
CHEST Original Research
PULMONARY VASCULAR DISEASE

journal.publications.chestnet.org CHEST / 145 / 3 / MARCH 2014   551 

      Pulmonary arterial hypertension (PAH) is a pro-
gressive and devastating condition characterized 

by vascular smooth muscle and endothelial cell pro-
liferation leading to vascular narrowing that results in 
elevated pulmonary artery pressure, right ventricle fail-
ure, and premature death.  1,2   Despite recent advances 
in the understanding of the disease, most currently used 
biomarkers are invasive and are based mainly on the 
hemodynamic consequences of the disease, rather 
than the underlying pathobiology of cell proliferation. 
Thus, there is a pressing need to identify consistent 
and noninvasive biomarkers based on the pathobi-
ology of the disease that can be used in evaluation 
and management.  3   

 Regardless of signifi cant progress in the manage-
ment of the disease, there is still an average delay of 
more than 2 years from the time of initiation of symp-
toms to the confi rmation of the diagnosis by right-
sided heart catheterization.  4,5   Several indicators of 
PAH disease severity and prognosis are available and 
derive from the clinical evaluation, blood work, 6-min 
walk test, echocardiography and right-sided heart cath-
eterization.  6-8   Breath analysis is recognized increas-
ingly as a noninvasive method for medical diagnostics 
based on the measurement of the hundreds of volatile 
organic compounds (VOCs) present in the breath.  9   
Breath can be analyzed by identifying specifi c com-
pounds/mass scanning peaks or by employing pattern 

  Background:    Pulmonary arterial hypertension (PAH) is a progressive and devastating condition 
characterized by vascular cell proliferation and is associated with several metabolic derangements. 
We hypothesized that metabolic derangements in PAH can be detected by measuring metabolic 
by-products in exhaled breath. 
  Methods:    We collected breath and blood samples from patients with PAH at the time of right-sided 
heart catheterization (n  5  31) and from healthy control subjects (n  5  34). Breath was analyzed by 
selected ion fl ow tube-mass spectrometry in predetermined training and validation cohorts. 
  Results:    Patients with PAH were 51.5  �  14 years old, and 27 were women (85%). Control subjects 
were 38  �  13 years old, and 22 were women (65%). Discriminant analysis in the training set iden-
tifi ed three ion peaks (H 3 O 1 29 1 , NO 1 56 1 , and O 2  1 98 1 ) and the variable age that correctly clas-
sifi ed 88.9% of the individuals. In an independent validation cohort, 82.8% of the individuals were 
classifi ed correctly. The concentrations of the volatile organic compounds 2-propanol, acetaldehyde, 
ammonia, ethanol, pentane, 1-decene, 1-octene, and 2-nonene were different in patients with 
PAH compared with control subjects. Exhaled ammonia was higher in patients with PAH (median 
[interquartile range]: 94.7 parts per billion (ppb) [70-129 ppb] vs 60.9 ppb [46-77 ppb],  P   ,  .001) 
and was associated with right atrial pressure ( r   5  0.57,  P   ,  .001), mean pulmonary artery pressure 
( r   5  0.43,  P   5  .015), cardiac index by thermodilution ( r   5   2 0.39,  P   5  .03), pulmonary vascular resis-
tance ( r   5  0.40,  P   5  .04), mixed venous oxygen ( r   5   2 0.59,  P   ,  .001), and right ventricular dilation 
( r   5  0.42,  P   5  .03). 
  Conclusions:    Breathprint is different between patients with PAH and healthy control subjects. 
Several specifi c compounds, including ammonia, were elevated in the breath of patients with PAH. 
Exhaled ammonia levels correlated with severity of disease.    CHEST 2014; 145(3):551–558   

  Abbreviations:  PAH  5  pulmonary arterial hypertension; RV  5  right ventricular; SIFT-MS  5  selected ion fl ow tube-mass 
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patients with PAH, and to correlate VOCs and mass 
scanning peaks with conventional clinical parameters. 

