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ARTICLE INFO ABSTRACT

Keywords: Routine detection of health parameters is desirable to recognize the early onset of metabolic diseases (e.g.,
Naﬂ"tec%momgy diabetes mellitus) and to personalize their treatment. Promising are non-invasive, affordable and portable
Electronics technologies, such as breath sensors. Yet, the selective monitoring of breath markers (e.g., acetone for lipolysis)
VMV:f;ljzlliesin with sensors to track metabolic changes that can reveal disease-related abnormalities remains challenging. Here,
Medicine subtle breath acetone changes during fasting, exercise and glucose ingestion are tracked in two model situations:

Patients suffering from type-1 diabetes mellitus (T1DM) and healthy subjects (total: 19 volunteers) were
monitored using chemoresistive sensors based on Si/WO3 nanoparticles. Specifically, each subject cycled after
overnight fasting to stimulate fatty acid oxidation followed by an oral glucose tolerance test (OGTT), as moni-
tored by capillary blood glucose and p-hydroxybutyrate (BOHB) concentrations. The sensor recognized accu-
rately the individual breath acetone patterns before and after OGTT (both R? = 0.9) at negligible interference, for
instance, from glucose ingestion-associated volatiles (e.g., ethanol) or isoprene, as confirmed by high-resolution
mass spectrometry. Furthermore, distinct differences in the breath acetone patterns of TIDM over healthy
subjects were revealed including higher (t-test, p = 0.006) breath acetone ratio 2 h after starting the OGTT.
Worth noting is that after glucose intake, breath isoprene steadily increased for TIDM subjects while it remained
rather constant for healthy ones, an intriguing observation that requires more research to clarify its biochemical
origin and medical relevance.

1. Introduction

The longitudinal assessment of changes in metabolic parameters is a
promising tool for the detection of metabolic diseases, monitoring of
body homeostasis, or self-assessment of the effectiveness of lifestyle
changes on metabolism [1]. The variety of such metabolic diseases is
large, from rare (and difficult to detect) inborn disorders of biochemical
processes (such as glycogen storage diseases or phenylketonuria) to
much more prevalently acquired diseases like diabetes mellitus, dysli-
pidemia, or fatty liver disease. In order to develop tools that allow such
assessment, individual health parameters need to be monitored longi-
tudinally [2] to recognize abnormal patterns [1] and indicate the status
of interventions (e.g., diets and exercise). To date, however, monitoring
of the metabolism is largely impractical and inefficient [3].

Breath analysis is attractive being non-invasive, thus highly toler-
able, rapid (if done online [4]), and exhaled breath is always accessible.
Most importantly, breath compounds can reflect immediate metabolic
changes. [5] In recent years, emphasis has been placed on monitoring
the fat metabolism through breath acetone [6], a by-product of fatty acid
oxidation (Fig. 1a, left) [7]. More specifically, end-tidal breath acetone
levels increased typically from few hundreds of parts-per-billion (ppb) to
tens of parts-per-million (ppm) during fasting [8] and correlated [9] to
the duration of ketogenic dieting [10], reflecting enhanced fatty acid
oxidation, as confirmed by simultaneous blood ketone measurement (i.
e., BOHB). Furthermore, subtle acetone increases were observed during
physical activity [11] (moderated by cardiorespiratory fitness [12]) and
post-exercise rest [13]. Finally, breath tests after overnight fasting
revealed no direct relationship between blood glucose and breath
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Fig. 1. (a) Metabolic pathway of fatty acid oxidation (left) and glucose (right)
breakdown. During fasting, fatty acids are converted to acetyl coenzyme A
(acetyl-CoA) which diverts to the ketone bodies acetoacetate (AcAc),
p-hydroxybutyrate and volatile acetone. During glucose breakdown, the
resulting acetyl-CoA is metabolized in the Krebs cycle and no acetone is formed.
(b) The test protocol starts with three sessions of 30 min exercise each (gray
shaded) after overnight fasting and subsequent post-exercise rest to stimulate
fatty acid oxidation. Afterwards, an OGTT (blue shaded) is performed to induce
rapidly the change to glucose metabolism. Breath (triangles) and blood (circles)
were measured throughout the protocol.

acetone concentrations together with no significant differences between
healthy and type-2 diabetes mellitus patients (T2DM) [14]. However,
when tested additionally 1 h later during an OGTT (i.e., 75 g glucose
intake), the breath acetone ratio in T2DM differed from the healthy
subjects [14], revealing disease-related metabolic abnormalities when
switching fuel preference from fatty acids to glucose.

