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Abstract Chronic obstructive pulmonary disease

(COPD) is a disease with high prevalence and substantial

associated economical burden. A significant determinant of

quality of life, long-term survival, and health care costs is

an acute exacerbation of COPD. Acute exacerbations are

provoked by respiratory viruses, altered airway micro-

biome, and environmental factors. The current treatment

options are limited. In order to develop specific therapeutic

measures, it is important to understand how acute exacer-

bations evolve. This review focuses on pathophysiology of

stable and exacerbated COPD.
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Introduction

High prevalence and substantial associated economical

burden set chronic obstructive pulmonary disease (COPD)

apart from other respiratory diseases. Worldwide, 64 mil-

lion people were estimated by World Health Organization

in 2004 to have COPD. The estimates of the prevalence of

this disease in different countries range between 8 and

12 % [1]. In China, the prevalence of COPD was estimated

at 8.2 % by a recent study [2]. Being a sixth leading cause

of deaths in the 1990s, COPD now ranks among top three

leading causes of death worldwide, with more than

3 million deaths in 2012. The mortality rates of this disease

are surpassed only by ischemic heart disease and stroke

(Fig. 1). Furthermore, World Health Organization esti-

mates that the overwhelming majority (almost 90 %) of

COPD-associated deaths occur in developing countries due

to insufficient prevention and control. It is estimated that

prevalence of COPD will increase within the next 10 years,

while mortality will remain at the current rate.

COPD is substantial burden to both patients and the

health care system. Patients, especially those with severe

disease, can be limited in their daily activities because of

dyspnoea, cough, and fatigue. This constant handicap is

further worsened during acute exacerbations of this dis-

ease. COPD exacerbations deteriorate patients’ quality of

life and survival [3–6]. A significant proportion of patients

with COPD experiences frequent exacerbations (‘‘frequent

exacerbators’’) [7]. Frequent exacerbations are associated

with increased likelihood of COPD-associated death [8].

Furthermore, COPD exacerbations are a very significant

contributor to COPD-associated health care costs, mostly

due to hospitalizations. Thus, the costs of COPD hospi-

talizations were estimated to be $11.9 billion in the USA in

2006, with an average cost of hospitalization of $9545 per

patient [9]. In China, the cost of inpatient care for acute

exacerbation of COPD has also been estimated high [10].

Given that COPD exacerbations are a significant con-

tributor to morbidity and mortality associated with this

disease, and cause substantial financial costs, mainly due to

hospitalization, it is crucial to better understand the factors

leading to COPD exacerbations to be able to develop ef-

fective measures to prevent and/or treat these exacerba-

tions. The present review will focus on current

understanding of the pathophysiology of COPD exacerba-

tions, and current and potential preventive or therapeutic

measures.
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Pathophysiology of COPD

The Global Initiative for Chronic Obstructive Lung Dis-

ease (GOLD) defines COPD as a disease that is ‘‘usually

progressive and associated with an enhanced chronic in-

flammatory response in the airways and the lung to noxious

particles or gases’’ [11]. These noxious particles or gases

are inhaled with cigarette smoke or smoke from burning

biomass fuel, the latter being more relevant for low-income

countries [12]. Anatomically, the abnormal processes in the

airways of patients with COPD develop as poorly re-

versible or irreversible airway obstruction, or emphysema

(rupture of the inner walls of alveolar sacs with creation of

larger air spaces with trapped air), or a combination of

both. The disease is frequently accompanied by mucus

hypersecretion that leads to productive cough and may

impair bacterial clearances.