 Materials and Methods 

 Study Population 

 The study protocol was approved by the Cleveland Clinic insti-
tutional review board   (protocol number 06-245). Informed con-
sent was obtained from all subjects before enrollment. We enrolled 
patients who underwent right-sided heart catheterization for the 
diagnosis or follow-up of PAH between June 2011 and April 2012 
(training cohort) and between May 2012 and October 2012 (vali-
dation cohort). During the same time period, we recruited healthy 
control subjects. Control subjects had no known diseases and were 
receiving no medications. 

 We identifi ed 31 patients with PAH and 34 healthy control sub-
jects. Data comparison from 17 patients with PAH and 19 control 
subjects served as the training cohort to establish a unique meta-
bolic profi le. After these initial results were obtained, we recruited 
a separate cohort of 14 subjects with PAH and 15 control subjects 
to validate our initial results. We recorded demographic data, as 
well as data on 6-min walk test, N-terminal prohormone of brain 
natriuretic peptide, echocardiography, and right-sided heart cath-
eterization results, on all patients with PAH. 

 Exhaled Breath Collection 

 Breath collection was obtained in the fasting state following a 
bottled-water mouth rinse to minimize and standardize the con-
tribution of the aerodigestive tract. Breath samples from patients 
with PAH were acquired immediately after right-sided heart cath-
eterization. Initially, patients were instructed to perform a tidal 
volume exhalation to clear residual air from the anatomic dead 
space. Patients were then instructed to breathe in deeply through 
a clean mouthpiece and fi lter, followed by a tidal volume exhala-
tion through a sterile mouthpiece while attempting to maintain an 
exhaled pressure of 15 millibars. Exhaled breath was collected in 
a Mylar balloon bag and incubated at 37°C prior to analysis. Cor-
rections for ambient VOCs were not necessary because of the 
charcoal scrubber used on the exhaled-breath collection device. 

 Breath Analysis 

 All exhaled breath analyses were performed by SIFT-MS (Syft 
Technologies). Quantitative assessment of 21 prespecifi ed VOCs 
and mass scanning of ion products for H 3 O  1  , O 2   1  , and NO  1   from 
14 to 200 atomic mass units were performed. Mass scanning peaks 
were assessed visually for patients with PAH and control subjects. 
The selected ion-monitoring mode focused on specifi c VOCs for 
a more accurate concentration measurement. Most of the 21 VOCs 
were selected based on a previously described association in the 
context of disease.  25   Some of these 21 VOCs (such as 2-propanol) 
had unknown endogenous sources. The calculation of VOC 
ammonia was performed using mass scanning peaks H 3 O 1 18 1  
and O 2  1 17 1 . 

 Ammonia Determination in Plasma 

 In 17 patients with PAH and 20 healthy control subjects, we 
determined ammonia in plasma from venous blood samples col-
lected in an ethylenediaminetetraacetic acid specimen tube. Blood 
was obtained in a fasting state from an internal jugular central 
venous line at the time of catheterization (patients with PAH) or 
from peripheral venous puncture (control subjects). Blood was 
separated within 15 min of collection, and plasma was stored at 

recognition of breath compounds. This has paved the 
way for commercially available breath-testing devices 
that measure specifi c compounds (eg, ethanol,  14 C-urea, 
and nitric oxide) that are useful in the screening and 
monitoring of diseases such as alcohol intoxication  , 
 Helicobacter pylori  infection, and asthma.  10,11   Limited 
information is available on the use of exhaled breath 
analysis in patients with PAH. Currently, studies of 
exhaled breath in PAH have focused primarily on 
exhaled nitric oxide, a molecule that is lower in patients 
with PAH than in healthy control subjects.  12-19   How-
ever, a study of the VOCs in the breath of patients 
with PAH has not been reported previously. Further-
more, investigations studying biomarkers such as 
amino-terminal pro-brain natriuretic peptide and 
endothelin-1 were performed only on exhaled breath 
condensate.  12,20,21   To date, no studies have investi-
gated VOCs in the exhaled breath of patients with 
PAH, using selected ion fl ow tube-mass spectrometry 
(SIFT-MS). Although the use of SIFT-MS for breath 
analysis in different disease states has been reported 
previously, to our knowledge, this is the fi rst report of 
its use in patients with pulmonary hypertension. 