Most promising to track such breath acetone dynamics online and
routinely are chemical sensors [15] that can be extremely compact [16],
operated at low-power [17] and integrated into hand-held and
communicative devices [18]. Several sensor types showed promising
performance for acetone detection including adsorption columns [19],
enzyme-based assays [20], conductive polymers [21], colorimetric [22],
chemoresistive semiconductors (e.g., porous SnO; spheres [23], Al/ZnO
nanoparticles [24], Co304/PdO-loaded In O3 [25] and Cr [26] or WO3
nanoparticles doped with Si [27] or Nb [28] nanoparticles alone or
pre-screened by Pt/Al,O3 [29] catalytic packed bed filters [30]) and
arrays [31] that enabled even the detection of additional breath tracers
(e.g., isoprene, ammonia [32], ethanol [33]). Only few sensors/arrays
had been applied already to track the breath acetone dynamics during
calorie-restricted [19,31], fat-rich (i.e., ketogenic) [34] and
carbohydrate-rich diets [22], as well as during fasting [22]. Even finer
acetone changes during constant- [13] and ramped-load [35] cycling
were monitored online [36] with Si/WOs3 sensors. Therein, this sensor
showed high acetone selectivity over various compounds (e.g. ethanol,
isopropanol, CO or Hy) in laboratory gas mixtures [37] as well as a bias
and precision of 271 and 442 ppb, respectively, when quantifying the
breath acetone concentration in real breath [35]. Nevertheless, more
challenging breath acetone dynamics in healthy and T1DM subjects
during a rapid metabolic switch (Fig. 1a) have not been tracked with
such compact sensors yet.

Here, we evaluate a flame-made [38] chemoresistive sensor’s ability
to track rapid and fine breath acetone changes when switching fuel
preference from fatty acid oxidation to glycolysis (Fig. 1a) in 13 healthy
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and 6 T1DM subjects. TIDM is characterized by an absolute deficiency
in insulin, one of the most important regulator hormones of carbohy-
drate metabolism. Thereby, TIDM served as a model disease for
disturbed carbohydrate metabolism. To this end, the overnight-fasted
subjects performed three times 30 min exercise at moderate intensity
[13] to stimulate fatty acid oxidation followed by an OGTT. Fatty acid
and glucose metabolism were monitored by parallel blood BOHB and
glucose measurements, respectively. Smallest end-tidal breath acetone
changes were measured online with (1) a portable gas sensor based on
Si/WO3 nanoparticles [27] and (2) a proton transfer reaction
time-of-flight mass spectrometer (PTR-TOF-MS) [39] to identify the
sensor’s robustness to endogenous volatiles (e.g., ethanol, isoprene)
formed, for instance, from glucose ingestion and released by muscle
activation. Finally, differences in the metabolic marker profiles between
the healthy and T1DM subgroups were assessed statistically.

2. Experimental section
2.1. Participants

Twenty T1DM and healthy adults aged 20-36 years were recruited
for this study. Participants had to be free of respiratory and cardiovas-
cular diseases. This study was approved by the Kantonale Ethikko-
mission Ziirich (#2015-0675). Each subject gave written consent to the
protocol with the opportunity to abort the test or withdraw consent
anytime.

2.2. Study protocol

The experimental protocol is illustrated schematically in Fig. 1b.
Prior to the test, the participants were asked to fast overnight for 12 h,
abstain from alcoholic drinks and physical activity for 24 h, and avoid
tooth brushing for 2 h to minimize exogenous influences. TIDM patients
were instructed to administer basal insulin using their usual dosage.

