation services since 

these types of admissions are not included in the NRD. Future studies should use claims data to 

evaluate the impact of HRRP programs on non-inpatients services. 

Early readmission for AECOPD remains a burden to the healthcare system, with the majority 

readmitted for respiratory-based diagnoses. Multiple patient and clinical factors were associated 

with readmission including those related to low socioeconomic status and post-acute care 

discharge to a SNF. Further work is needed to develop a risk stratification algorithm based on 

these factors to better predict AECOPD patients at high risk of early readmission during the 

index hospitalization. 
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Table 1. Frequency of index AECOPD admissions and readmissions 
stratified by age group 

Index 
Year and age Total AECOPD No. of 30-day 

admissions 
groups index admissions readmissions 

readmitted, % 

Total 1,055,830 202,300 19.2 

2013 547,291 104,478 19.1 

40 – 64 210,118 39,029 18.6 

≥65 337,173 65,449 19.4 

2014 508,539 97,822 19.2 

40 – 64 203,708 38,330 18.8 

≥65 304,831 59,492 19.5 

Abbreviations: AECOPD, acute exacerbation of chronic obstructive pulmonary 
disease 
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Table 2. Baseline clinical and demographic characteristics of 
index hospitalizations for patients with an acute exacerbation of 
chronic obstructive pulmonary disease 

No. (%) 
Characteristics 

[N=1,055,830] 

Age, years, median (IQR) 68 (58, 77) 

Age groups, years 

40-49 64,281 (6.1) 

50-64 349,546 (33) 

65-74 325,732 (30) 

≥75 316,271 (30) 

Sex 

Male 437,812 (41) 

Female 618,018 (59) 

Insurance type 

Medicare 742,617 (70) 

Medicaid 133,399 (13) 

Private 112,984 (11) 

Self-pay 34,856 (3.3) 

Other 31,012 (2.9) 

Discharge location 

Home 720,933 (68) 

Home Health 196,682 (19) 

SNF/Othera 137,948 (13) 

Median household income 

≥$64,000 156,889 (15) 

$48,000 - $63,999 215,307 (20) 

$38,000 - $47,999 298,844 (29) 

≤$37,999 369,959 (36) 

No. of comorbidities, mean±SD 6.2 (4.2, 8.4) 

No. of comorbidities 

≤5 365,267 (35) 

>5 – ≤7 275,695 (26) 

>7 – ≤9 210,091 (20) 

>9 204,777 (19) 

Abbreviations: SNF, skilled nursing facility; IQR, interquartile range 
a Other includes transfers to immediate care, another type of facility, 
or discharged alive and destination unknown 
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Table 3. Ranked 30-day readmissions diagnoses by patient age and clinical classification software categories among those hospitalized 
with an acute exacerbation of chronic obstructive pulmonary disease 

Rank 
30-day readmissions after COPD 

exacerbation hospitalization 

30-day readmissions after COPD 
exacerbation hospitalization 

(40-64 years) 

30-day readmissions after COPD 
exacerbation hospitalization 

(≥65 years) 

Diagnosis by CCS 
Percentage of 
readmissions 

Diagnosis by CCS 
Percentage of 
readmissions 

Diagnosis by CCS 
Percentage of 
readmissions 

Chronic obstructive Chronic obstructive Chronic obstructive 
1 pulmonary disease and 28.36 pulmonary disease and 31.01 pulmonary disease and 26.72 

bronchiectasis bronchiectasis bronchiectasis 

2 Respiratory failure 9.47 Respiratory failure 11.03 Pneumonia 8.59 

3 Pneumonia 7.64 Asthma 10.94 Respiratory failure 8.57 

4 Asthma 6.97 Pneumonia 6.11 Congestive heart failure 6.81 

5 Congestive heart failure 5.80 Septicemia 4.34 Septicemia 6.58 

6 Septicemia 5.72 Congestive heart failure 4.16 Asthma 4.45 

7 Cardiac dysrhythmias 2.44 Cardiac dysrhythmias 1.58 Cardiac dysrhythmias 2.97 

8 
Acute and unspecified 

renal failure 
1.52 Nonspecific chest pain 1.49 

Acute and unspecified 
renal failure 

1.85 

9 
Acute myocardial 

infarction 
1.12 Mood disorders 1.30 Aspiration pneumonitis 1.45 

10 
Fluid and electrolyte 

disorders 
1.10 

Skin and subcutaneous 
tissue infections 

1.27 
Gastrointestinal 

hemorrhage 
1.40 

CCS, clinical classification software; COPD, chronic obstructive pulmonary disease 
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Table 4. Independent predictors associated with 3-, 7-, and 30-day readmissions following hospitalization for 
an acute exacerbation of chronic obstructive pulmonary diseasea 

