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Although challenging to study, researchers recently 
recognized the relevance of airway pH to the patho-
physiology of several respiratory diseases, ranging from 
asthma and cystic fibrosis to pneumonia. The airway 
epithelium is extraordinarily sensitive to acid. Gas-
troesophageal reflux can and does cause respiratory 
symptoms, through both neurally mediated pathways 
and direct aspiration. Direct aspiration has a variety of 
immunologic, biochemical, and physiologic effects that 
aggravate asthma and other respiratory diseases, yet 
strategies to diagnose and treat gastroesophageal reflux-
related respiratory symptoms remain imprecise.

Introduction
Gastroesophageal reflux is one of three broad pathways by 
which the airways can become acidified [1,2]. The other 
mechanisms include airway exposure to inhaled acidic aero-
sols (eg, acid fog) or reactive acidifying gases (eg, chlorine)  
and disorders of acid- and base-producing mechanisms in 
the airway epithelial surface itself [1–9]. This third pathway 
is termed “intrinsic airway acidification” and perhaps serves 
as an innate immune response to dispose of acid-sensitive 
invading microbes such as mucoid Pseudomonas, rhinovi-
rus, and tuberculosis [1,10•,11•,12]. Airway pH homeostatic 
processes are only beginning to be investigated, but devia-
tions from pH homeostasis are known to be associated with 
respiratory diseases including acute asthma, cystic fibrosis, 
chronic obstructive pulmonary disease (COPD), and bron-
chopulmonary dysplasia (Table 1) [1,2,11•,13,14•,15•]. 

Airway Sensitivity to Acid
The airway epithelium is intolerant of acidification [1,2]. 
Unlike the esophagus—which can readily tolerate acid 

contact times of 5% or more and has no problem swal-
lowing acidic drinks [16]—even brief, mild acid insults to 
the airway activate potent cough and bronchoconstrictive 
responses and substantially enhance mucus produc-
tion [1,2,17–19]. Although rapid vagal-mediated airway 
responses have been associated with isolated esophageal 
acidification (ie, an airway response to esophageal acid in 
the absence of aspiration) in some animal studies, the effect 
of direct airway acidification through aspiration is dramat-
ically greater and dominates the airway pathophysiology 
of acidic reflux [1,2]. Diseases characterized by intrinsic 
airway acidification (eg, acute asthma), present with symp-
toms similar to those occurring after acidic gas inhalation 
[3], which are also similar to symptoms of patients who 
have respiratory complications of gastroesophageal reflux 
disease [4]. Airway acidification may be a central unifying 
feature of these diverse disease processes.

Difficulty of Measuring Airway pH
Why has such an intuitively important aspect of respira-
tory pathology received so little attention until recently? 
In part, the answer lies in the difficulty in obtaining reli-
able data regarding airway pH. Several factors underlie 
this difficulty:

Passing a pH probe endoscopically into the lung in 
healthy subjects is highly invasive.

Passing a pH probe endoscopically into the lung of 
patients with active respiratory disease, particu-
larly those with an acute exacerbation of asthma, 
may worsen bronchospasm.

Airway lining fluid is spread out over the tennis 
court–sized expanse of the lung epithelial surface. 
Obtaining a sample from this thin layer of fluid with-
out altering its composition is notoriously difficult.

The pH of airway lining fluid is unlikely to be 
anatomically homogenous [1,20•], any more than 
inflammation is homogenous in any one patient’s 
lung. A scattered few pH measurements in the 
proximal four divisions of the bronchial tree using 
a wire pH probe are unlikely to report accurately 
the conditions of the entire airways/lung.

1.
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  Unlike the kidney, which is diagnostically 
biopsied whenever it is inflamed, lung physicians 
have been reluctant to biopsy the diseased lung 
(eg, in asthma); therefore, this potential source 
of information about pH regulatory enzymes in 
health and disease is not as routinely available.

Sputum pH has been studied to a certain extent, and 
there are several reports of sputum acidification occurring 
in association with respiratory disease [7,11•,21].

Recent Data Regarding Airway 
Acidification in Disease
The issue of airway pH has received more attention in the 
past decade because the difficulties of measuring it have 
been partially overcome by means of exhaled breath con-
densate (EBC) sampling. Collection of  EBC during tidal 
breathing is a harmless process that can be performed 
even in patients with profound lung disease [12,13,22]. 
EBC consists of aerosolized particles or droplets of airway 
lining fluid that serve as seeds for substantial vapor-phase 
water condensation, with the water then trapping water-
soluble gases, some of which are acids and bases. Acids 
tend to be volatile when protonated (and uncharged), 
therefore evaporating from the airway lining fluid more 
readily if the pH of the airway is acidic. Some of the 
exhaled acid is retrapped in EBC, altering its pH. This pH 
can be measured easily; if lower than normal, it serves as 
a qualitative—and to some extent quantitative—indicator 
that the airway at some level is acidic [1,9,22,23•]. 