The test started at 8 a.m. with measurements of the subject’s weight
and height to calculate the body mass index (BMI) and weight-specific
insulin dose. Next, three times 30 min cycling at moderate intensity
was performed on an ergometer (E5, Kettler) followed by 1 h of post-
exercise rest [13]. Exercise intensity was regulated automatically by
the ergometer through workload adjustment to keep a constant heart
rate (HR, measured via a pulse belt H7 Polar) at 63 % [40] of the
maximum one (HRpay). The latter was approximated for men using
HRpax = 223 - 0.9 x [age] and for women using HRpax = 226 — [age]
[41] (age in years, HR in beats per minute). In a second stage, an OGTT
was performed by administering 75 g anhydrous glucose dissolved in
375 mL of water within 5 min, as recommended by the World Health
Organization (WHO) for diabetes testing [42]. This was followed by 3 h
of rest.

Breath samples (triangles, Fig. 1b) were collected before the exercise,
after each 30 min cycle as well as after 1 h of post-exercise rest. After
each cycle, the participants rested for 5 min before taking breath and
blood samples. After the glucose drink, breath was sampled every
20 min in the first hour and hourly thereafter. Throughout the whole
study, the subjects continued fasting being allowed only to drink water
apart from the glucose intake. Capillary blood samples (circles) were
obtained immediately after each breath measurement. Between the ex-
ercise cycles, no blood was sampled to minimize the subject’s
discomfort.

2.3. Breath analysis

End-tidal breath was extracted in a standardized and reproducible
fashion with a tailor-made [43] sampler. Therein, subjects exhaled for
30 s into the sampler while maintaining an airway pressure of 980 Pa
and expiration flow rate of 50 mL s, as recommended by the American
Thoracic/European Respiratory Societies for nitric oxide [44]. During
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exhalation, the CO; concentration was monitored (Capnostat 5,
Respironics) to ensure that the subjects reached the end-tidal breath
portion (CO3 > 3 % [45]). Breath samples were extracted continuously
from the sampler via a heated Teflon transfer line to the acetone sensor
and a high-resolution PTR-TOF-MS 1000 (Ionicon Analytik, Austria).
The transfer line was heated to 65 °C to avoid analyte adsorption and
water condensation.

The acetone sensor is based on Si/WOs nanoparticles with its fabri-
cation described elsewhere [36]. Such a sensor was mounted on a Macor
holder, installed inside a Teflon chamber and fed from the breath
sampler with a constant flow of 130 mL min~! by a vane pump (SP 135
FZ, Schwarzer Precision) connected to the chamber outlet [13]. The
sensor substrate’s Pt heater was connected to a DC power source (R&S,
HMC8043, Germany) to heat the sensor to an operating temperature of
350 °C (~ 6.5 W), as optimized before for selective acetone sensing
[36]. This temperature was monitored continuously using the
back-heater as resistance temperature detector. Sensor resistance was
recorded using a multimeter (Keithley 2700). The sensor response to
extracted breath samples was defined as [27].

Rair

R breath

-1

Sbreath =

where Rgir and Ryreath are the sensor resistances in surrounding room air
and when exposed to breath samples, respectively. Sensor responses
were averaged from three consecutive breath samples.

The PTR-TOF-MS was connected in parallel to the acetone sensor and
fed with a constant flow of ca. 50 mL min~* from the same transfer line
to avoid interference by inter-sample variation. It was operated at a drift
voltage, temperature and pressure of 600V, 60 °C and 2.3 mbar,
respectively. The reduced electric field in the drift tube (E/N) was
130 Td using H30" as precursor ions and the resolution was 1584 m/
fwhm (at m/z = 59.05), as measured and in agreement with the in-
strument’s technical specification [46]. After data acquisition, a mass
calibration was done at m/z = 21.02 [47] and 37.03 [47]. Acetone
concentrations were measured at a mass-charge ratio (m/z) of 59.05
[48] by comparison of the signal intensity to three-point calibrations
obtained from calibrated gas cylinders (10 ppm acetone in synthetic air,
Pan Gas 6.0) at 90 % relative humidity with a gas mixing set-up
described elsewhere [49]. In addition, relative changes in ethanol and
isoprene were evaluated at m/z = 47.05 [48] and 69.07 [50], respec-
tively. Note that isopropanol was not analysed, as its signal overlapped
with that of acetic acid.

2.4. Blood analysis

Capillary blood was obtained by finger pricking using lancet pens
(Abbott Diabetes Care, UK). Glucose and BOHB were determined with a
FreeStyle Neo Precision (Abbott Diabetes Care, UK).