 SIFT-MS uses precursor ions that react with incom-
ing gas compounds to generate product ions, which 
are then quantifi ed. This method is fast and allows the 
collection of online samples of volatile compounds in 
the exhaled breath for real-time feedback. For several 
VOCs, the accuracy of the instrument can be down to 
the parts-per-trillion level. SIFT-MS has the advantage 
of using three precursor ions, rather than one, to gen-
erate a more robust mass spectrum. This process also 
eliminates the need for special sample preparation.  22-24   

 Using this technology, we conducted a prospective, 
single-center cohort study to assess whether a charac-
teristic pattern of exhaled compounds is present in 
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classi fi cation showed that, overall, 79.31% of the 
individuals were classifi ed correctly. There were no 
obvious clinical or other factors to distinguish the mis-
classifi ed subjects from the others.  Figure 1   shows the 
results of the discriminant analysis for all subjects. In 
preparation for this study, we also compared the breath-
print of patients with PAH with that of individuals 
with other lung disease (asthma) and systemic (liver) 
disease, and found that the PAH breath signature by 
SIFT-MS was unique (e-Fig 1). 

 2 80°C. Ammonia levels in ethylenediaminetetraacetic acid plasma 
were measured by a US Food and Drug Administration-approved 
enzymatic method with glutamate dehydrogenase on an Integra 
800 analyzer (Roche Diagnostics). The assay had an analytical 
measurable range of 10 to 700  m mol/L (17-1192  m g/dL) with an 
analytical precision of 3.6% or less. 

 Statistical Analysis 

 VOCs were assessed visually for normality and screened for 
outliers. Continuous variables were compared using the Mann-
Whitney  U  (Wilcoxon) test. The Spearman rank correlation test 
was used to compare exhaled breath fi ndings with clinical and 
hemodynamic characteristics in the PAH group. We used linear 
regression to adjust the studied variables for age. Group classifi ca-
tion (PAH vs control subjects) was performed using canonical dis-
criminant analysis using forward stepwise variable selection of the 
mass scanning peaks. Assumptions of the discriminant analysis 
were tested. Canonical correlation represents the multiple corre-
lations between the predictors and the discriminant function and 
provides an index of overall model fi t.  26   A canonical score is a com-
posite product derived from weighing the scores of the variables 
selected by the discriminant analysis. We   used two parsimonious 
models; one included age in addition to three ion peaks and the 
other, three VOCs. Three ion peaks (H 3 O 1 29 1 , NO 1 56 1 , and 
O 2  1 98 1 ), together with the variable age, were used to classify 
subjects in the training set. 

 Each mass entered into the model was assessed visually to exclude 
confounding signals caused by isotope peaks or water clustering 
of VOCs. These peaks were removed from the analysis because 
they were generated by secondary chemical reactions rather than 
by single collision reactions of the compounds. To reduce the pos-
sibility of type 1 error, we validated our initial model (training 
model) using a second cohort (validation model). All analyses 
were performed using JMP Pro, version 9.0 (SAS Institute) and 
SPSS, version 17 (IBM Corp). 

 Results 

 Patient Characteristics 

 Patients with PAH were 51.5  �  14 years old, and 
27 were women (87%). The characteristics of the PAH 
group are summarized in  Table 1  . Control subjects 
were 38  �  13 years old, and 22 were women (65%). 

 Categorization of Disease Groups Using Unique 
Metabolic Breathprint 

 The discriminate function revealed a signifi cant asso-
ciation between the groups and all predictors, account-
ing for 63.3% of the between-group variability. The 
model had fi ve misclassifi cations (three patients with 
PAH and two control subjects) with a canonical cor-
relation of 0.74 (Wilks’  l , 0.46;  P   ,  .001). The cross-
validated classifi cation showed that, overall, 86.1% of 
the individuals were classifi ed correctly. 

