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Rationale: Recent studies have reported acidification of exhaled
breath condensate (EBC) in inflammatory lung diseases. This phe-
nomenon, designated “acidopnea,” has been attributed to airway
inflammation.
Objectives: To determine whether salivary acids and bases can influ-
ence EBC pH in chronic obstructive pulmonary disease (COPD).
Methods: Measurements were made of pH, electrolytes, and volatile
bases and acids in saliva and EBC equilibrated with air in 10 healthy
subjects and 10 patients.
Results: The average EBC pH in COPD was reduced (normal, 7.24 �
0.24 SEM; range, 6.11–8.34; COPD, 6.67 � 0.18; range, 5.74–7.64;
p � 0.079). EBCs were well buffered by NH4

�/NH3 and CO2/HCO3
� in

all but four patients, who had NH4
� concentrations under 60 �mol/L,

and acetate concentrations that approached or exceeded those of
NH4

�. Saliva contained high concentrations of acetate (� 6,000 �mol/L)
and NH4

� (� 12,000 �mol/L). EBC acetate increased and EBC NH4
�

decreased when salivary pH was low, consistent with a salivary
source for these volatile constituents. Nonvolatile acids did not play a
significant role in determining pH of condensates because of extreme
dilution of respiratory droplets by water vapor (� 1:12,000). Transfer
of both acetic acid and NH3 from the saliva to the EBC was in the
gas phase rather than droplets.
Conclusions: EBC acidification in COPD can be affected by the bal-
ance of volatile salivary acids and bases, suggesting that EBC pH may
not be a reliable marker of airway acidification. Salivary acidification
may play an important role in acidopnea.

Keywords: acetate; ammonium; bicarbonate; buffer; exhaled breath
condensate

In 2000, Hunt and colleagues reported that exhaled breath con-
densates (EBCs) are acidified during asthmatic exacerbations
(1). They referred to this phenomenon as “acidopnea” and sug-
gested that it reflected excess acid produced in the airways by
inflammation. These observations were confirmed in studies of
chronic obstructive pulmonary disease (COPD) and other in-
flammatory lung disorders (2–10). Subsequently, Hunt and col-
leagues found that EBC NH4

� concentrations were reduced in
many patients with asthma (11). They postulated that production
of NH3 in the airways was reduced because of impaired glutami-
nase activity, and suggested that reductions in airway NH3 pro-
duction reduced local buffering, thereby promoting airway acidi-
fication. They also argued that concentrations of NH4

� in EBCs
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did not influence the pH of the EBC samples, which represented
an accurate marker of airway acidification (12, 13).

This study has analyzed the acid and base concentrations in
saliva and EBC from 10 healthy subjects and 10 patients with
COPD to determine whether EBC pH is influenced by volatile
or nonvolatile constituents in the saliva.

METHODS

Eleven healthy subjects and 10 subjects with COPD were initially se-
lected but condensate from one healthy subject was deleted because
high amylase concentrations indicated salivary contamination (Table 1).
Spirometry was performed in all subjects (Sensormedics, Yorba Linda,
CA). The patients had COPD (FEV1 � 75% predicted, FEV1/FVC �
70%) (14) and an average smoking history of 59 � 43 (SD) pack-yr.
None smoked within an hour of the study. All were taking prescribed
maintenance bronchodilators, which were not used during the hour
before collections.

Patients exhaled for 1 h into an insulated 66-cm polycarbonate
condenser cooled with recirculated ice water. One-way valves were used
to ensure that subjects inhaled fresh air and exhaled into the condenser.
Nose clips were not used. The mouthpiece and condenser were connected
by a 450- � 22-mm ID ventilator tubing (Corr-a-Flex 2; Hudson RCI,
Temecula, CA) inclined upward to minimize salivary contamination.
Condensate was collected using polycarbonate tubes. Collection and
analysis of capillary plasma and saliva are described in the online
supplement.