3-day readmission 7-day readmission 30-day readmission 

Characteristic aOR (95% CI) P aOR (95% CI) P aOR (95% CI) P 

Patient Factors 

Age, y 

40-49 1 (Reference) 1 (Reference) 1 (Reference) 

50-64 1.01 (0.93, 1.10) 0.82 0.98 (0.92, 1.04) 0.45 0.98 (0.95, 1.02) 0.26 

65-74 0.94 (0.85, 1.02) 0.14 0.89 (0.84, 0.95) <0.001 0.88 (0.85, 0.91) <0.0001 

≥75 0.90 (0.82, 0.99) 0.03. 0.84 (0.79, 0.90) <0.0001 0.78 (0.75, 0.81) <0.0001 

Sex 

Male 1 (Reference) 1 (Reference) 1 (Reference) 

Female 0.86 (0.83, 0.89) <0.0001 0.86 (0.84, 0.89) <0.0001 0.87 (0.85, 0.88) <0.0001 

Insurance type 

Medicare 1 (Reference) 1 (Reference) 1 (Reference) 

Medicaid 1.09 (1.03, 1.16) 0.004 1.10 (1.05, 1.15) <0.0001 1.15 (1.12, 1.18) <0.0001 

Private 0.79 (0.73, 0.84) <0.0001 0.75 (0.71, 0.79) <0.0001 0.70 (0.68, 0.72) <0.0001 

Self-pay 0.70 (0.62, 0.80) <0.0001 0.65 (0.59, 0.72) <0.0001 0.61 (0.58, 0.64) <0.0001 

Others 0.81 (0.72, 0.91) <0.001 0.87 (0.81, 0.95) <0.001 0.80 (0.76, 0.84) <0.0001 

Median household 
income 

≥$64,000 1 (Reference) 1 (Reference) 1 (Reference) 

$48,000 - $63,999 1.04 (0.98, 1.10) 0.26 1.05 (1.01, 1.10) 0.02 1.02 (0.99, 1.05) 0.13 

$38,000 - $47,999 1.09 (1.03, 1.15) 0.005 1.09 (1.05, 1.13) <0.0001 1.05 (1.03, 1.08) <0.0001 

≤$37,999 1.11 (1.04, 1.17) <0.01 1.11 (1.06, 1.15) <0.0001 1.08 (1.05, 1.10) <0.0001 

Comorbidities 

Alcohol Abuse 1.14 (1.06, 1.24) <0.01 1.17 (1.10, 1.23) <0.0001 1.13 (1.09, 1.16) <0.0001 

Congestive Heart 1.13 (1.08, 1.18) <0.0001 1.17 (1.14, 1.21) <0.0001 1.28 (1.26, 1.31) <0.0001 
Failure 

Depression 0.98 (0.93, 1.03) 0.44 0.98 (0.94, 1.01) 0.17 1.00 (0.98, 1.02) 0.77 

Diabetes Mellitus 1.01 (0.97, 1.05) 0.59 1.02 (0.99, 1.05) 0.14 1.04 (1.02, 1.06) <0.0001 

Renal Failure 1.16 (1.10, 1.22) <0.0001 1.18 (1.14, 1.22) <0.0001 1.19 (1.17, 1.22) <0.0001 

Obesity 0.83 (0.79, 0.87) <0.0001 0.83 (0.80, 0.85) <0.0001 0.87 (0.85, 0.89) <0.0001 

No. of comorbidities 

≤5 1 (Reference) 1 (Reference) 1 (Reference) 