 The discriminant analysis model was then tested 
successfully in an independent validation cohort 
(14 patients with PAH and 15 control subjects), with 
six misclassifi cations (three patients with PAH and 
three control subjects) with a canonical correlation 
0.71 (Wilks’  l ,   0.50;  P   ,  .005). The cross-validated 

 Table 1— Characteristics of Patients With PAH  

Characteristics    Value

No. 31
Age, mean (SD), y 51.5 (14)
Female, (%)  27 (87)
Type of PAH, No.
 Idiopathic/heritable 18
 CTD associated 10
 CHD associated 1
 PoPH 2
Race, No. (%)
 White  25 (81)
 Black  5 (16)
 Not provided 1 (3)
NYHA functional class, No. (%)
 I 5 (16)
 II 12 (39)
 III 12 (39)
 IV 1 (3)
Patients on oxygen, No. (%) 6 (19)
Oxygen fl ow, mean (SD), L/min 3 (1)
6-min walk test
 Distance walked, mean (SD), m 374 (124)
 Distance walked, mean (SD), % predicted 68 (17)
Echocardiogram
 RVSP, mean (SD), mm Hg 73 (31)
 RV function, No. (%)
  Normal 11 (35)
  Mild 7 (23)
  Moderate 7 (23)
  Severe 6 (19)
 RV dilation, No. (%)
  Normal 11 (35)
  Mild 8 (26)
  Moderate 6 (19)
  Severe 6 (19)
Right-sided heart catheterization
 RA pressure, mm Hg 7  �  5
 PA mean pressure, mm Hg 45  �  13
 PAOP, mm Hg 12  �  4
 Cardiac index, L/min/m 2 3  �  1
 PVR, Wood units, (SD) 6.6 (3.8)
 Sv o  2 , % 67  �  8

CHD  5  congenital heart disease; CTD  5  con nective tissue disease, 
NYHA  5  New York Heart Association; PA  5  pul monary artery; PAH  5  
pulmonary arterial hypertension; PAOP  5  pulmonary artery occlusion 
pressure; PoPH  5  portopulmonary hyper tension; PVR  5  pulmonary 
vascular resistance; RA  5  right atrial; RV  5  right ventricular; RVSP  5  
right ventricular systolic pressure; Sv o  2   5  mixed venous oxygen 
saturation.
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eral VOCs, including 1-decene and 1-octene, were 
decreased in patients with PAH compared with con-
trol subjects.  Figure 2   shows selected areas of the 
average mass spectra for the PAH and control groups. 

 Using a similar approach, a discriminant analysis 
using VOCs was conducted to predict whether sub-
jects were in the PAH or the control group. In the 
training cohort, we identifi ed three VOCs (2-propanol, 
1-octene, and ammonia). The number of misclassifi -
cations was six (16.7%) (canonical correlation, 0.67; 
Wilks’  l , 0.55;  P   ,  .001). Using the same VOCs in the 
validation cohort, we noted fi ve misclassifi cations 
(17.2%) (canonical correlation, 0.75; Wilks’  l , 0.44; 
 P   ,  .001). The receiver operating characteristic area 
under the curve (95% CI) for the entire group was 
0.93 (0.86-0.99). When we added the variable age to 
the discriminatory analysis, the same three VOCs were 
chosen. 

 Relationship Between VOCs and Clinical 
Characteristics 

 Exhaled ammonia was associated with age ( r   5  0.41, 
 P   ,  .001), right atrial pressure ( r   5  0.57,  P   ,  .001), mean 
pulmonary artery pressure ( r   5  0.43,  P   5  .015), car-
diac index by thermodilution ( r   5   2 0.39,  P   5  .03), 
cardiac index by indirect Fick ( r   5   2 0.38,  P   5  .03), 
pulmonary vascular resistance ( r   5  0.40,  P   5  .04), Sv o  2  
( r   5   2 0.59,  P   ,  .001), and right ventricular (RV) dila-
tion ( r   5   0.42,  P   5  .03). Associations between ammonia 
and right atrial pressure or Sv o  2  remained signifi cant 
when adjusted by age ( P   ,  .001 and  P   5  .002, respec-
tively) or age and sex ( P   ,  .001 and  P   5  .02, respectively). 
With the exception of pulmonary vascular resistance 
( P   5  .11), all the previous associations between exhaled 
ammonia and hemodynamic measurements remained 
signifi cant when we removed the two patients with 
liver disease. The receiver operating characteristic 
area under the curve for ammonia using patients with 
PAH vs healthy control subjects as the state variable 
was 0.74 (95% CI, 0.61-0.87) when all patients with 
PAH were included and 0.78 (95% CI, 0.65-0.9) when 
the two patients with portopulmonary hypertension 
were excluded. 