All samples were stored at �80�C. Before analysis, all samples were
allowed to thaw in room air for about 30 min. To minimize potential
losses of volatile acids and bases, no attempt was made to remove
ambient CO2 from the EBC or saliva with inert gas (see the online
supplement). The buffering capacity of the condensates was determined
by sequentially measuring the pH after adding 5-�l aliquots of 0.4
mmol/L NaOH and then 0.4 mmol/L HCl to 0.5 ml samples at room
temperature:

Buffering Capacity � 	molality/	pH (1)

where 	molality designates the change in molality of NaOH or HCl
needed to alter condensate pH one unit in the range between 5 and 7.

From 1 to 8 ml of the EBC samples were lyophilized (freeze-dried)
at –55�C to dryness to remove volatile solutes such as NH3, CO2, and
acetic acid. These samples were reconstituted in 2.1 ml of deionized
water and measurements were repeated of conductivity and pH. Correc-
tions were made for the differences in volumes used in lyophilization.
EBC pH, conductivity, and amylase and ionic concentrations (by ion
chromatography) were determined before and/or after they were lyoph-
ilized, as described in the online supplement.

Dilution (D) of respiratory droplets (epithelial lining fluid) by water
was then calculated from conductivity measurements:

Dconductivity � VolumeEBC/VolumeELF

(2)� (conductivity)plasma/(conductivity)*EBC

The asterisk indicates lyophilized samples (15, 16).
The coefficient of variance of repeated (5 to 10) measurements of

electrolyte concentrations in the same sample at 5 �mol/L was less
than 2%. The lower limits of detection were 0.5 �mol/L for each of
the ions, 2.5 �mol/L NaCl for conductivity, and 0.2 mU/ml for amylase.

Statistical analyses were conducted with SigmaStat version 2 soft-
ware (Jandel, San Rafael, CA). Statistical differences between mean
values of normal and COPD parameters were compared by unpaired
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TABLE 1. DEMOGRAPHICS AND PULMONARY FUNCTION STUDIES

No. Age (yr) Sex FVC* FEV1* FEV1/FVC*

Normal 10 53 � 24 1 M, 9 F 95 � 14 90 � 16 95 � 8
COPD 10 59 � 13 4 M, 6 F 68 � 19 40 � 15 59 � 16

Definition of abbreviations: COPD � chronic obstructive pulmonary disease; F � female; M � male.
* Percent predicted based on standard values corrected for age, height, and race (1), mean and SD.

t test. Linear regression and correlation coefficients were used to
compare EBC parameters. Electrolyte concentrations were compared
by ranked analysis of variance repeated measurements and a Student-
Newman-Keuls test of differences in mean values.

These studies were approved by the institutional human research
review committees, and consent was obtained from each subject before
each study. More details on the methods used in this study are available
on the online supplement.

RESULTS

pH, Buffer, NH4
�, and Volatile Acids in Unlyophilized

Condensates (Equilibrated in Room Air)

EBC pH averaged 7.24 � 0.24 SEM in normal subjects, and
6.67 � 0.18 in patients who had COPD (p � 0.079; Figure 1).
Differences in EBC NH4

� were less obvious, but it will be noted
that all four of the EBC samples with NH4

� concentrations that
were below 60 �mol/L were collected from patients with COPD.

Distinctly different degrees of buffering were observed
among individual EBC samples (Figures 2A and 2B), but differ-
ences between buffering capacity in healthy subjects and patients
with COPD were not significant (normal subjects: 0.265 � 0.078
(mmol/L)/pH unit; COPD: 0.195 � 0.32 (mmol/L)/pH unit; p �
0.411). When buffering was prominent, it was most pronounced
at a pH of about 6.3, which is the dissociation constant of CO2/
HCO3

� at room temperature. EBC buffering curves resemble
those of standard solutions containing NH4HCO3 (Figure 2C),
suggesting that mixtures of NH4

� and HCO3
� ions accounted

for the buffering capacity of the EBC. Buffering capacity of the
EBC samples between pH 7 and 5 correlated well with
NH4

� concentrations of the EBC samples (r2 � 0.719, p � 0.001;
Figure 3).

