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Abstract

Objective—The objective of this study was to investigate changes in volatile organic compounds
(VOCs) in exhaled breath in overweight/ obese children compared to their lean counterparts.
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Study Design—Single exhaled breath was collected and analyzed per protocol using selective
ion flow tube mass spectrometry (SIFT-MS).

Results—60 overweight/ obese children and 55 lean controls were included. Compared to the
lean group, the obese group was significantly older (14.1 + 2.8 vs. 12.1 + 3.0 years), taller (164.8
+ 10.9 vs. 153.3 + 17.1 cm), and more likely to be Caucasian (60% vs. 35.2%); p < 0.05 for all. A
comparison of the SIFT-MS results of the obese group to the lean group revealed differences in
concentration of more than 50 compounds. A panel of four VOCs can identify the presence of
overweight/ obesity with excellent accuracy. Further analysis revealed that breath isoprene, 1-
decene, 1-octene, ammonia and hydrogen sulfide were significantly higher in the obese group
compared to lean group (p value < 0.01 for all).

Conclusion—Obese children have a unique pattern of exhaled VOCs. Changes in VOCs
observed in this study may help to gain insight into pathophysiological processes and pathways
leading to the development of childhood obesity.
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INTRODUCTION

Obesity has reached epidemic proportions in most of the western world. Data from the
National Health and Nutrition Examination Survey (NHANES) collected in 2009-2010
showed that among children and adolescents aged 2 through 19 years, 31.8% were either
overweight or obese, and 16.9% were obese (1). Obesity is associated with metabolic
complications including insulin resistance, dyslipidemia and nonalcoholic fatty liver disease.
However, mechanistic pathways that lead to obesity-induced metabolic perturbations are not
clearly established (2). Understanding how metabolic profiles are altered in childhood
obesity may provide valuable information on the pathogenesis of this epidemic and may be
important for diagnosing complications and developing new therapeutic strategies.

The human body emits a wide array of volatile organic compounds (VOCs) in the breath
that can be considered as the “breathprints” of each individual. Pathological conditions such
as obesity can lead to the production of new VOCs or a change in the ratio of VOCs that are
produced normally which may give insight into the metabolic condition of an individual.
Little work has been done in children to assess the usefulness of these VOCs as biomarkers
of disease states. Breath testing is becoming an increasingly important non-invasive
diagnostic method that can be used in the evaluation of health and disease states (3, 4). More
recent technological advancements in breath testing and analysis through gas and liquid
chromatography and mass spectrometry have made it possible to identify thousands of
substances and VOCs in the breath (4), offering great opportunities for investigating
metabolic alterations in different disease states such as lung cancer, diabetes and liver
disease (5-7). Breath testing enjoys major advantages in the pediatric population because it
is noninvasive, safe, results can be available immediately, and serial measurements are easy
to obtain.
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The aims of this study were to assess 1) the feasibility of breath testing using selective ion
flow tube mass spectrometry (SIFT- MS) in lean and obese children and 2) the ability to
identify VOCs that correlate with childhood obesity.

Overweight and obese children between the ages of 6 to 18 years old were recruited from
the Pediatric Preventive Cardiology and Metabolic Clinic at the Cleveland Clinic. Healthy
controls (6-18 years of age) were recruited from the General Pediatric Clinic during routine
well-child visits. Demographic data were obtained, including age at the time of clinic visit,
race and gender. Clinical variables were recorded, which included standard procedures for
height and weight; the body mass index (BMI) was calculated for each patient (8).
Overweight was defined by a BMI = 85t percentile, obesity was defined by a BMI > 95t
percentile, and severe obesity was defined by a BMI = 99t percentile adjusted for age and
sex. The metabolic syndrome (MetS) in this cohort was defined as having three or more of
the following five criteria (9): (1) abdominal obesity, defined as waist circumference (WC)
> 90™ percentile for age and sex; (2) low HDL-cholesterol, defined as concentrations < 40
mg/dL; (3) hypertriglyceridemia, defined as triglyceride (TG) level > 110 mg/dL; (4)
hypertension, defined as systolic or diastolic blood pressure >90t" percentile; and (5)
impaired fasting glucose (= 110 mg/dL) or known type 2 diabetes mellitus. The degree of
insulin resistance (IR) was determined by the homeostatic model assessment (HOMA-IR)
using the formula: insulin resistance = [fasting insulin (uU/mL) x fasting glucose (mg/dL)]/
405. IR was defined as having HOMA-IR > 2.5. Adolescents with a history of alcohol
consumption or smoking were excluded from the study.