2.5. Data analysis

Statistical analysis was performed using OriginPro (2018G, Origin-
Lab Corporation, Massachusetts, USA), except for the receiver operating
characteristic (ROC) analysis, that was done with SPSS Statistics 28
(IBM, Armonk, USA). Subgroup characteristics were expressed through
means and standard deviations (SD). Agreement analysis between
sensor and PTR-TOF-MS was conducted based on Pearson’s correlation
coefficients (r), coefficient of determinations (R%) and Bland-Altman
analysis [51]. Descriptive analysis of the breath acetone, isoprene,
ethanol ratios, blood BOHB and glucose concentrations included means
and standard error of the mean. Therein, normalized breath acetone,
isoprene and ethanol were obtained by normalization to the baseline
concentrations to account primarily for effects of the protocol (Fig. 1b).
Independent two-sided t-test were performed to compare the healthy
and T1DM subgroups. The level of significance level was set at p < 0.05.
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3. Results & discussion
3.1. Subgroup characteristics

In total, nineteen subjects finished the experimental protocol of the
study with demographic and anthropometric characteristics summa-
rized in Table 1 and individually listed in Table S1. One of the 20
recruited participants had to be excluded due to non-compliance with
the physical activity prohibition within 24 h prior to the test. Thirteen
subjects were healthy in the sense that no prior metabolic disease had
been diagnosed before the trial. Six participants had been diagnosed
with TIDM 12.5 + 7.6 years before the test and were treated with in-
sulin (mean 0.59 & 0.27 insulin units kg~! day™!) confirming their
normal [52] insulin sensitivity. In general, both subgroups featured
comparable (t-test, p > 0.5) young age of 25.3 + 3.2 (healthy) and 26.8
+ 5.3 years (T1DM) and BMI of 23.2 + 2.5 and 22.6 + 2.8 kg m’z,
respectively. While the T1DM subgroup contained a larger share of fe-
male participants (67 vs. 31 %), previous studies observed no
gender-related differences for breath acetone [53].

3.2. Comparison between sensor and PTR-TOF-MS

First, we assessed the sensor’s accuracy by comparing it to high-
resolution PTR-TOF-MS. Fig. 2a shows the normalized breath acetone
before (triangles) and during the OGTT (circles) of the 190 breath
samples, as measured by both instruments. Note that the breath acetone
is normalized (i.e., sensor response ratio with respect to the initial value
at t = 0) to assess only the effects of the interventions for an easier
comparison between the subjects, in agreement with previous studies
[13,14]. This normalized breath acetone can be converted into acetone
concentration after prior sensor calibration with gas standards [35].

Before the OGTT, the sensor correlates linearly (Pearson’s correla-
tion coefficient r = 0.95) with PTR-TOF-MS featuring high coefficient of
determination (R? = 0.9), sufficiently small limits of agreement (Fig. 2b,
dashed lines) and negligible systematic bias (solid line, i.e., mean dif-
ference), as revealed also by Bland-Altman analysis [51]. Comparable
results (r = 0.97) had been obtained in a previous test with the same
instruments on 20 healthy subjects (i.e., 280 breath samples) following a
similar fasting and exercise protocol [13]. Only at high normalized
breath acetone (i.e., > 3), the sensor tends to underpredict it (Fig. 2a,
dashed vs. solid line). The response characteristics of such
chemo-resistive sensing films follow diffusion-reaction theory [54]. At
elevated analyte concentration, the analyte diffusion inside these films
and the adsorption on the constituent nanoparticle surfaces become
non-linear [55]. This results in non-linear response characteristics, as
was observed experimentally for SnO2 with CO [55] and the same
Si/WOs3 when tracking breath acetone during ketogenic diets [34].

Most importantly, the high correlation (r = 0.95) and coefficient of
determination (R2 = 0.9) between sensor and PTR-TOF-MS is preserved
during the OGTT (circles, Fig. 2). Thus, the sensor seems quite robust to
endogenous ethanol concentrations, in agreement with gas standard
measurements [36], that increase rapidly after glucose intake (Fig. S1a)
probably due to fermentation of carbohydrates by gut bacteria and yeast
in the gastrointestinal tract [56]. The sensor is also hardly affected by
isoprene, that gradually increased during the post-exercise rest and
OGTT (Fig. S1b). This is shown even better when juxtaposing the indi-
vidual normalized breath acetone, isoprene and ethanol profiles

Table 1
Demographic and anthropometric data of the subjects. Average values for the
healthy and T1DM group are presented as mean + SD.