These abnormalities are a result of direct damaging ef-

fects of inhaled particles and gases, and subsequent cellular

inflammatory processes in the airway. Inflammation in the

airways of these patients is excessive and persists even

after smoke cessation. Cellular inflammation is character-

ized by excessive numbers of macrophages, T and B

lymphocytes, and neutrophils in airway lumen [13]. Air-

way epithelial cells are also prominently involved in per-

petuation and amplification of airway inflammation in

COPD, as demonstrated by their pro-inflammatory pheno-

type under basal culture conditions in the in vitro ex-

periments [14]. Airway epithelial cells and macrophages

are the cells that are constantly present in the airways, and

are, probably, the first responders to exposure to cigarette

smoke or smoke from biomass fuels. Cigarette smoke

contains more than 4000 compounds, including carcino-

gens, oxidants, toxic metals, and even bacterial endotoxins

[15–17] These compounds have been shown in cell and

animal studies to cause inflammatory responses, cell

apoptosis and necrosis, and dysregulation of innate im-

munity. Thus, numerous studies demonstrate that cigarette

smoke stimulates production of inflammatory chemokines

from airway epithelial cells. Said chemokines attract

haemopoetic inflammatory cells (e.g., neutrophils) which

are normally not present in the airways and are capable of

causing extensive damaging effects. It is plausible that

inflammatory processes initiated by smoke inhalation are

further perpetuated and amplified by the responses of cells

resident to the airways (e.g., airway epithelial cells, mac-

rophages, lymphocytes, fibroblasts). As ‘‘biomass,’’ one

refers to organic materials (wood, charcoal, dried animal

dung fuel, etc.) that are used for cooking or heating of a

dwelling [18]. The biomass combustion efficiency is lower

than that of energy sources typically used in the Western

world (e.g., coal or natural gas). The burning of biomass

releases gases and particulate matters, including carbon

monoxide, pollutants, oxidants, cancerogens, etc. [19].

These exert damaging effects on airway cells that are

similar to those by cigarette smoke [20, 21].

It is possible that the damaging effects are especially

extensive in susceptible individuals, which is demonstrated

by the fact that not all smokers develop COPD. Therefore,

besides the exposure to damaging compounds in cigarette

or biofuel smoke, it may also take additional environmental

or genetic factors to develop COPD [22].

Patients with COPD often harbor increased numbers of

commensal or pathogenic microorganisms in their airways.

The total population of microorganisms that reside in a

specific area (e.g., the airways) is called microbiome. The

studies of COPD microbiome have only recently com-

menced, and therefore, we presently have only a limited

knowledge of potential microbiome abnormalities [23].

Traditionally, microorganisms have been identified via

culturing, which led to believe that normal human airways

are sterile. However, newer microbiome studies comple-

ment traditional culturing techniques with molecular bi-

ology tools, such as PCR or sequencing, and demonstrate

that even healthy individuals harbor some non-pathogenic

microorganisms in their airways. In contrast, patients with

COPD demonstrate either elevated numbers of the mi-

croorganisms found in healthy individuals or microorgan-

isms not typically present in healthy airway microbiome.

Among different microorganisms typical for COPD air-

ways are Haemophilus influenzae, Streptococcus pneumo-

niae, Moraxella catarrhalis, and, in more severe patients,

Pseudomonas aeruginosa (Table 1). It is suspected that the

altered microbiome may also be a significant contributor to

Fig. 1 The top 10 causes of death worldwide (World Health Care

data). The causes of death are shown as percentages. The COPD-

associated deaths account for 5.6 % worldwide, making COPD

among the top three causes of death. Other causes of death showed

without labels are lower respiratory infections (5.5 %), lung cancers

(2.9 %), HIV/AIDS (2.7 %), diabetes mellitus (2.7 %), diarrheal

diseases (2.7 %), road injuries (2.2 %), and hypertensive heart disease

(2 %). Other causes account for 48.6 % of deaths worldwide
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perpetuation and amplification of airway inflammation in

COPD [23].

In the past, atopic asthma was seen as a disorder very

different from COPD, with the research emphasized Th2-

and eosinophil-driven inflammatory mechanisms in atopic

asthma and neutrophil-driven inflammation in COPD.

However, it is increasingly recognized that asthma and

COPD may be part of a long continuum of respiratory

diseases with many disorders, such as atopic asthma in

smokers or allergies in patients with COPD. In latter pa-

tients, the inflammatory processes in the airways may be

associated with eosinophilia [24].