>5 – ≤7 1.18 (1.12, 1.24) <0.0001 1.14 (1.10, 1.18) <0.0001 1.19 (1.16, 1.21) <0.0001 

>7 – ≤9 1.25 (1.19, 1.32) <0.0001 1.25 (1.20, 1.30) <0.0001 1.30 (1.27, 1.33) <0.0001 

>9 1.38 (1.30, 1.47) <0.0001 1.39 (1.33, 1.45) <0.0001 1.46 (1.43, 1.50) <0.0001 

Hospital and Clinical 
Factors 

Bed Size of Hospital 

Large 1 (Reference) 1 (Reference) 1 (Reference) 

Medium 1.04 (0.99, 1.08) 0.06 1.01 (0.98, 1.03) 0.71 0.95 (0.93, 0.97) <0.0001 

Small 1.04 (0.98, 1.09) 0.19 0.98 (0.94, 1.01) 0.23 0.99 (0.97, 1.01) 0.15 

Hospital ownership 

Government, nonfederal 1 (Reference) 1 (Reference) 1 (Reference) 

Private, non-for-profit 0.94 (0.89, 0.99) 0.02 0.96 (0.93, 0.99) 0.04 0.97 (0.95, 0.99) 0.02 

Private, investor-owned 1.06 (0.99, 1.13) 0.055 1.06 (1.01, 1.10) 0.02 1.03 (1.00, 1.06) 0.02 
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Teaching status of 
hospital 

Metropolitan, non-
1 (Reference) 1 (Reference) 1 (Reference) 

teaching 

Metropolitan teaching 0.98 (0.94, 1.02) 0.23 1.01 (0.98, 1.03) 0.74 1.03 (1.01, 1.04) <0.0001 

Non-metropolitan 0.91 (0.86, 0.97) 0.002 0.92 (0.88, 0.96) <0.001 0.89 (0.87, 0.91) <0.0001 

Discharge location 

Home 1 (Reference) 1 (Reference) 1 (Reference) 

Home healthcare 1.26 (1.20, 1.32) <0.0001 1.31 (1.27, 1.35) <0.0001 1.32 (1.30, 1.35) <0.0001 

SNF/other 1.26 (1.19, 1.33) <0.0001 1.20 (1.16, 1.25) <0.0001 1.28 (1.25, 1.31) <0.0001 

Length of stay at index 
hospitalization, days 

≤2 1 (Reference) 1 (Reference) 1 (Reference) 

>2 – ≤5 0.94 (0.90, 0.98) 0.004 0.99 (0.97, 1.03) 0.83 1.06 (1.04, 1.08) <0.0001 

>5 1.23 (1.17, 1.29) <0.0001 1.35 (1.30, 1.40) <0.0001 1.32 (1.29, 1.34) <0.0001 

Abbreviations: aOR, adjusted odds ratio; CI, confidence interval 
a Each estimate is adjusted for all other variables in the model 
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Figure 1. Frequency and percent of readmissions on each day after discharge following a 
hospitalization for an acute exacerbation of chronic obstructive pulmonary disease. The 
line indicates the percentage of patients readmitted and the bars indicate the frequency of 
readmissions. Index admissions: 1,055,830; total 30 day readmissions: 202,300. 
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Chronic obstructive pulmonary disease (COPD) is a complex and heterogeneous disease 

associated with bacterial infections, exacerbations, and frequent hospital admissions. The focus 

of this work is on the connections between these constructs as it relates to COPD epidemiology. 

For the first part of this dissertation, we used the Bacterial Infection in COPD study to investigate 

the relationships between bacteria and their impact on patient outcomes in COPD. We examined 

tracheobronchial colonization by Pseudomonas aeruginosa, which has been shown to negatively 

impact clinical outcomes in cystic fibrosis and bronchiectasis. However, there is uncertainty 

whether the same association is prevalent in COPD, especially in the outpatient setting. In the 

second study, we examined lower airway bacterial colonization and species specific bacterial 

interactions among COPD patients. This is of importance since bacterial interactions can 

influence which species establishes and persists in a given environment, and possibly altering 

the composition of a microbial community. 