Group Female Age Number [-] BMI
[years] [kg m 2]

Healthy 31 % 25.3 +£3.2 13 23.2+25

T1DM 67 % 26.8 £5.3 22.6 £2.8
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Fig. 2. (a) Normalized breath acetone (normalized to the initial concentration)
measured by the sensor and PTR-TOF-MS before (triangles, n = 95) and during
the OGTT (circles, n = 95) on 19 subjects. The ideal line (solid line) and the
linear fit (dashed line) for all samples are indicated. (b) Bland-Altman analysis
between sensor and PTR-TOF-MS measurements. The solid line represents the
mean difference and the dashed lines the limits of agreement (1.96 times
the SD).

exemplarily for subjects #1, 2 & 9 (healthy) as well as #15, 17 & 18
(T1DM) in Fig. S2 where the sensor and PTR-ToF-MS measurements
mostly overlap. Hence, the Si/WOg sensor is well suited (overall R? =
0.9, Fig. 2a) to track the breath acetone dynamics during fasting, exer-
cising and OGTT, as will be explored next. Note that higher ethanol
concentrations (sometimes released from disinfectants in clinical envi-
ronments) or isoprene spikes that occur few minutes after starting the
exercise [11] can interfere this Si/WO3 sensor [35]. However, this can
be mitigated by placing catalytic packed beds [30] of Pt/Al;03 [29]
ahead of such sensors and was even exploited for selective isoprene
tracking when combining it with a sorption filter of activated alumina
[571].

It is worth comparing also the sensor performance between healthy
(squares, Fig. S3a) and T1DM (inverted triangles). More specifically,
sensor and PTR-TOF-MS correlate similarly well for healthy (r = 0.96)
and T1DM (0.94). Furthermore, Bland-Altman analysis (Fig. S3b) did
not reveal significant differences with respect to systematic bias or limits
of agreement. Therefore, the sensor’s accuracy to detect breath acetone
is also not affected by TIDM in the present setting, despite probably
different breath compositions. In fact, a previous study with a larger
cohort (n = 113) of children reported, for instance, higher concentra-
tions of ethanol, isopropanol, dimethylsulfid, isoprene and pentanal in
the T1DM subjects [58].
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3.3. Healthy subjects: Individual metabolic marker profiles during
exercise and OGTT

Fig. 3a shows the normalized breath acetone of the representative,
healthy subjects #1 (circles), #2 (squares) and #9 (triangles), as
determined by the portable sensor (filled symbols) and PTR-TOF-MS
(open symbols). During exercise and post-exercise rest (0-185 min),
all subjects feature distinctly different breath acetone profiles. For
instance, breath acetone hardly changes for subject #9, while it in-
creases significantly already during exercise in case of #1 and reaches
more than fourfold levels at the end of the post-exercise rest. Such large
inter-subject variation has been observed before [13] and reflects dif-
ferences in the activation of fatty acid oxidation, for instance, due to
differences in current glycogen stores, or cardiorespiratory fitness [12].

This is confirmed also by simultaneous blood BOHB measurements
(Fig. 3b), another by-product of fatty acid oxidation (Fig. 1a, left) and an
established clinical marker [59], that shows similar trends to breath
acetone (Fig. 3a), in agreement with literature [60]. Therefore, fuel
preference is clearly on fatty acid oxidation at the end of the exercise and
post-exercise rest, as was targeted by this protocol and confirmed also by
the low glucose levels (i.e., < 5.6 mM, Fig. 3c). In fact, subject #1 is
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Fig. 3. (a) Normalized breath acetone measured by the sensor (filled symbols)
and PTR-TOF-MS (open symbols), as well as capillary blood (b) BOHB and (c)
glucose levels for representative healthy subject #1 (circles), 2 (squares) and 9
(triangles). The grey boxes (in a) indicate the exercise cycles and the vertical
dashed lines the glucose intake (i.e., start of OGTT at t = 185 min).
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entering even nutritional ketosis (i.e., BOHB: 0.5-3 mM [61], Fig. 3b) at
the end of the post-exercise rest. Most importantly, the sensor (Fig. 3a,
filled symbols) accurately tracked these individual fat metabolism dy-
namics online through non-invasive breath acetone measurements, in
excellent agreement with PTR-TOF-MS (open symbols) and in line with
Fig. 2a.