Mean concentrations of EBC acetate in COPD exceeded
those in healthy subjects, but this difference did not achieve
significance (p � 0.07; Figure 4A). Acetate concentrations in

Figure 1. (A ) Mean ex-
haled breath condensate
(EBC) pH in chronic ob-
structive pulmonary dis-
ease (COPD) was less
than that of healthy sub-
jects (p � 0.075). (B )
Differences in mean
EBC NH4

� concentra-
tions were less obvious,
but NH4

� concentrations
below 60 �mol/L were
only observed in four
patients with COPD.
Rectangles indicate mean
and SEM.

EBC were usually lower than those of NH4
� in most subjects.

However, acetate concentrations approached or exceeded those
of NH4

� in the four subjects with COPD with low EBC NH4
�

(Figure 5).
Concentrations of NH4

� and acetate were more than 50 times
higher in saliva than in EBC of both healthy subjects and patients
with COPD, suggesting that a large portion of these volatile
EBC solutes could have come from the mouth (see Discussion
and Figure 4A vs. Figure 4B).

Figure 2. Significant buffering was seen in some EBC samples from both
healthy subjects (A ) and patients with COPD (B ). Buffering was maximal
at about 6.3 (indicated by horizontal line), which is the pKa of CO2/
HCO3

� at room temperature. Note the resemblance of these titration
curves to those of solutions of NH4HCO3 (C ). No evidence was found
for buffers with other pKa values.
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Figure 3. The buffer capacity of the EBC solutions between pH 5 and 7
was well correlated with the NH4

� concentrations. (The buffer capacity
was calculated with Equation 1). This reflects the fact that the concentra-
tion of NH4

� in the solution effectively determines the concentration
of ambient CO2 that is trapped in the condensate. mM designates
mmol/L.

A correlation was found between salivary pH and the concen-
tration of NH4

� in the condensate (r2 � 0.383, p � 0.004; Figure
6A), suggesting that salivary acidification reduces the release of
NH3 from the mouth and the amount of NH4

� recovered in the
EBC. In contrast, EBC concentrations of acetate were increased
when saliva was acidic (r2 � 0.509, p � 0.001; Figure 6B).

Lyophilization and Calculation of Dilution of Respiratory
Droplets by Water Vapor

Lyophilization of the condensates reduced EBC NH4
� concen-

trations by an average of more than 99% in both the healthy
subjects and patients with COPD (Figure 7A), making it possible
to estimate dilution from conductivity (Equation 2). Decreases
in conductivity correlated well with losses of NH4

� (r2 � 0.754,
p � 0.001; Figure 8), indicating that NH4

� and associated anions
accounted for most of the solutes lost from the condensate with
lyophilization. Although considerable variability was found in
total EBC cation concentrations (Na� � K� � 2 Ca2� � 2 Mg2�),
these values were well correlated with those of EBC conductivity
(r2 � 0.930, p � 0.001; Figure 9). Furthermore, concentrations
of the principal nonvolatile ions in the EBC samples (Na�, Cl�,
lactate, and Ca2�) were well correlated with one another (see
Table 2).

The dilution (D) calculated with Equation 2 averaged
13,402 � 3,179 in healthy subjects and 11,615 � 3,301 in patients
with COPD (p � 0.701). Plasma conductivity (in units of �mol/L
NaCl) averaged 157,000 � 800 �mol/L in the healthy subjects and
154,000 � 2,300 �mol/L in the patients with COPD.

No differences were detected between the normal and COPD
EBC concentrations of individual ions or measures of total ions,
cations, or anions that might influence the pH of the respiratory
fluid (Figure 7). When compared with comparable plasma ratios,
EBC concentrations of K�, Ca2�, lactate, and SO4

2� were dispro-
portionately high relative to EBC Na� (Table 3), but no differ-
ences were found between normal and COPD samples.

Exposure of dilute solutions of NH4HCO3 to room air caused
a progressive decrease in pH due to absorption of ambient CO2

rather than loss of NH3 (Figure 10).
No significant correlations were found between pulmonary

functions and condensate parameters.