Non-smokers can also develop COPD [25–27]. The

disease development is of unclear pathogenesis in these

patients and may involve genetic and/or environmental

factors, including second-hand exposure to cigarette

smoke. Genetic factors predisposing to COPD have not

been revealed, possibly, due to multigenetic nature of ab-

normalities in the airways (e.g., antioxidant or inflamma-

tory genes, genes encoding proteolytic enzymes, etc.).

There is, however, mutation of the gene SERPINA1, that

encodes alpha-1 antitrypsin, that causes pathological ab-

normalities in the lung similar to those in emphysema.

However, this genetic disorder is typically classified

separately from typical COPD.

Acute Exacerbation of COPD

The consensus definition of acute exacerbation of COPD is

as follows: ‘‘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’’

[11]. As noted above, not only do COPD exacerbations

negatively affect the quality of life of these patients, the

exacerbations also substantially increase risk of pre-mature

death and cause substantial financial burden to the health

care system due to hospitalization and need for specialized

care. The most typical provoking factors for COPD exac-

erbations are bacterial and viral infections.

As discussed above, patients with COPD are reported to

harbor diverse bacteria, often including opportunistic mi-

croorganisms, such as P. aeruginosa. During exacerba-

tions, the number of these bacteria (very commonly, H.

influenzae) increases in many patients, which may be be-

cause of the outgrowth of the existing strains or acquisition

of the new ones [28]. Bacteria-driven genesis of many

COPD exacerbations, especially those with increased spu-

tum purulence, is confirmed by clinical efficacy of antibi-

otics [29]. Studies further demonstrate that acute

exacerbations may be associated with acquisition of new

bacterial strains [28, 30], against which the patients do not

have specific antibodies [30]. These observations further

support etiological role of bacterial infection in acute ex-

acerbation of COPD.

But what leads to acquisition of new strains or out-

growth of the existing strains? Recent research data

strongly suggest that the majority of COPD exacerbations

are associated with upper respiratory viral infections. First,

respiratory viruses are detected in upper and lower airway

secretions from patients with COPD in a significant number

of acute exacerbations [31, 32]. Second, experimental virus

infections of patients with COPD demonstrate a subsequent

bacterial outgrowth [33], confirming a causative link

Table 1 Microorganisms found in the upper and lower airways of patients with COPD

Microorganisms Study Disease state

Lactobacillus spp., Streptococcus spp., Pseudomonas spp., Neisseria spp., Prevotella

spp., Veillonella spp.

Park et al. [52]a Stable disease, Gold stage I–III

(predominantly, I and II)

Haemophilus influenzae, Streptococcus pneumoniae, Pseudomonas aeruginosa,

Klebsiella spp., Moraxella catarrhalis, Pseudomonas fluorescens

Huang et al.

[28]b
Exacerbation, Gold stage I–III

Genera Afipia, Brevundimonas, Curvibacter, Moraxella, Neisseria, Undibacterium,

Corynebacterium, Capnocytophaga, Leptolyngbia; Pseudomonas aeruginosa

Zakharkina

et al. [53]c
Stable, Gold stage I–III

Genera Proteobacteria, Bacteroidia, Actinobacteria, Firmicutes, Streptococcus,

Prevotella Fusobacterium, Neisseria, Moraxella, Haemophilus, and Acinetobacter

Cabrera-Rubio

et al. [54]bc
Stable, Gold stage I–III

(predominantly, I and II)

Families Acidimicrobiaceae, Burkholderiaceae, Campylobacteraceae,

Caulobacteraceae, Chloroplasts, Crenotrichaceae, Desulfomicrobiaceae,

Enterobacteriaceae, Helicobacteraceae Leptospiraceae, Moraxellaceae,

Nitrosomonadaceae, Peptococc/Acidaminococc, Pirellulae, Piscirickettsiaceae,

Pseudomonadaceae, Sphingobacteriaceae, Thermoactinomycetaceae,

Thermodesulfobacteriaceae, Xanthomonadaceae, Xiphinematobacteraceae

Huang et al.