P. aeruginosa colonizes a proportion of patients with COPD and it has been shown to be 

a prognostic factor for in-hospital and three-year mortality. However, the association between P. 

aeruginosa isolation and clinical outcomes (including exacerbations and mortality) has been 

primarily investigated in hospitalized patients. It was important to investigate whether this 

relationship extends to COPD outpatients, as this may present an important therapeutic 

opportunity for change in current practice. Our findings support that isolation of P. aeruginosa in 

sputum is associated with long-term mortality in COPD outpatients as well as adverse clinical 

outcomes including higher exacerbation and hospitalization rates. This would support the notion 

that bacterial presence in the tracheobronchial tree, even in clinically stable COPD, is pro-

inflammatory and associated with pathological and structural evidence of chronic infection, and 

would support that P. aeruginosa is a direct driver of adverse outcomes rather than a marker. 

Chronic colonization by P. aeruginosa has adverse consequences, and the implications of 

whether early eradication as is practiced in cystic fibrosis is applicable to COPD could be 

considered. This study had several strengths, including the prospective design, outpatient 

95 



 
 

          

             

       

         

           

           

     

       

     

     

        

        

          

      

         

          

        

      

             

          

            

    

   

       

         

            

population, and the careful documentation and diagnosis of COPD exacerbations. Limitations of 

this study included the relatively small number of patients and a lack of high-resolution computed 

tomography to estimate the prevalence of bronchiectasis within our cohort. Further investigation 

is necessary with a larger number of patients over longer observations times to improve strategies 

for the prevention and treatment of P. aeruginosa in COPD patients. 

Common pathogens in the lower respiratory tract of COPD patients include Haemophilus 

influenzae, Moraxella catarrhalis, Streptococcus pneumoniae, and Pseudomonas aeruginosa. 

Currently, it is poorly understood how these bacteria interact and colonize over time during both 

stable disease and acute exacerbations. Our findings show positive association between S. 

pneumoniae colonization and H. influenzae colonization along with negative associations 

between P. aeruginosa and both H. influenzae and M. catarrhalis. These relationship were similar 

during both stable and exacerbation visits. This implies that interventions could be envisaged that 

rationally alter the lung microbiota or provide novel drug targets that could be selected to enable 

or inhibit these interactions. Moreover, as exacerbations are commonly treated with antibiotics, a 

further understanding of an individual’s lung microbiota may influence choice of appropriate 

therapy. This study has several strengths, including the prospective study design, the large 

number of repeated samples, and careful documentation and diagnosis of COPD exacerbations 

by physician examiners. Furthermore, we examined lower respiratory bacterial carriage during 

exacerbations, a time when patients are at risk of further complications. A limitation of our study 

is that we did not evaluate bacterial-viral interactions, since it was not examined in the primary 

study. Also, we focused on the four most common pathogens in the lower respiratory tract, 

however the lung microbiota includes multiple bacterial taxa and bacterial families and the 

interrelationship between these bacteria most likely influences which species are dominant within 

the lower airways of COPD patients. Future work should focus on longitudinally sampled, culture-

independent studies to further evaluate these bacterial interactions in the lung microbiome as well 

as the influence of host factors on microbial composition. Moreover, future investigations on the 
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mechanisms and complex interactions that shift bacterial species within COPD patients are 

necessary in order pursue these therapeutic gains. 

For the third study, we were interested in understanding the factors related to 30-day 

hospital readmission for an acute exacerbation of chronic obstructive pulmonary disease 

(AECOPD). The interest in hospital readmissions stemmed from the inclusion of COPD in the 

Hospital Readmission Reduction Program (HRRP), established by the Centers for Medicare and 

Medicaid Services (CMS). This program would penalize hospitals up to 3% of total Medicare 

reimbursements if the hospitals failed to stay below their expected readmissions rates. Here, we 

utilized the Nationwide Readmission Database (NRD) from the Agency of Healthcare Research 

and Quality, which provides a nationwide database that includes all payers and ages. Our findings 

indicate that the overall AECOPD readmission rate is 19.2% with the highest readmission rates 

within the first 72 hours. Multiple factors were associated with early readmission including patient 

factors (Medicaid payer status, lower household income, and higher comorbidity burden) and 

clinical factors (longer length of stay and discharge to a skilled nursing facility). The implications 

of this work call for a real-time predictive model to identify COPD patients at high-risk of early 

readmission. To date, there are no rigorously tested COPD-specific algorithms to predict risk of 

