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ABSTRACT

The review aimed to investigate the accuracy of breath
tests in the diagnosis of diabetes mellitus, identify exhaled
volatile organic compounds with the most evidence

as potential biomarkers, and summarize prospects

and challenges in diabetic breath tests. Databases
including Medline, PubMed, EMBASE, Cochrane Library
and Science Citation Index Expanded were searched.
Human studies describing diabetic breath analysis with
more than 10 subjects as controls and patients were
included. Population demographics, breath test conditions,
biomarkers, analytical techniques and diagnostic accuracy
were extracted. Quality assessment was performed with
the Standards for Reporting Diagnostic Accuracy and a
modified QUADAS-2 (Quality Assessment of Diagnostic
Accuracy Studies 2). Forty-four research with 2699
patients with diabetes were included for qualitative data
analysis and 14 eligible studies were used for meta-
analysis. Pooled analysis of type 2 diabetes breath test
exhibited sensitivity of 91.8% (95% Cl 83.6% to 96.1%),
specificity of 92.1% (95% Cl 88.4% to 94.7%) and area
under the curve (AUC) of 0.96 (95% CI 0.94 to 0.97).
Isotopic carbon dioxide (CO,) showed the best diagnostic
accuracy with pooled sensitivity of 0.949 (95% Cl 0.870 to
0.981), specificity of 0.946 (95% Cl 0.891 to 0.975) and
AUC of 0.98 (95% CI 0.97 to 0.99). As the most widely
reported biomarker, acetone showed moderate diagnostic
accuracy with pooled sensitivity of 0.638 (95% Cl 0.511 to
0.748), specificity of 0.801 (95% Cl 0.691 to 0.878) and
AUC of 0.79 (95% Cl 0.75 to 0.82). Our results indicate
that breath test is a promising approach with acceptable
diagnostic accuracy for diabetes mellitus and isotopic CO,
is the optimal breath biomarker. Even so, further validation
and standardization in subject control, breath sampling and
analysis are still required.

INTRODUCTION

Diabetes mellitus is a common metabolic
disease with pathologically high blood
glucose levels, causing damage to various
organs and nerves. According to the latest
International Diabetes Federation Diabetes
Atlas, about 463 million people suffer from
diabetes mellitus all over the world; however,
more than half of them are undiagnosed
and unaware of their status. Currently, the
criteria for diagnosis of diabetes mellitus,

,! Yanna Le,*

including oral glucose tolerance test, fasting
plasma glucose (FPG) test and glycosylated
hemoglobin Alc (HbAlc) test, are all invasive
blood-based assays,2 % which limits screening
for the disease.

In human exhaled breath, a wide variety
of volatile organic compounds (VOCGCs) are
observed and associated with health condi-
tions.” Analysis of breath VOCs provides a
non-invasive approach to diagnosis of some
diseases and monitoring of physiological
effects and therapeutic efficacy,”” which
enhanced the acceptability of patients for
disease screening. To date, breath tests
such as '*C urea test (for Helicobacter pylori),
hydrogen-methane test (for gastrointes-
tinal diseases), exhaled nitric oxide test
(for asthma), Heartsbreath test (for heart
transplant rejection) and breath carbon
monoxide test (for neonatal jaundice)
have been applied in clinical practice.® The
association of diabetes mellitus and breath
VOCs has been observed since the 1940s’
and is being reported by many studies up
to now."” Despite numerous studies, the
applicability and diagnostic accuracy of
breath tests for diabetes mellitus remain
controversial.

In this work, we systematically reviewed
studies that described the use of breath tests
for diagnosis of diabetes mellitus, summa-
rized exhaled characteristic VOCs in diabetes
mellitus and assessed their diagnostic accu-
racy. The aim of this review is to identify
breath VOCs with the most evidence as poten-
tial biomarkers in breath tests and investigate
the accuracy of these VOGs in the diagnosis of
diabetes mellitus.

METHODS

Search strategy and selection criteria

This systematic review was conducted in
accordance with the guidelines of the
Preferred Reporting Items for Systematic
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Review and Meta-Analysis of Diagnostic Test Accu-
racy studies. The review was registered in PROSPERO
(International Prospective Register of Systematic
Reviews; registration ID: CRD42020222249).

The search was performed in the Medline, PubMed,
Cochrane Library, EMBASE and Science Citation Index
Expanded databases dated to November 23, 2020.
Keywords including diabetes, diabetes mellitus, breath,
exhaled, expired gas and expired air were used for searching.
All search results including titles and abstracts were
checked by two reviewers independently (WZ, WtW).
The detailed search strategy is provided in online supple-
mental table S1.