[55]a
Severe exacerbation (intubated

patients)

a Oropharyngeal swabs or endotracheal aspirates (upper airways)
b Sputum or bronchial aspirate (central airways)
c Broncho-alveolar lavage (lower airways)
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between upper respiratory virus infections, subsequent

bacterial infection, and acute exacerbation of COPD.

It is estimated that viral or bacterial infections or com-

bination of both are responsible from two thirds to three

quarters of all COPD exacerbations [11, 34]. The role of

respiratory viruses as pathogens provoking the majority is

increasingly recognized [35–37]. Owing to clinical avail-

ability of multiplex PCR, detection of respiratory viruses

has been greatly facilitated in the recent years. Respiratory

viruses most commonly detected during acute exacerba-

tions of COPD are human rhinoviruses, respiratory syn-

cytial virus, and influenza virus, while other viruses are

detected less frequently (Table 2). Among these viruses,

vaccination is available for influenza virus, and there is a

monoclonal antibody against respiratory syncytial virus

(palivizumab). Influenza vaccination is routinely used in

patients with COPD. It has been discussed that a wide-

spread of influenza vaccination in the Western countries

decreased detection of this virus during COPD exacerba-

tions [38]. As the cost of palivizumab is very high, the

authors of this review are not aware of the use of this drug

for COPD. There is neither vaccine nor monoclonal anti-

bodies available against human rhinoviruses. Pivotal role

of human rhinoviruses in COPD exacerbations is demon-

strated by both epidemiologic studies and by studies on

experimental infection. Specifically, it was shown that

inoculation of patients with COPD with a low-dose rhi-

novirus leads to lower airway symptoms typical for COPD

exacerbation (breathlessness, cough, increased mucus

production, etc.), as well as secondary bacterial infection

[33, 39]. Furthermore, the peak of rhinovirus load in the

lower airway secretions precedes the rise in bacterial load

[33]. This confirms anecdotal evidence reported by many

patients with COPD that they have had an upper respiratory

viral infection (‘‘the common cold’’) several days before

developing an acute exacerbation of their disease. Fur-

thermore, in northern regions, the number of acute exac-

erbations of COPD peaks during fall and winter months

[40, 41], which are also the months with the highest

prevalence of upper respiratory virus infections [42].

Therefore, efforts should be aimed at developing effective

antiviral measures, also against human rhinovirus, to pre-

vent these and secondary bacterial infections, since both

appear to precipitate COPD exacerbations.

About one-third of COPD exacerbations are provoked

by factors other than bacterial or viral infections. These

could be allergies (in patients with pre-existing allergies),

environmental factors, stress, or other intrinsic factors.

Environmental factors, such as air pollution, are especially

relevant for cities with large industrial base, such as many

of those in China. The intrinsic factors may play a role in

susceptibility of some COPD individuals to frequent ex-

acerbations (the so-called ‘‘frequent exacerbators’’),

although it is also possible that these patients are prone to

viral or bacterial infections. Furthermore, poor patient

compliance to therapies during stable disease has been

shown as a risk factor for exacerbations [43].

Prophylactic and Therapeutic Measures to Prevent

or Treat Acute Exacerbation of COPD

The current armamentarium of prophylactic and

therapeutic measures to effectively control COPD exacer-

bations is limited. As mentioned above, vaccination is

currently available only for influenza virus. In addition,

Table 2 Detection of respiratory viruses in lower airway secretions during acute exacerbations of COPD

Respiratory virus Characteristics Reported prevalence in acute

exacerbations

Human rhinovirus Single-stranded positive sense RNA virus that does not cause extensive cytotoxicity. There

are three major species, A, B, and C, that altogether encompass approx. 150 serotypes

13.7–19.7 % [31]; 14.8 %

[13.2–16.5 %] [32]

Respiratory

syncytial virus

Single-stranded negative sense RNA virus that can cause extensive cytotoxicity 9.4–14.8 % [31]; 9.0 %

[7.8–10.4 %] [32]

Influenza Single-stranded negative sense RNA virus that can cause extensive cytotoxicity. There are

three major species, A, B, and C. The influenza virus A comprises several serotypes,

including endemic ones

7.1–12.6 % [31]; 8.2 %

[7.0–9.5 %] [32]