30-day readmission. The next step would be to develop, validate, and implement a risk 

stratification algorithm based on these factors to better predict AECOPD patients at high risk of 

readmission. A predictive model incorporating these factors at real-time during a patient’s index 

admission may allow providers and hospitals to risk-stratify patients and apply necessary 

resources to enhance patient-focused care, and such a model could be incorporated into COPD-

specific readmission reduction programs. Although previous work has examined AECOPD 

readmissions, we felt this study was novel in the following ways: 1) the NRD is a large-scale 

administrative database designed specifically to support analyses of national readmissions for all 

ages and payers, 2) index admissions and readmissions for an AECOPD were defined consistent 

with HRRP measures, and 3) the study time period was after HRRP initiation but prior to its 
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expansion to COPD. This study is limited by the fact that we relied on ICD-9-CM codes to classify 

AECOPD hospitalizations and the CMS HRRP algorithm used to define AECOPD by ICD-9-CM 

codes has yet to be tested or validated. Moreover, we were not able to track observation services 

since these types of admissions are not included in the database. Future studies should use 

claims data to evaluate the impact of HRRP programs on non-inpatient services. 

In summary, each of these studies focused on different aspects of the relationship 

between bacteria, exacerbations, and hospitalizations related to patients with COPD. By utilizing 

an array of methodologies, study techniques, and databases, we believe this work can improve 

the care and clinical outcomes of COPD patients. 
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APPENDIX A – CHAPTER 4 SUPPLEMENT 
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Table A1. Common comorbidities among index hospitalizations and readmissions for patients hospitalized with an acute 
exacerbation of chronic obstructive pulmonary disease 

Rank 
Index hospitalizations 

(N=1,055,830) 

7-day readmissions after COPD 
exacerbation hospitalization 

(N=60,428) 

30-day readmissions after COPD 
exacerbation hospitalization 

(N=202,300) 

Comorbidity name Percentage Comorbidity name Percentage Comorbidity name Percentage 

1 Hypertension 68.3 Hypertension 70.0 Hypertension 70.2 

2 Diabetes 31.7 Diabetes 34.7 Diabetes 35.3 

3 
Fluid and electrolyte 

disorders 
26.4 Congestive heart failure 32.7 Congestive heart failure 33.4 

4 Congestive heart failure 25.9 
Fluid and electrolyte 

disorders 
30.3 

Fluid and electrolyte 
disorders 

28.8 

5 Obesity 18.2 Iron deficiency anemia 20.1 Iron deficiency anemia 20.3 

6 Depression 17.1 Renal failure 17.8 Obesity 18.9 

7 Iron deficiency anemia 15.5 Obesity 17.7 Depression 18.1 

8 Hypothyroidism 13.7 Depression 17.6 Renal failure 17.6 

9 Renal failure 13.5 Hypothyroidism 13.7 Hypothyroidism 13.6 

10 
Other neurological 

disorders 
8.2 

Other neurological 
disorders 

9.7 
Other neurological 

disorders 
9.5 
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Table A2. Readmission rates by demographic, clinical, and hospital characteristics in patients with an 
index admission for acute exacerbation of chronic obstructive pulmonary disease 

Days to Readmission 

Not 3-Day 7-Day 30-Day 
Characteristics Readmitted Readmission Readmission Readmission 

[N= 853,530] [N=29,090] [N=60,428] [N=202,300] 

Patient Level Factors 

Age groups (y) 

40-49 53,093 (6.2) 1,564 (5.4) 3,283 (5.4) 11,188 (5.5) 

50-64 283,375 (33) 9,420 (32) 19,577 (32) 66,171 (33) 

65-74 262,553 (31) 8,882 (31) 18,611 (31) 63,180 (31) 

≥75 254,510 (29) 9,225 (32) 18,958 (31) 61,761 (31) 