Figure 4. (A ) Volatile ion concentrations in the nonlyophylized samples.
Average values of NH4

� exceeded those of acetate. Average values of
acetate were higher in the COPD samples than the normal samples,
but significance was at p � 0.07. (B ) Salivary concentrations of both
NH4

� and acetate were more than 50 times greater than those in the
EBC. This suggests that the oral cavity is the source for much of these
constituents in the EBC.

DISCUSSION

These observations concerning EBC pH are consistent with
many others, which indicate that pH of the EBC is frequently
acidic in patients with COPD and other inflammatory lung dis-
eases (1–11). Although the suggestion of Hunt and coworkers
(1) that EBC acidification reflects acidification of the airways
seemed plausible, there are a number of problems associated

Figure 5. Acetate concentrations were usually well below those of NH4
�.

However, the ratio of acetate to NH4
� approached or exceeded 1.0 in

four patients with COPD.
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Figure 6. (A ) Acidification of the saliva increased acetate concentrations
in the EBC. (B ) Acidification of the saliva reduced NH4

� concentrations
in the EBC.

with this hypothesis. It has been shown in this and previous
studies that NH4

� is by far the most abundant cationic buffer
in the EBC of healthy subjects and in many patients with COPD
(see Figure 7 and References 15 and 16). Most of this NH4

� is
derived from saliva, which normally contains abundant NH4

�;
when the mouth is “bypassed” with an endotracheal tube or by
tracheostomy, EBC NH4

� concentrations fall by about 80% (12,
15–17). EBC NH4

� can also be reduced by 90% by simply wash-
ing the mouth with acidic solutions, which tend to trap NH3 as
NH4

� in the saliva (18). Thus, much of the NH4
� found in the

EBC reflects contamination by salivary NH3, some of which is
derived from bacterial degradation of urea.

Although most of the NH4
� in the EBC is generated in saliva,

very little of it is delivered to the EBC in salivary droplets. This
conclusion is supported by several observations:

1. EBC concentrations of amylase determined with a very
sensitive assay were disproportionately lower than those
in the saliva.

2. Relative concentrations of nonvolatile cations in the EBC
differed significantly from those in the saliva. In the EBC,
Na� concentrations were greater than those of K�, which
were similar to those of Ca2�. In the saliva, Ca2� concentra-
tions are much lower than those of sodium, whereas so-
dium concentrations are much lower than those of potas-
sium (Figure 7 and Reference 19).

3. Concentrations of NH4
� in the EBC are much greater than

those of the total nonvolatile cations (Table 4). In contrast,
the concentrations of NH4

� in saliva are lower than those
of total nonvolatile cations. Had the NH4

� in the EBC
been delivered in salivary droplets, then the total nonvola-

Figure 7. (A ) EBC concentrations of NH4
� and nonvolatile cations and

anions. NH4
� concentrations are shown as prior to lyophilization (PRE)

and after lyophilization (POST). Most of the NH4
� was removed by this

procedure. All other measurements were made in the lyophylized EBC.
Average values of NH4

� in the nonlyophilized samples exceeded those
of any other ion by a factor of more than 20. Ion concentrations did
not differ between normal and COPD samples. For the entire population,
the relative molar magnitudes of the nonvolatile ionic concentrations
were Na� � Cl� � Ca2� 
 K� 
 lactate 
 SO4

2� 
 NO3
� 
 NO2

� �

NH4
� 
 phosphate 
 Mg2� (p � 0.05). (B ) Total cation concentra-

tions exceeded those of the anions and the total ionic concentration
estimated from conductivity (Conduc; p � 0.05). The total concentra-
tion of nonvolatile cations (Na�, K�, Ca2�, and Mg2�) slightly exceeded
total measured by conductivity and the total anion concentrations.

tile cation concentrations in the EBC would have been
greater than the NH4

� concentrations.
4. Although NH3 can be virtually eliminated from EBC sam-

ples and artificial samples containing NH4HCO3 by over-
night lyophilization, it cannot be removed in this fashion
from solutions of NH4Cl. It must therefore be concluded
that most of the NH4

� in the EBC arrived as NH3 gas
released from the saliva. Additional evidence that NH4

�

in EBC was added in the form of NH3 gas rather than
droplets of saliva containing NH4

� is provided in a previous
study (15).