The EBC assay most commonly employed involves gas 
standardization, which uses a nonreactive, CO2-free gas 
to remove CO2 from the EBC [9,23•]. CO2 is a gaseous 
precursor of acid and is no more volatile from a low-pH 
source fluid than from a neutral-pH source. When CO2

is lost from EBC, it causes the pH to drift up ex vivo 
by shifting the H2CO3 equilibrium: when it has been 
removed, pH of EBC is remarkably reproducible [5]. EBC 
pH assays have been used to identify airway acidification 
in patients with acute asthma, cystic fibrosis, COPD, acute 
respiratory distress syndrome, viral respiratory infections, 

5. tuberculosis, and other lung diseases [9,13,14•,24]. EBC 
pH has been used as the primary, but not sole, indicator 
that the pH of the airway lining fluid may be substantially 
acidic in these conditions. Of note, airway acidification 
in these and other conditions has now been confirmed by 
more direct but complicated measurements [7].

Association between Airway 
Acidification and Gastroesophageal Reflux
As noted above, EBC pH assays can be affected by both 
gastric acid reflux [1,25,26•] and intrinsic pathways. In 
airways isolated from gastric acid exposure by cuffed 
endotracheal tubes, EBC acidification clearly occurs with 
primary respiratory diseases, and pH changes gradually 
under these conditions [1,14•], not suddenly as has been 
observed with transient episodes of acid reflux. However, 
in spontaneously breathing patients providing oral EBC 
samples, it can still be unclear which low-pH EBC values 
are caused by acid reflux. This is resolved using multiple 
collections of EBC from each patient. The pattern of 
EBC acidification during multiple EBC samples from one 
patient appears to differentiate between intrinsic airway 
acidification and reflux/aspiration. Specifically, a cough 
that is temporally associated (within 15 minutes) with 
EBC acidification is highly likely to respond to gastric 
acid suppression therapy [26•].

Gastroesophageal reflux has been associated unequiv-
ocally with respiratory symptoms [4,27–30], and there 
is substantial evidence that acid reflux events most com-
monly precede the respiratory symptoms [29]. Indeed, 
although most practicing lung specialists are convinced of 
the importance of acid reflux to asthma symptoms, they 
are confused about why the clinical efficacy data for pro-
ton pump inhibitors have not been clearly demonstrated 
[4,30] and remain insufficient for the US Food and Drug 
Administration to allow these agents to be marketed for 
respiratory disease. Practitioners are also frustrated by the 
absence of an objective test to diagnose gastroesophageal 
reflux-associated respiratory symptoms in their patients 
[31]. Proton pump inhibition may not be proven effective as 

Table 1. Lung diseases associated with abnormal pH

Study Disease

Balmes et al. [6], Kodric et al. [7], Honma et al. [8], 
Hunt et al. [9], Kostikas et al. [13], Herve et al. [16], 
Jack et al. [17], Boyle et al. [18], Shin et al. [20•], 
Avidan et al. [29]

Asthma

Kostikas et al. [13] Chronic obstructive pulmonary disease

Yoon et al. [11•] Cystic fibrosis

Carraro et al. [10•], Walsh et al. [14•], Hunt et al. [24] Viral respiratory infection

Gaston et al. [12] Tuberculosis

Hunt et al. [26•] Chronic cough

Paget-Brown et al. [15•] Bronchopulmonary dysplasia
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therapy for gastroesophageal reflux-associated respiratory 
symptoms in some trials due to flawed subject enrollment 
strategies and a failure to appreciate the heterogeneity of 
underlying asthma symptoms. Patients selected almost 
always have respiratory symptoms and symptomatic or 
pH-probe–documented esophageal acid reflux disease 
[4,31,32]. This is likely the wrong patient group to be 
studying, because the real issue is airway acid, not esopha-
geal acid. Data support three primary characteristics of 
gastroesophageal reflux symptoms associated with asthma 
symptoms: the patient 1) regurgitates, 2) has proximal 
reflux, and 3) associates his/her respiratory symptoms with 
reflux events [33,34]. At least the first two of these risk 
factors are unequivocally proximal esophageal/pharyngeal 
acid exposures, likely associated with microaspiration and 
airway acidification. Therefore, when studying the links 
between acid reflux and respiratory disease, the appropri-
ate study group is patients who have airway acidification 
associated with gastroesophageal reflux, a group now eas-
ily identifiable with EBC pH testing.