Exhaled breath collection

Selected-lon

All study subjects completed a mouth rinse with water prior to the collection of the breath
sample in order to reduce the contamination from VOCs produced in the mouth. Subjects
were prompted to exhale normally to release residual air from the lungs and then inhale to
total lung capacity through a disposable mouth filter. The inhaled ambient air was also
filtered through an attached N7500-2 acid gas cartridge. The filters were used to prevent
viral and bacterial exposure to the subject and to eliminate exogenous VOCs from the
inhaled air. The subjects then proceeded to exhale at a rate of 50 ml/s through the mouth
filter until the lungs were emptied. The exhaled breath sample was collected into an attached
Mylar® bag, capped, and analyzed within four hours. Mylar® bags were cleaned by
flushing with nitrogen between subjects.

Flow-Tube Mass Spectrometry (SIFT-MS)

The exhaled breath samples underwent gas analysis using SIFT-MS on a VOICE200®
SIFT-MS instrument (Syft Technologies Ltd, Christchurch, New Zealand). The SIFT-MS
technology and instrument used in this study have previously been described elsewhere by
our group and others (10-12).

Mass scans of the product ions generated in the chemical ionization mass spectrum from
each reagent ion (H30*, NO*, and O,*) were obtained in the mass scanning (MS) mode. MS
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between 14-200 amu was used to identify significant peaks at product ion masses
representing unknown breath volatiles relating to liver cirrhosis. More accurate
concentration data was obtained by selected ion monitoring (SIM) of product ions of
fourteen pre-selected compounds: 2-propanol, acetaldehyde, acetone, acrylonitrile,
ammonia, benzene, carbon disulfide, dimethyl sulfide, ethanol, hydrogen sulfide, isoprene,
pentane, triethylamine, and trimethylamine. These compounds have been previously
identified as common constituents of exhaled breath in patients with and without liver
cirrhosis (11).

Statistical Analysis

RESULTS

Data are presented as mean + standard deviation, median [25, 75™ percentiles] or N (%).
Univariable analysis was done to compare obese versus lean groups. Student’s t-tests or the
non-parametric Wilcoxon rank sum tests were used to compare continuous variables and
Pearson’s chi-square tests were used for categorical factors. In addition, analysis of
covariance (ANCOVA) was used to assess differences while adjusting for possible
confounders; the logarithm of each VOC was modeled as the outcome variables. A p < 0.05
was considered statistically significant. Classification was performed using canonical
discriminant analysis of the mass scanning peaks. Following processing of the mass
scanning peaks, forward stepwise variable selection was applied and four masses (variables)
were selected. SAS (version 9.2, The SAS Institute, Cary, NC), JMP (Pro version 9.0, The
SAS Institute, Cary, NC) and R (version 2.15.1, The R Foundation for Statistical
Computing, Vienna, Austria) were used for all analyses.

Patient Characteristics

One hundred and fifteen patients were included in the study (60 obese patients and 55 lean
controls). Children in the obese group were older, taller, and more likely to be Caucasian
compared to those in the control group (14.1 + 2.8 vs. 12.1 + 3.0 years; 164.8 + 10.9 vs.
153.3 + 17.1 cm; and 60% vs. 35% Caucasian; p < 0.05 for all) (Table 1). Thirty one
children in the obese group were severely obese with BMI = 99t percentile for age and sex.
MetS was present in 39/60 (65%) in the obese group.