Parainfluenza virus Single-stranded negative sense RNA. There are four serotypes 3.1–6.7 % [31]

Human

metapneumovirus

Single-stranded negative sense RNA \2 % [32]

Coronavirus Single-stranded positive sense RNA virus. There are six serotypes that can infect humans 0.4–2.7 % [31]

Adenovirus Double-stranded DNA virus. The species B and C that predominantly cause COPD

exacerbations altogether comprise 15 serotypes

2.6–5.8 % [31];\2 % [32]

Numbers represent mean [96 % confidence interval]
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vaccination against endemic influenza strains is produced

on empirical basis, following the outbreaks in South and

Far East Asia. Therefore, there is usually a lag time of

several months between identification of the virus strain

with a potential to cause an influenza endemic, production

of the vaccine, and availability of the vaccine for general

population and vulnerable subpopulation, including pa-

tients with COPD. Due to multiplicity of the human rhi-

novirus, the virus that causes the majority of upper

respiratory viral infections, a universal vaccine has yet to

come. Antiviral anti-influenza drugs, such as amantadine,

may be effective but have extensive adverse effects [44].

The current guidelines for COPD [11] do not provide

recommendations for or against the use of antiviral anti-

influenza drugs. There have been clinical trials on aug-

mentation therapy with aerosolized interferon-b in asthma

[45]. Interferon-b is an antiviral cytokine and may poten-

tially facilitate virus clearance from lower airways of pa-

tients with COPD; however, no clinical studies have been

done to date to test antiviral efficacy and safety of inter-

feron-b in these patients.

With regard to altered microbiome, there is pneumo-

coccal vaccine that boosts immunity against S. pneumoni-

ae. This vaccination is currently recommended to all

patients with COPD, while there is still a lack of large

randomized controlled trials to more objectively assess the

benefit of pneumococcal vaccination [46, 47]. There is also

oral vaccine against H. influenzae, but the evidence for its

efficacy to reduce the number or severity of COPD exac-

erbations is mixed [48].

The current guidelines for COPD [11] identify three

major classes of pharmacological treatment (short-acting

bronchodilators, systemic corticosteroids, and antibiotics),

along with supporting therapies (oxygen therapy, non-in-

vasive and invasive mechanical ventilation) that are com-

monly used, with more or less proven efficacy, to curb

acute exacerbations of COPD. The guidelines provide step-

wise recommendations for the use of pharmacological

measures for COPD exacerbations. The guidelines further

recommend to follow pharmacological treatment with early

outpatient rehabilitation therapy to prevent subsequent

exacerbations.

Exacerbations in COPD are often aggravated by co-

morbidities which are common in these patients (e.g., is-

chemic heart disease, hypertension, pulmonary hyperten-

sion, heart failure, etc.). Therefore, these conditions also

require medical attention during treatment of acute exac-

erbations of COPD. In stable disease, the COPD guidelines

recommend to treat co-morbidities as per treatment prac-

tices for patients without COPD [11]. There are currently

no international guidelines specifically focusing on the

management of co-morbidities during COPD exacerba-

tions. It has been noted, though, that COPD exacerbations

and co-morbidities appear to influence each other. Thus,

patients with COPD and metabolic syndrome, a common

co-morbidity in COPD [49], were reported to have more

frequent acute exacerbations of COPD [50]. Vice versa,

osteoporosis was more severe in patients with COPD who

had more frequent exacerbations [51]. Therefore, effective

management of co-morbidities in COPD will improve the

overall patient well-being and contribute to preventing

exacerbations.

Conclusion

Acute exacerbation of COPD imposes a substantial burden

on both the patients and health care system, and leads to

increased risk of mortality. Viral infections often pre-

cipitate secondary bacterial infections. Both viral and

bacterial infections are now recognized as provoking fac-

tors of the great majority of acute exacerbations of COPD.

Newer therapies are needed to effectively control viral and

bacterial infections to prevent COPD exacerbations.
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