Gender 

Male 348,870 (41) 13,078 (45) 27,042 (45) 88,943 (44) 

Female 504,660 (59) 16,012 (55) 33,386 (55) 113,357 (56) 

Insurance Type 

Medicare 594,279 (70) 21,383 (74) 44,450 (74) 148,339 (73) 

Medicaid 104,046 (12) 4,024 (14) 8,468 (14) 29,353 (15) 

Private 97,423 (11) 2,349 (8.1) 4,724 (7.8) 15,561 (7.7) 

Self-pay 30,918 (3.6) 595 (2.0) 1,180 (1.9) 3,938 (1.9) 

Other 26,107 (3.1) 695 (2.4) 1,538 (2.5) 4,905 (2.4) 

Median Household Income 

≥$64,000 127,417 (15) 4,167 (15) 8,599 (14) 29,473 (15) 

$48,000 - $63,999 174,950 (21) 5,751 (20) 11,988 (20) 40,356 (20) 

$38,000 - $47,999 241,953 (29) 8,239 (29) 17,151 (29) 56,891 (28) 

≤$37,999 296,960 (35) 10,554 (37) 21,936 (37) 72,999 (37) 

No. of Comorbidities 

≤5 310,920 (37) 8,058 (28) 16,607 (27) 54,348 (27) 

>5 – ≤7 224,189 (26) 7,447 (25) 15,263 (25) 51,505 (25) 

>7 – ≤9 165,200 (19) 6,406 (22) 13,315 (22) 44,891 (22) 

>9 153,221 (18) 7,179 (25) 15,243 (25) 51,556 (25) 

Hospital and Clinical Factors 

Bed Size of Hospital 

Large 455,776 (53) 15,558 (54) 32,969 (55) 110,850 (55) 

Medium 240,258 (28) 8,207 (28) 16,914 (28) 56,660 (28) 

Small 157,495 (19) 5,325 (18) 10,545 (17) 34,790 (17) 

Hospital Ownership 

Government, nonfederal 105,946 (12) 3,599 (12) 7,345 (12) 24,280 (12) 

Private, non-for-profit 584,186 (68) 19,260 (66) 40,584 (67) 137,895 (68) 

Private, investor-owned 163,398 (19) 6,231 (21) 12,499 (21) 40,125 (20) 

Teaching Status of Hospital 

Metropolitan, non-teaching 334,772 (39) 11,746 (41) 23,952 (40) 79,515 (39) 

Metropolitan teaching 357,739 (42) 12,317 (42) 26,201 (43) 89,288 (44) 

Non-metropolitan 161,018 (19) 5,027 (17) 10,275 (17) 33,497 (17) 

Discharge Location 

Home 597,462 (70) 17,625 (60) 36,502 (60) 123,471 (61) 

SNF/Othera 105,622 (12) 4,821 (17) 9,609 (16) 32,326 (16) 

Home Health 150,252 (18) 6,630 (23) 14,290 (24) 46,431 (23) 

Length of stay, days, median (IQR) 2.9 (1.7, 4.6) 3.3 (1.8, 5.6) 3.3 (1.9, 5.7) 3.3 (1.9, 5.4) 
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Length of stay, days 

≤2 273,067 (32) 8,219 (28) 16,406 (27) 54,472 (27) 

>2 – ≤5 399,708 (47) 12,431 (43) 25,901 (43) 90,852 (45) 

>5 180,755 (21) 8,441 (29) 18,121 (30) 56,976 (28) 

All data are presented as No. (%), unless otherwise indicated 
Abbreviations: SNF, skilled nursing facility; IQR, interquartile range 
a Other includes transfers to immediate care, another type of facility, or discharged alive and destination 
unknown 
b Other includes non-metropolitan or micropolitan counties 

102 



 
 

     

       

  

 

 

  

- -

Figure A1. Percentage of patients readmitted with common readmission diagnoses 

during consecutive periods following hospitalization for an acute exacerbation of chronic 

obstructive pulmonary disease 
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Figure A2. Percentage of patients readmitted with common readmission diagnoses 

during cumulative periods following hospitalization for an acute exacerbation of chronic 

obstructive pulmonary disease 
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