In the absence of any acids, addition of NH3 to aqueous
solutions inevitably results in alkalinization:

NH3(g) � H2O ↔ NH4
� � OH� (3)

where g indicates the gas phase. The observation that the pH
of the EBC (� 7–8) is normally much lower than the dissociation
constant of NH4

� (9.3 at room temperature) indicates that acid
must have also been added to the EBC during collection. Because
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Figure 8. Lyophilization caused similar reductions in EBC NH4
� and

conductivity, suggesting that NH4
� was the principal cation lost during

lyophilization.

the concentration of acid involved would have to be comparable
to that of NH4

�, it must presumably be delivered to the EBC
as a gas, because the concentrations of nonvolatile solutes are
much lower (see above). The most likely source for this volatile
acid is CO2, which forms carbonic acid, and which is present at
high concentrations in the exhaled air and low concentrations in
the environment. As indicated in Figure 10, solutions containing
NH4

� and OH� equilibrate with ambient CO2, significantly re-
ducing the pH of these solutions. It was impossible to directly
measure HCO3

� in our solutions by ion chromatography because
the anionic eluent used for this purpose contains both HCO3

�

and CO3
2�. However, we were able to titrate the EBC with

NaOH and HCl to show that maximal buffering was present at
a pH of about 6.3, which equals the pKa of CO2/HCO3

� at room
temperature. This observation suggests that NH3 entering the
EBC is neutralized by CO2:

NH3(g) � CO2(g) � H2O ↔ NH4
� � HCO3

� (4)

At the pH of the EBC samples, concentrations of HCO3
� ap-

proach those of NH4
�. This explains why buffering capacities of

normal EBCs are closely correlated with the NH4
� concentra-

tions (Figure 3). These observations are consistent with the hy-
pothesis that NH4

�/NH3 and CO2/HCO3
� are the principal buffer

Figure 9. Although the values of conductivity and total cations were
variable in the lyophilized samples, they were well correlated, suggesting
that either could be used to calculate the dilution of respiratory droplets
by water vapor.

TABLE 2. CORRELATIONS BETWEEN CONCENTRATIONS
OF Na� AND OTHER IONS IN LYOPHILIZED EXHALED
BREATH CONDENSATE

r 2 p Value

Chloride 0.946 � 0.001
Potassium 0.812 � 0.001
Lactate 0.731 � 0.001
Calcium 0.682 � 0.001
Sulfate 0.205 � 0.001
Nitrate 0.175 0.066
Magnesium 0.134 0.112
Phosphate 0.0488 0.349
Nitrite 0.0414 0.390
Ammonium 0.0244 0.510

systems that determine the pH of the EBC in healthy subjects
and many patients with COPD.

One problem associated with measurements of EBC pH is
uncertainty concerning the Pco2 of these samples. The pH of
normal EBC samples measured immediately after collection
tends to be relatively acidic (pH � 6.0) (7, 10). This presumably
reflects the presence of an end-tidal CO2 of about 40 mm Hg
in the exhaled air, which is equivalent to 1,200 �mol/L in the
condensate. Because end-tidal CO2 can be influenced by changes
in arterial Pco2, ventilation/perfusion ratios, and dead space of
the lungs, Hunt and coworkers adopted the procedure of re-
moving CO2 by flushing the samples with inert gas (argon) (1).
In earlier studies, they exposed 1.0 ml to a flow of argon at
350 ml/min (1). This increases the pH of the EBC to approxi-
mately 7.65. More recently, they have suggested that 0.2 ml can
be used for this purpose, increasing the EBC pH to 7.9 (12).
They assumed that virtually all of the CO2 was removed from
the samples when the pH stabilized. However, in the absence
of some other acids, removal of all of the CO2 from the samples
should increase the pH of solutions containing NH4