When starting the OGTT (t > 185 min, vertical dashed line, Fig. 3c),
the blood glucose concentrations rapidly increase in all subjects and
peak at 7.3-9.4 mM within 40-60 min after glucose ingestion. There-
after, they decrease until the end of the test, as expected for healthy
subjects. Simultaneously, blood BOHB levels rapidly drop to 0.1 mM
(Fig. 3b) indicating a rapid metabolic switch from fatty acid oxidation to
glycolysis (Fig. 1a). Most importantly, this is also reflected by breath
acetone (Fig. 3a) that decreases in concentration upon reaching peak
glucose levels (Fig. 3c), consistently for all subjects though less pro-
nounced for subject #9. The sensor’s ability to resolve such rapid and
fine metabolic switches has immediate practical impact: For instance,
non-compliance to ketogenic diet protocols (e.g., wrong selection of
nutrients) can be easily detected.

Finally, it is worth discussing that BOHB levels (Fig. 3b) drop faster
upon glucose intake than the respective acetone concentrations
(Fig. 3a). Similar observations were made after insulin administration
during the treatment of diabetic ketoacidosis. [62] This might be asso-
ciated to acetone’s hydro- and lipophilic properties leading to its accu-
mulation in body fluids and slow elimination primarily through exhaled
breath [62] with a partition coefficient in lung alveoli (blood:air) of
126:1 [63]. In contrast, BOHB can be metabolized further in extrahe-
patic mitochondria [64]. As a result, breath acetone is less sensitive to
sudden metabolic changes, in agreement with our observation in Fig. 3a,

b.
3.4. T1DM-related differences

Finally, we compared the healthy and T1DM subgroups to investi-
gate whether breath acetone reflects differences in metabolic constitu-
tion, as established with blood glucose [65]. In fact, after overnight
fasting (at t = 0 min), the glucose concentrations are higher in the
T1DM (mean: 8.5 mM, Table S1) compared to the healthy subgroup
(4.9 mM). Values in all TIDM subjects exceeded 7 mM, probably
reflecting insufficient suppression of endogenous glucose production by
the basal insulin administered. Also, the corresponding breath acetone
concentrations (1814 vs. 987 ppb, Table S1) and blood BOHB (0.22 vs.
0.1 mM) tend to be higher, indicating an incomplete insulin-mediated
suppression of ketogenesis. While individual breath acetone levels
were significantly higher (max. 3'364 ppb) in some T1DM subjects than
in the healthy volunteers (max. 1’484 ppb), both subgroups were sta-
tistically not distinguishable (p = 0.148).

Therefore, we investigated the dynamics for breath acetone (Fig. 4a),
blood BOHB (b) and glucose (c) during the exercise and OGTT stimuli
when metabolic differences between the subgroups should be more
pronounced. More specifically, the increase in normalized breath
acetone during exercise and post-exercise rest is lower for the TIDM (i.
e., 1.3, circles, at 185 min) compared to the healthy (1.9, triangles)
subgroup, as indicated by the sensor. This agrees with the blood BOHB
concentrations, where a smaller increase was observed also for the
T1DM (0.22-0.35 mM) compared to the healthy (0.1-0.38 mM) sub-
group. While insulin production is increasingly suppressed in healthy
subjects during exercise, in TIDM subjects, the acting basal insulin is
fixed, which should be responsible for the decreased flexibility of their
metabolism.