Microliter quantities of stomach acid entering the air-
way are sufficient to cause a log order greater increase in 
respiratory resistance than milliliters of acid placed in the 
esophagus, reflecting the extreme sensitivity of the airway 
to acid insult compared with the esophagus [18,35,36]. 
Indeed, such data have suggested that esophageal pH-moni-
toring techniques for acid reflux simply may not be sensitive 
enough to detect the tiny amounts of aspirated acid that 
may cause airway acidification and respiratory dysfunction 
[37]. In this regard, whereas standard gastroesophageal pH 
probe indices consider acid contact times of less than 5% 
to be normal, airway acid contact times of 0.1% are likely 
to be of clinical importance.

Another study suggesting the importance of direct 
airway acidification in gastroesophageal reflux disease–
induced respiratory symptoms arises from data collected 
using EBC pH assays. In one study, multiple EBC samples 
were collected in patients with chronic cough. Those 
patients in whom relief was achieved with proton pump 
inhibitors had EBC acidification temporally associated with 
their cough episodes. In contrast, the proton pump inhibi-
tor nonresponders did not have EBC acidification [25]. For 
patients without airway acidification, acid reflux is unlikely 
to be the cause; however, the differential diagnosis for their 
cough is still broad, and certainly, non-acid volume reflux 
remains possible.

Although some reflexes may help protect the airway 
during large-volume reflux that distends the esophagus 
[38], the normal neurally coordinated rapid and complete 
glottic closure that occurs to protect the airway during 
swallowing is not active; thus, acid aspiration during 
reflux events is common. Backup protective mechanisms 
involving acid-sensitive nerves trigger cough in an effort to 
protect the airway [2]. However, by the time the acid-sen-
sitive reflexes are activated, some acid insult has already 
occurred to the airway epithelium. 

Overall, consensus is building that in most patients, 
the presence of acid reflux to the level of the pharynx, 
often with aspiration and resultant airway acidification—
regardless of esophageal disease—leads to most of the acid 
reflux–induced respiratory symptoms of gastroesophageal 
reflux. It is also appreciated that this mechanism may con-
found diagnosis and treatment of most major respiratory 
disease complexes.

High-dose twice-daily proton pump inhibition is now 
commonly used for suspected acid-reflux cough [39]. It is 
likely that this higher dosing is necessary to raise the pH 
of gastric refluxate sufficiently, so that it is less damaging 
to the highly acid-sensitive airway. Proton pump inhibition 
most commonly is prescribed to individual respiratory dis-
ease patients without objective diagnosis that acid is causing 
their symptoms. This is not optimal, given the expense of 
the medications and the increased risk for community-
acquired pneumonia, ventilator-associated pneumonia, 
and osteoporosis associated with their use [40,41].

Airway Acidity and Respiratory Symptoms
Based on in vitro data, airway proton pumps have been 
calculated to acidify the airway lining fluid at a rate of 
0.17 pH units per minute in response to an insult consist-
ing of dust from a swine containment facility [42]. This 
effect was confirmed in EBC pH measurements performed 
after in vivo challenges with the same organic material in 
humans [43]. Indeed, treatment with systemic corticoste-
roids to shut down the inflammatory response results in 
normalization of EBC pH in human patients admitted to 
the hospital with asthma [22].

Intrinsic production of acid in the airway may serve in 
a host defense capacity, in part directly to kill microorgan-
isms. In this sense, airway acidification may serve the same 
role as gastric acidification. Indeed, it recently was shown 
in vitro that T helper (Th) 1 cytokines, through activa-
tion of nitric oxide synthase, can acidify epithelial cells; 
moreover, this work confirmed that acidification can help 
prevent airway epithelial rhinovirus replication [10•]. Air-
way acidity will trigger protective acid receptors and result 
in cough, which may also assist in host defense by clear-
ing organisms. The response to an airway acid insult can 
be expected to vary among patients. This may result from 
differential expression or activation of acid receptors in 
the airway (including vanilloid receptor-channels) [19,44]. 
Indeed, in patients with chronic cough of multiple etiolo-
gies, these acid receptors are upregulated. This new finding 
may help explain why some patients have a particularly 
low respiratory tolerance for airway acid in the context of 
acid-saturated mucus in asthma [45]. 