Categorization of Obesity Status Using Unique Metabolomic Breathprint

Stepwise variable selection was performed using the mass scanning ion peak data. Four ion
peaks were used to classify subjects into those with and without obesity with 4 patients that
were misclassified in a 69 patient training set (-2 log likelihood 19.98; Wilks’ Lambda
0.343 (p < 0.0001)) (Figure 1a). The use of these four ion peaks gave an excellent accuracy
for predicting the presence of obesity with an AUC of 0.994 (Figure 1b). The discriminant
analysis model was then successfully tested in an independent 45 patient validation cohort
with 9 misclassifications and an AUC of 0.935 (Figure 2). A sample profile is shown below
for the NO+68+ peak (in red, figure 4), which we were able to identify as isoprene.
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VOC Changes in Children with Obesity

After adjusting for age, height and race, the concentrations of breath isoprene, 1-decene, 1-
octene, ammonia, and hydrogen sulfide were significantly higher in the obese group
compared to the lean group (11.6 ppb vs. 6.2 for isoprene; 3.2 vs. 2.2 for 1-decene; 7.7 vs.
4.6 for 1-octene; 67.4 vs. 50.1 for ammonia; and 0.49 vs. 0.35 for hydrogen sulfide, p value
< 0.01 for all) (Table 2 and Figure 3). Interestingly, within the obese group, levels of
acetone and isoprene were higher in those with IR (HOMA-IR > 2.5) (14.8 ppb vs. 9.6 for
isoprene and 64.2 vs. 46.4 for acetone, p value < 0.05 for both). No differences in the
concentration of VOCs were noted between severely obese (BMI = 99t percentile) and
overweight/ obese children (85 < BMI < 99" percentile) (Supplementary Table).

DISCUSSION

The principal findings of this study relate to the following: 1) Obese children have a unique
pattern of VOCs compared to lean children, 2) Markers of cholesterol synthesis, oxidative
stress, and liver dysfunction are elevated in obese children, 3) Breath testing is feasible in
lean, overweight and obese children as young as 7 years of age.

Breath testing with SIFT-MS emerged recently as a new technology for detection of breath
gases in humans with several important benefits over other types of mass spectrometers
(13). It has the advantage of performing measurements of complex mixtures regardless of
the water vapor content in real time. Another great advantage of SIFT-MS is its ability to
detect down to very low concentrations for many VOCs. Concentrations as low as parts per
trillion (ppt) are common for several VOCs (14). In addition to this, the use of three
precursor ions (H30+, NO+, O2+) that react with the breath sample allows for isomeric
compounds to be distinguished from each other based on their unique reaction products with
these precursors. Therefore, this technology can yield a wealth of information for
investigating the pathogenesis of childhood obesity.

Our study demonstrated that there are various VOCs detectable in the breath that could
potentially be useful in understanding the pathogenesis of childhood obesity and its related
complications. Isoprene is a by-product of cholesterol biosynthesis which may be
upregulated in obese patients (15). Indeed, recent studies have demonstrated that cholesterol
metabolism in obese adults with fatty liver disease characterized by increased synthesis and
decreased absorption (16). Furthermore, data suggest that the gut microbiota may produce
isoprene (17). Sulfur-containing compounds and ammonia levels are known to be elevated
in patients with liver dysfunction (18). Fatty liver disease is very common in obese children
and adolescents reaching a prevalence of 40-50% (19, 20) which may partly explain the
changes in hydrogen sulfide and ammonia. Hydrocarbons such as 1-octene and 1-decene are
considered markers of oxidative stress (14, 21) and a recent study has identified 1-octene as
a potential marker for malignant lung nodules (22). Oxidative stress has been recognized to
play a key role in the clinical course of obesity (23).

Our study has several limitations including the fact that our obese children were seen at a
large referral tertiary care medical center, and a significant percentage had severe obesity.
These findings therefore may not be applicable to overweight pediatric patients in the
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community. Due to the fact that we only had 5 children who were overweight (BMI between
85-94%) and more than 50% of children in the obese group were severely obese (BMI =
99%), we were not able to demonstrated a dose response curve of each metabolite as a
function of BMI. The association between certain VOCs and obesity should be interpreted
with caution and future studies that include a larger number of overweight children will help
to prove the dependence of VOCs on the severity of obesity as assessed by BMI. We were
not able to control factors that may influence VOC concentrations such as diet, medications
and the time of day the breath samples are obtained. Including a control group with no need
to be fasting for routine laboratory values made it more difficult for us to control for diet and
time of the day. Some children were only able to provide samples after the school day. This
study was cross-sectional and the VOCs were determined at a single time point. Performing
breath testing serially on children in both health and disease may help us better understand
the effects of changes in VOCs on different biological processes and their potential impact
on disease development and progression. Finally, the use of a filter during breath sample
collection to eliminate exogenous VOCs from the inhaled air may have affected the
measurement of endogenous VOCs. However, preliminary data from our laboratory on
healthy volunteers have demonstrated negligible effects of having the filter on endogenous
VOC peaks (unpublished data).