 The canonical score was associated with age 
( r   5   2 0.48,  P   ,  .001), mean pulmonary artery pressure 
( r   5   0.4,  P   5  .03), RV function ( r   5   2 0.44,  P   5  .02), 
and RV dilation ( r   5   2 0.44,  P   5  .02). This variable 
remained a signifi cant predictor of mean pulmonary 
artery pressure when adjusted by age ( P   5  .03). 

 Plasma ammonia was not different in patients with 
PAH (n  5  17) (median, 34  m mol/L [interquartile range, 
21-49  m mol/L]) and healthy control subjects (n  5  20) 
(median, 47  m mol/L [interquartile range, 31-53  m mol/L]) 
( P   5  .3). There was no association between levels of 
ammonia in breath and plasma ( r   5   2 0.01,  P   5  .93). 

 Correlation Between Mass Scanning Peaks and 
Clinical Factors 

 Pulmonary artery occlusion pressure was associ-
ated with H 3 O 1 29 1  ( r   5  0.54,  P   5  .002), H 3 O 1 43 1  
( r   5  0.58,  P   ,  .001), and O 2  1 28 1  ( r   5  0.39,  P   5  .03). 
Mass scanning peaks corresponding to ammonia were 
associated with right atrial pressure, mean pulmonary 
artery pressure, pulmonary vascular resistance, car-
diac index, and mixed venous oxygen saturation (Sv o  2 ) 
( Table 2  ). 

 VOC Changes in PAH 

 Of the 21 prespecifi ed VOCs, the concentrations 
of 2-nonene, 2-propanol, acetaldehyde, ammonia, 
ethanol, and pentane were elevated in patients with 
PAH compared with control subjects ( Table 3  ). There 
were no signifi cant differences between groups in 
the exhaled concentrations of acetone, acrylonitrile, 
benzene, carbon disulfi de, dimethyl sulfi de, isoprene, 
1-nonene, 1-heptene, 3-methylhexane, ethane, hydro-
gen sulfi de, triethyl amine, or trimethyl amine. Sev-

  Figure  1. Canonical   discriminant analysis was performed in a 
training cohort of 17 patients with PAH (purple  � ) and in 19 con-
trol subjects (green  � ). This PAH “breathprint” was then used to 
classify an independent validation cohort of 14 patients with PAH 
(blue  � ) and 15 control subjects (red  � ). *Misclassifi ed individ-
uals. PAH  5  pulmonary arterial hypertension.   
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control breath is caused by the widespread metabolic 
dysfunction that has been noted in patients with PAH. 
The increase in these VOCs in the breath of patients 
with PAH may be caused by the altered nutrient 
metabolism associated with the gut microfl ora of 
patients with PAH. Indeed, diet-induced changes in 
the gut-fl ora-dependent metabolism can play an active 
of role in the pathogenesis of other diseases, including 
atherosclerosis.  37   Another report indicated that acet-
aldehyde can be measured by SIFT-MS from the cell 
culture media of lung cancer cells.  38   Although the 
precise reason for increased acetaldehyde production 
is not clear, acetaldehyde can be a by-product of the 
shift in glucose metabolism to aerobic glycolysis (the 
Warburg effect) seen in highly proliferative cells such 
as the vascular cells in PAH and cancer cells. 