The most striking difference was observed during the OGTT. Spe-
cifically, the breath acetone continues to increase in the T1IDM sub-
group, while it decreases (after t = 240 min) in the healthy subgroup,
where the endogenous insulin response takes place, as observed also in
Fig. 3a. This is confirmed somehow by BOHB levels that decrease in the
T1DM subgroup during the OGTT, though with some delay (i.e., after
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Fig. 4. (a) Normalized breath acetone (normalized to the initial acetone con-
centration of each subject), blood (b) BOHB and (c) glucose concentrations in
the healthy (triangles, n = 13 subjects) and T1DM (circles, n = 6 subjects)
groups. Symbols and error bars indicate the mean and standard error of the
mean values. Note that the normalized breath acetone was measured by the
sensor. The grey boxes (in b) indicate the exercise cycles and the vertical dashed
lines the glucose intake (i.e., start of OGTT at t = 185 min).

t = 255 min) and less distinct compared to the healthy subgroup. As
expected, all subjects show distinct increases in blood glucose (Fig. 4c)
upon glucose intake. Significantly higher levels are observed for the
T1DM, that peaked (16.1 — 21.3 mM) 2 h after the glucose intake
(dashed line, Fig. 4c), compared to the healthy subjects, where blood
glucose does not exceed 8.7 mM.

This can be exploited to distinguish healthy subjects (Fig. 5a: left
boxed and whiskers) from T1DM patients (right boxes and whiskers)
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Fig. 5. Box-whisker plots for (a) normalized breath acetone (normalized to the
start of the OGTT, i.e., t = 185 min) and (b) glucose concentration after 2 h of
the OGTT, following the American Diabetes Association guidelines for the
diagnosis of diabetes through blood glucose [65]. Note that the normalized
breath acetone was measured by PTR-ToF-MS. Individual data points are shown
for the healthy (triangles) and T1DM (circles) subjects, with symbols outside
the whiskers representing outliers.

with the sensor. Therefore, the normalized breath acetone is formed by
normalization to the start of the OGTT (i.e., t = 185 min; not t = 0 min
as done for Figs. 2-4) and evaluated 2 h after glucose intake (i.e.,
t = 305 min). The normalized breath acetone distinguished (p = 0.006)
the TIDM from the healthy subgroup, similar to the standard blood
glucose test (p = 2.60107°, Fig. 5b). When choosing an appropriate
discrimination threshold for a ROC analysis, high medical specificity
and sensitivity (e.g. both 100 % at a normalized breath acetone of 1.04)
can be obtained for the discrimination of health and disease. Note that
also absolute breath acetone concentrations (measured by PTR-TOF-MS)
tend to be higher (p = 0.053, Table 52) in the TIDM subgroup 2 h after
glucose intake. These results highlight the present breath acetone sen-
sor’s ability to recognize disease-related abnormalities by tracking
metabolic markers. As a result, it can be promising for screening and
management of metabolic diseases, though this must be confirmed with
larger cohorts in clinical trials in different settings of disease.

Note that differences between healthy and T1DM adults were
observed also in the breath ethanol and isoprene profiles (Fig. S1), as
measured by PTR-TOF-MS. For instance, the mean ethanol levels peaked
at higher value (2.8 vs. 2 at t = 240 min) during the OGTT for the TIDM
compared to healthy subjects. Furthermore, the mean breath isoprene
level increased steadily during post-exercise rest and OGTT for the
T1DM subjects (e.g., 2.1 vs. 1.1, Table S2) while it remained rather
constant for healthy ones 2 h after glucose intake. However, further
research is required with larger cohorts and clarify also the biochemical
origin and medical relevance of these differences.
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4. Conclusion

The online tracking of fine breath acetone dynamics during fasting,
exercise, rest and glucose intake was demonstrated with a portable
sensor in healthy and T1DM subjects. Thereby, the sensor recognized
individual breath acetone patterns with high accuracy and precision, as
confirmed by high-resolution mass spectrometry. This suggests high
acetone selectivity over endogenous volatiles (e.g., ethanol from glucose
ingestion or exercise-related isoprene). That way, disease-related dif-
ferences between healthy and TIDM adults (as a model of metabolic
diseases) were captured, providing new insights for the interpretation
and clinical utility of breath acetone in the context of metabolic mal-
functions. Also the sensor’s ability to resolve rapid and fine metabolic
switches can help to detect compliance to ketogenic diet protocols. This
low-cost sensor can be readily integrated into battery-driven and
communicative devices [18] for personalized feed-back on metabolism
in healthy and diseased populations.
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