The results of the current study suggest that cholesterol synthesis, oxidative stress, and liver
function are altered in childhood obesity. Uncovering novel metabolic processes that play a
role in disease development would both improve identification of subjects at greatest risk for
complication and help the discovery of new mechanism-based interventions for the
treatment and prevention of pediatric obesity. BT is a simple and safe alternative to more
invasive investigations in children. This study opens the door for future studies assessing the
role of single exhaled breath testing in screening for obesity-related comorbidities such as
type 2 diabetes, metabolic syndrome and fatty liver disease.

In conclusion, our data provide evidence on significant changes of VOCs in childhood
obesity. Breath testing is a promising tool to investigate pathophysiological mechanisms that
are altered in overweight and obese children.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Training Set

la. Canonical discriminant analysis using the identified four ion peaks: obese vs. lean

subjects. Given two groups of observations (obese and lean) with measurements on several

variables (VOCs), canonical discriminant analysis derives a linear combination of the

variables that has the highest possible multiple correlation with the groups. The red dots

represent obese children and the blue dots represent lean controls. 1b. ROC curve

demonstrating excellent accuracy for predicting obesity with AUC of 0.994.
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The same VOCs used in the training set can discriminate between obese and lean children
with AUC of 0.935.
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Figure 3. Volatile Organic Compound Levels in Obese and Lean Children
3a. Isoprene, a marker of cholesterol synthesis is markedly elevated in obese children. 3b

and 3c. 1-Octene and 1-Decene, markers of increased oxidative stress are higher in obese
children. 3d and 3e. Ammonia and hydrogen sulfide, markers of liver disease are elevated in
childhood obesity.

Pediatr Obes. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Alkhouri et al.
L0
Lo
o
()
o
o

5

= O

=

w O

C

()

(@)]

o

—

83

L o
0
™
o
o
™
o

Page 16

| |
Control Obese

p—value <0.001*

Figure 4. Mass spectrometry peak of isoprene showing significant elevation in the obese group
A sample profile of mass scanning is shown for the NO+68+ peak (in red), which

corresponds to the volatile organic compound of isoprene.
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Table 1

Demographic Characteristics of the Study Population
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Factor Control (N=55) | Obese (N=60) | p-value
Age (years) 12.1+3.0 14.1+2.8 <0.001
Male 35(63.6) 33(55) 0.28
Height (cm) 153.3+17.1 164.8+10.9 <0.001
BMI percentile 55.8+24.6 96.3+3.6 <0.001
Caucasian (%) 19(35.2) 36(60.0) 0.008
Race (%) 0.031

White 19(35.2) 36(60.0)

Black 23(42.6) 14(23.3)

Hispanic 4(7.4) 6(10.0)

Other 8(14.8) 4(6.7)

Values presented as Mean + SD with t-test or N (%) with Pearson’s chi-square test.
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1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny vd-HIN
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Mean Volatile Organic Compound Levels Adjusted For Age, Height and Race

Table 2

Factor Control (N=55) Obese (N=60) p-value
Acetaldehyde 29.3(25.5,33.7) | 29.4(25.8,33.5) 0.98

Acetone 55.6 (44.7,69.0) | 51.5 (42.0, 63.0) 0.63

Isoprene 6.2(5.2,7.3) 11.6 (9.9, 13.7) <0.001
1-Decene 2.2(1.8,2.7) 3.2(2.7,3.8) 0.007
1-Octene 4.6 (3.8,5.5) 7.7 (6.5,9.2) <0.001
Ammonia 50.1 (44.1,56.9) | 67.4(59.8, 75.9) 0.002
Hydrogen sulfide | 0.35(0.30, 0.40) | 0.49 (0.43,0.56) | <0.001
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Values presented as Mean (95% CL) and were obtained using ANCOVA analysis. The logarithm of each VOC was modeled as the outcome
variable with obesity, age, height and Caucasian as the independent variables.
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