� to about
9.0 when NH4

� concentrations are as high as those reported in
normal samples. This is far higher than that observed when the
EBC samples are flushed with argon. The effect on EBC pH of
purging the samples with argon to remove the effects of CO2

on the pH would be comparable to reversing the effect of atmo-
spheric CO2 in Figure 10. Although acetic acid is found in EBC
samples collected from some patients with asthma and patients
with COPD (see below), we have been unable to detect any
other acids other than CO2 in concentrations comparable to
those of NH4

� in healthy subjects. This suggests that flushing
the EBC with inert gases for 10 min does not remove all of the
CO2. We have tried both of the procedures recommended to
remove CO2 from defined solutions of NH4HCO3 using dry nitro-
gen as the inert gas, but the EBC pH did not increase above 8
(see the online supplement), indicating that much of the CO2

remained. Furthermore, there was loss of some water and NH3

from these solutions. This indicates that purging EBC with inert

TABLE 3. CONCENTRATIONS OF NONVOLATILE SOLUTES
RELATIVE TO SODIUM IN EXHALED BREATH CONDENSATE
AND PLASMA

EBC (% ) Plasma (% )

K� 76 � 7 � 3
Ca2� 115 � 15 � 3
Lactate 71 � 12 � 1 in plasma
Sulfate 54 � 8 � 1 in plasma

Definition of abbreviation: EBC � exhaled breath condensate.
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Figure 10. Effect of ambient CO2 on the pH of solutions of NH4OH.
Room air was bubbled at 20 ml/min through 30 ml of solutions of
NH4OH in an open 100-ml beaker until pH stabilized. The fall in pH
reflects diffusion of room air into the solution with increases in HCO3

�

to more than 97% of those of NH4
� in the solutions. These curves are

consistent with an ambient fractional volume of CO2 (FCO2) of about
0.001. If CO2 could be removed from these solutions by flushing with
inert gases, the pH would return to that measured before exposure to
air. Total concentration of NH3 � NH�

4 remains relatively unchanged
(upper panel ).

gases is nonselective and other important volatile constituents
of the EBC can be lost. We reasoned that the Pco2 of the samples
could be decreased to ambient levels and loss of other volatile
acids and bases minimized by exposing our samples to room air
for 30 min before measuring pH. It also would not have been
practical to expose samples of saliva to argon without foaming.

Hunt and colleagues (11) also found that EBC NH4
� concen-

trations are decreased in subjects with asthma. Because most of
the NH4

� is derived from the mouth and saliva and salivary
NH4

� concentrations are unchanged in COPD (see Figure 4),
this suggests that decreases in EBC NH4

� reflect acidification
of the saliva, which decreases the concentrations of NH3 relative
to those of NH4

� in the saliva.
The observation that EBC pH can fall to values of 5 and

below cannot be attributed to either the CO2/HCO3
� (pKa �

6.3) or NH4
�/NH3 (pKa � 9.3) buffer systems; nor is it possible

to attribute this acidification to any nonvolatile buffers that could
be delivered in respiratory or salivary droplets. The extreme
dilution of nonvolatile constituents in the EBC by water vapor

TABLE 4. COMPARISON OF EBC NH4
� AND TOTAL CATIONS

IN EXHALED BREATH CONDENSATE AND SALIVA (mmol/L)

EBC Saliva

Total Nonvolatile Total Nonvolatile
NH4

� Cations NH4
� Cations

Normal 260 � 82 21 � 6 11,200 � 3,250 39,730 � 3,740
COPD 210 � 66 20 � 6 13,000 � 1,940 47,060 � 2,930

Definition of abbreviations: COPD � chronic obstructive pulmonary disease;
EBC � exhaled breath condensate.

EBC NH4
� and total cations and salivary NH4

� data are from this study (10
normal and 10 COPD samples). Salivary total cation data are from Reference 19
(9 normal and 9 COPD samples).