 Exhaled breath levels of 2-propanol are typically 
associated with acetone, although at lower concentra-
tions. Previous reports explain the combined detection 
of these compounds in exhaled breath in part by the 
reduction of acetone to 2-propanol. Our analysis of 
breath samples identifi ed 2-propanol with no signifi -
cant differences in levels of acetone between patients 
with PAH and healthy control subjects. In addition, 
2-propanol levels were elevated in PAH breath sam-
ples. Recently, 2-propanol was found to be a discrim-
inatory marker in exhaled breath condensate in cystic 
fi brosis and COPD.  31,35   A more detailed biochemical 
assessment of this compound and its association with 

Similarly, there was no association between ammonia 
in plasma and clinical variables. 

 Discussion 

 This study demonstrates that patients with PAH 
have an exhaled breathprint that is different from that 
of healthy control subjects. Several specifi c VOCs 
were also signifi cantly different between the groups 
( Table 3 ). Interestingly, volatile ammonia showed a 
signifi cant direct association with hemodynamic and 
echocardiographic parameters, suggestive of more 
severe PAH disease. 

 Differences in the breath metabolic profi le have 
been used previously to diagnose and classify dis-
eases.  15,23-25,27-35   Pattern recognition has been employed 
in sensor arrays for lung cancer screening  28   and in the 
identifi cation of patients with acute decompensated 
heart failure.  36   In the current study, we used a pattern-
recognition approach on SIFT-MS to generate a spe-
cifi c breathprint that could distinguish accurately 
between healthy control subjects and patients with 
PAH. 

 Exhaled acetaldehyde and ethanol levels were higher 
in patients with PAH compared with control subjects 
( Table 3 ). The origin of acetaldehyde is probably the 
oxidation of ethanol produced by the gut microfl ora. It 
is interesting to speculate that the difference between 
acetaldehyde and ethanol in PAH compared with 

 Table 2— Mass Scanning Peaks Corresponding to Ammonia  

Clinical Characteristic H 3 O 1 18 1  NO 1 17 1  NO   1 18 O 2  1 17 1  O 2  1 18 1  

RA pressure, mm Hg 0.52, 0.003 … … 0.38, 0.04 …
Mean PAP, mm Hg 0.43, 0.02 … … … …
PVR, Wood Units 0.42, 0.02 0.36, 0.05 … … …
Cardiac index, thermodilution L/min/m 2  2 0.66, 0.001  2 0.5, 0.005  2 0.46, 0.01 …  2 0.38, 0.04
Cardiac index, indirect Fick L/min/m 2  2 0.51, 0.004 …  2 0.47, 0.008 … …
Sv o  2 , %  2 0.5, 0.005  2 0.45, 0.01  2 0.39, 0.03  2 0.43, 0.02  2 0.37, 0.05

Data are presented as  r  index,  P  value. Only signifi cant correlations are shown. PAP   5  pulmonary artery pressure. See Table 1 legend for expansion 
of other abbreviations.

 Table 3— Volatile Organic Compounds in Patients With PAH and Healthy Control Subjects  

Volatile Organic Compound Patients With PAH, Median (IQR) Healthy   Control Subjects, Median (IQR)  P  Value, MWW

No. 31 34 …
1-decene, ppb 3.9 (2-7) 6 (4-9) .002
1-octene, ppb 10.3 (4-17) 15.8 (11-23) .001
2-nonene, ppb 2.4 (2-14) 1.8 (1-3) .046
2-propranol, ppb 79.1 (54-112) 29.2 (14-56)  ,  .001
Acetaldehyde, ppb 36.2 (27-66) 16.7 (13-29)  ,  .001
Ammonia,  a   ppb 94.7 (70-129) 60.9 (46-77) .001
Ethanol, ppb 75 (53-130) 49.1 (25-68)  ,  .001
Pentane, ppb 16.8 (12-23) 11 (8-14) .001

IQR  5  interquartile range; MWW  5  Mann-Whitney-Wilcoxon test; ppb  5  parts per billion. See Table 1 legend for expansion of other abbreviations.
 a When we excluded the two patients with liver disease, the exhaled ammonia was 100 (76-131) ppb in patients with PAH and 61 (46-77) ppb in 
healthy control subjects ( P   ,  .001).
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the hemodynamic physiology, but also the underlying 
pathobiology of cellular proliferation. 