Immunologic Effects of Airway Acidification
Extracellular acidosis triggers maturation of human 
dendritic cells and production of interleukin (IL)-12 to 
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stimulate interferon (IFN)-  production [46•]. Further, 
eosinophils and neutrophils are activated and survive lon-
ger at low pH, and migrate down pH gradients toward 
the acidic areas [47,48]. Neurogenic inflammatory path-
ways (with tachykinins dominating) are activated by low 
pH [1] (Fig. 1). Particularly low pH causes necrosis and 
degranulation of leukocytes and injury to the airway epi-
thelium. Finally, low pH itself has antimicrobial effects in 
the airway, protecting the epithelium from viruses such 
as rhinovirus and bacteria such as mucoid Pseudomonas 
aeruginosa [1,10•,11•,12].

Biochemical Effects of Airway Acidification
Nearly every enzyme in the airway is pH sensitive. There-
fore, a decrease in airway pH causes a broad range of 
biochemical effects [1,9]. Oxidative stress, for example, is 
uniformly enhanced under acidic conditions (just as acid 
leads to iron rusting). For example, hypochlorous and hypo-
bromous acids have pKa near neutral and are free-radical 
donors when protonated. Further, biologically important 
nitrogen oxides (including nitrite and peroxynitrite), have 
increased toxicities in an environment of low pH. For 
example, peroxynitrous (pKa ~ 6.9) and nitrous acids (pKa 
~ 3.6) are free-radical donors when protonated. Moreover, 
mucus viscosity increases substantially at low pH [45], 
with conversion from the easy-flowing sol phase mucus to 
a mucus-plugging, thicker gel phase. These are examples of 
the range of biochemical effects of acidic effects of low pH 
in the airway [1,9]. 

Physiologic Effects of Low pH
Ciliary beating is inhibited at mildly low (< 6.5) pH val-
ues [49]. Further, mucus production/glandular secretion 

is enhanced at low pH though neurogenic mechanisms. 
Bronchospasm and cough are triggered by acidity. 
Finally, surfactant dysfunction occurs at low pH.

Conclusions
Several lines of evidence now make it clear that airway pH 
is relevant to normal airway function and to disease. Evi-
dence from many groups demonstrates that humans with 
asthma exhale more volatile acids than healthy controls. 
The explanation for the increased exhalation of acids lies in 
the increased volatility of many acids from source fluid with 
low pH. Airway lining fluid pH is usually mildly alkaline, 
but can become acidic by means of biochemical regulatory 
mechanisms in the lung itself and by mechanisms involving 
reflux and aspiration of gastric acids. Acid airway insults 
adversely affect airway biochemistry and cell biology. Per-
haps for this reason, the airway has sensory mechanisms 
that identify acidity and reflexes leading to cough and 
bronchospasm. These mechanisms protect the airway by 
expelling the acid itself and microbes, but they also can 
cause troublesome or unnecessary symptoms. Simple, non-
invasive, exhaled breath pH monitoring may become useful 
in defining which asthma symptoms are caused by acid and 
which are not and in providing prognostic information 
about asthma exacerbations and recovery. However, once 
airway acidification is recognized, appropriate therapy 
will require knowing the cause of the airway acidification. 
Specific differentiation of acid reflux from primary lower 
airway acidity is therefore an important goal. 
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Figure 1. Schematic of interactions among 
acids, nitrogen oxides, and tachykinins in 
the airway. Acid (H+) increases nitric oxide 
(NO) output from nitric oxide synthase 
enzymes (NOS). H+ can be inhaled, aspirated, 
or excreted by cells. In the airway, H+ can 
enhance oxidant activity and trigger acid-
sensitive nerves (some of which are vanilloid 
receptors), which in turn release inflammatory 
and smooth muscle active tachykinins. Nitrite 
(NO2

-)—a storage pool for NO activity—is 
protonated to nitrous acid (HONO), which 
serves as a precursor to the endogenous 
bronchodilator S-nitrosoglutathione (GSNO) 
or decomposes back to NO. GSNO can be 
catabolized by GSNO reductase (GSNOR), 
which is upregulated in asthma. NO can 
be oxidized to peroxynitrite (OONO) and 
NO2

- which, particularly when protonated to 
peroxynitrous acid (HOONO) and HONO, 
are capable of nitrating tyrosine residues 
(NO2-Tyr) of foreign and self proteins, in an  
immunologically relevant process. (Adapted 
from Hunt [50].)
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