(� 1:12,000) (15, 18–21) would make the contribution of even
strong acids negligible. For example, the dilution of respiratory
or gastric droplets containing a 0.1 M solution of HCl would
result in a pH of greater than 6.0.

Preliminary evidence has been reported that acetic acid con-
centrations (pKa � 4.75) are elevated in the EBC of some pa-
tients with asthma (22). We also detected increased acetic acid
concentrations in some of our patients with COPD. However
like NH4

�, acetic acid is present in the saliva in much higher
concentrations than those found in the EBC or plasma, and
acetic acid represents the most abundant volatile anion in the
saliva (23). This suggests that at least some of this acid may be
derived from the saliva rather than the lungs. Like salivary NH3,
much of this acetate may reflect oral bacterial metabolism (24).
The role of bacterial metabolism on the concentration of acetate
in the extracellular fluid is illustrated by the observation that
acetate levels in the serum increase from about 70 to about 2,000
�mol/L with ingestion of bran, because of bacterial metabolism
in the colon (24). The most persuasive evidence that much of
the EBC acetate, like EBC NH4

�, represents a salivary contami-
nant is based on the observation that when the saliva is acid,
the concentration of acetate in the EBC increases (Figure 6).
In contrast, the concentration of NH4

� decreases when the saliva
is acid. This inverse relationship is due to the fact that acidifica-
tion of the saliva increases the concentration of acetic acid (which
is volatile) relative to acetate (which is not volatile). In contrast,
acidification reduces the concentrations of NH3 relative to that
of NH4

�. We therefore have concluded that the pH of the EBC
in these individuals is affected by the relative amounts of acetic
acid and ammonia that have been added to the EBC. Although
addition of NH3 to the EBC increases the concentration of
HCO3

� in the EBC, acetic acid reduces the concentration of
HCO3

� in accordance with the reaction:

HCO3
� � HAc(g) ↔ CO2(g) � Ac� � H2O (5)

If the Pco2 is kept constant by exposing the EBC to room air,
and if losses of NH3 and acetic acid are minimized, then the pH
will vary in accordance with the relative amounts of acetic acid
and ammonia that have been absorbed by the EBC. Because
most of these constituents are in the ionic form at the pH of
the EBC, the ratio of acetate to NH4

� was used to estimate the
balance of volatile acids and bases in the EBC (Figure 5).

Definitive evidence that much of the EBC acetate, like EBC
NH4

�, is derived from saliva rather than the lungs would require
collections of EBC from patients before and after intubation.
This may not be practical, because high acetate concentrations
are observed among patients with lung disease, in whom elective
intubation might be unwise. To the extent that extrapulmonary
acids and bases influence the EBC pH, acidopnea cannot provide
a reliable index of airway acidification or inflammation.

The present study indicates that “acidopnea” may reflect
decreases in salivary rather than respiratory pH. Acidification
of the saliva could be due to gastroesophageal reflux disease,
which is quite common in patients with various forms of obstruc-
tive lung disease (25, 26). It would seem prudent to measure
salivary pH when measurements are made of EBC pH. Further-
more, it would be of interest to determine whether proton pump
inhibitors decrease the incidence of acidopnea. Because acetic
acid aerosols can cause both cough and bronchospasm (27, 28),
and because acidopnea has been linked to the deleterious effects
of air pollution on lung growth in children (29, 30), it can be
speculated that saliva may prove to be a source of an agent that
is injurious to the lungs.

It would theoretically be advantageous to lyophilize the sam-
ples and reconstitute them with deionized water before measur-
ing pH, to minimize the effect of volatile salivary constituents,
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which can be derived from the mouth. However, the low buffer
capacity of the lyophilized samples complicates these measurements.
Alternatively, the presence of increased concentrations of spe-
cific nonvolatile ions could be used to detect airway acidification.
As indicated in Figure 7, no difference was found in the nonvola-
tile anion concentrations of EBC between our limited COPD
and healthy populations. Nevertheless, attention to individual
constituents in the EBC may prove more useful than pH, which
is a dependent variable that is a function of the concentrations
and dissociation constants of multiple acids and bases.
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