 Furthermore, studies have shown that use of gluta-
mine in hexosamine biosynthesis can reduce nitric 
oxide synthesis through cellular depletion of nicotin-
amide adenine dinucleotide phosphate   availability, an 
essential cofactor for nitric oxide synthase.  39   This may 
explain, at least in part, the well-known nitric oxide 
defi ciency state seen in PAH.  41   Similarly, blood acid 
levels can be regulated by glutamine metabolism via 
the production of ammonia and bicarbonate.  42   Regu-
lation of blood pH levels through glutamine metabo-
lism into ammonia may be a functional mechanism 
used by the body to govern the excess excretion of 
lactate, a product of both aerobic glycolysis and glu-
taminolysis. Further investigations of these phenomena 
are needed. 

 The limitations of our study include the relatively 
small sample size; PAH is a rare disease and we included 
only patients with PAH immediately after right-sided 
heart catheterization and prior to the initiation of 
therapy, to eliminate therapy as a confounding variable. 
Pulmonary hypertension is a heterogeneous disease 
with multiple causes. To minimize variability, we focused 
our studies only on patients with PAH. Although this 
does not eliminate the variability completely, it does 
minimize it signifi cantly. Furthermore, the fact that 
we still found a consistent signal despite this variabil-
ity offers reassurance that the signal is, in fact, there 
and that it likely refl ects a common metabolic derange-
ment in patients with PAH. In addition, the exhaled 
breath metabolome is complex and encompasses a large 
number of VOCs that need better characterization. 

metabolic pathways within the disease need to be 
made. 

 Interestingly, plasma ammonia levels were no dif-
ferent from those of control subjects and had no sig-
nifi cant correlation with the clinical parameters tested. 
However, increases in breath ammonia correlated 
positively with right atrial pressure, pulmonary artery 
pressure, and pulmonary vascular resistance. In addi-
tion, breath ammonia correlated negatively with cardiac 
index and Sv o  2 . Increased breath ammonia may be a 
predictor of alterations in blood ammonia levels in PAH. 
Further work is needed to establish this connection. 

 Moreover, ammonia is generated from the break-
down of nucleic acids, polyamines, and amino acids, 
specifi cally glutamine.  39   Highly proliferative cells 
undergo aerobic glycolysis and glutaminolysis instead 
of following the conventional oxidative phosphorylation 
pathway, resulting in a more rapid, albeit ineffi cient, 
use of glucose and glutamine for energy and nutrient 
synthesis. Because of this process, the rate of glutamine 
consumption can increase up to 10-fold in cancer cells 
compared with normal cells.  40   Conspicuously, the lung 
has the highest glutamine levels of any tissue besides 
muscle. Metabolic changes that occur in the PAH lung 
may result in the use of these glutamine stores and 
increased glutaminolysis, much like that which hap-
pens in cancer cells. Thus, the metabolism of gluta-
mine in highly proliferative PAH cells may generate 
the higher amounts of breath ammonia we have seen 
in this study. We believe that the association of breath 
ammonia with PAH disease severity suggests that this 
VOC may be an important PAH biomarker. Ultimately, 
increased breath ammonia levels may refl ect not only 

  Figure  2. Representative areas of the average selected ion fl ow tube-mass spectrometry for the PAH 
and control groups. Labeled peaks correspond to selected compounds listed in  Table 3 . A, Ammonia 
peak comes from the O 2  1  precursor ion spectrum. B, Other molecules peaks from the H 3 O 1  precursor 
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the precursor counts. *Precursor ion peak. PH  5  pulmonary hypertension. See Figure 1 legend for expan-
sion of other abbreviation.     
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 Conclusions 

 Patients with PAH have an exhaled breathprint that 
is different from that of healthy control subjects. 
Higher levels of exhaled ammonia in patients with 
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the metabolic changes associated with increased cel-
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