Studies were included according to the following
selection criteria: (1) human studies describing breath
tests for diabetes mellitus diagnosis or discriminant;
(2) all participating patients with diabetes mellitus were
diagnosed by gold standard assay; and (3) at least two
cohorts including patients and controls with more than
10 subjects in each group were studied and compared.
Moreover, studies were included only if the full text
was available in English language. We excluded studies
meeting the following criteria: (1) review articles, confer-
ence abstracts, comments, case reports, viewpoints and
editorials; (2) studies focusing on other diabetic compli-
cations (eg, diabetic nephropathy or ketoacidosis) rather
than the diabetes mellitus itself; and (3) analyte was
exhaled breath condensate.

Data extraction and quality assessment

Data extraction and assessment of research quality were
performed by two reviewers (WZ, WtW) independently
and judged by the third reviewer (JH) for controversial
studies. Information including authors, country, year of
publication, population characteristics (diabetes type,
number of patients and controls, age, gender), analytical
method, breath biomarkers and outcomes was collected.
Different breath biomarkers in one study were all listed.
Some data were calculated, converted or corrected
based on the original data provided in the studies. The
Standards for Reporting Diagnostic Accuracy (STARD)
and a modified QUADAS-2 (Quality Assessment of
Diagnostic Accuracy Studies 2) appropriate for phase I
studies on biomarker discovery were used to assess the
quality of included studies and risk of bias. This modi-
fied QUADAS-2 referenced to Hanna et al’s study,' and
a signaling question was further modified to adapt to
diabetes mellitus.

Statistical analysis

To estimate the diagnostic accuracy of the included
breath tests, a random-effect meta-analysis was performed
to generate pooled sensitivity, specificity, diagnostic OR
(DOR), positive likelihood ratio (PLR), negative likeli-
hood ratio (NLR) and area under the summary receiver
operating characteristic (ROC) curve. Subgroup analysis
by diabetes type and biomarkers was also conducted.
Breath biomarkers that were reported at least over two

times were analyzed, and pooled sensitivity, specificity
and 95% CIs were assessed. The significance of heteroge-
neity was estimated using I* (I* >50% or p<0.05). Leave-
one-out sensitivity analysis was also conducted to identify
heterogeneity. Publication bias was assessed using Begg’s
and Egger’s tests. Diagnostic threshold was estimated via
Spearman’s correlation test. All data were analyzed in
STATA V.12.0 software (Midas module).

RESULTS

Study selection and characteristics

As depicted in figure 1, a total of 6229 studies were iden-
tified from the search of databases and other sources and
2648 duplicates were first removed. Then, 1394 records
were excluded by type of literature. After screening by
title and abstract, 2015 studies were excluded. After-
wards, 172 full-text articles were further screened, and 44
studies were included for qualitative data analysis and 14
eligible studies were used for meta-analysis.

The characteristics of the included studies are
presented in online supplemental table S2. A total of
2699 patients with diabetes mellitus, including 265 cases
of type 1 diabetes (T1D), 1376 cases of type 2 diabetes
(T2D) and pre-diabetes (PD), 49 cases of chemical
diabetes (abolished), and 1009 cases of patients with
indiscriminate diabetes, from 14 countries were studied.
Overall, participants were in the 4-91 age range and
the subjects in 14 eligible studies for meta-analysis were
all adults. Detailed information on the population,
including body mass index, FPG and HbAlc, is presented
in online supplemental table S3. Among the 44 studies,
16 independent compounds were reported for diabetes
mellitus diagnosis, and 4 of these biomarkers, namely
acetone (n=19), isotopic carbon dioxide (CO,) (n=11),
isopropanol (n=5) and dimethyl sulfide (n=2), were
reported more than twice. Note that isotopic CO, is an
exogenous metabolite which derives from the ingested
BC-glucose or normal glucose. Majority of these breath
VOCGs were increased in exhaled breath, except “”(302
and m-xylene which were decreased. Moreover, acetone
was also decreased in the breath of patients with diabetes
after dialysis. Analytical methods used for diabetic breath
analysis within these studies involved spectroscopic, chro-
matographic, mass spectral and sensor-based methods.
Sensor (n=14) was the most frequently used technique
for diabetic breath tests, and gas chromatography-mass
spectrometry (GC-MS) (n=7) was the most commonly
used method, with qualitative ability to identify diabetic
biomarkers in exhaled breath.

Quality assessment

The results of quality assessment using QUADAS-2 are
presented in online supplemental figures S1 and S2.
Detailed information on the modified QUADAS-2 is
provided in online supplemental table S4. The STARD
scores of each study are listed in online supplemental
table SH; a mean value of 11.3 and SD of 5.0 were obtained.
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Figure 1

Data analysis

To assess the overall diagnostic accuracy of breath test
for diabetes mellitus, 14 studies were included in the
meta-analysis and the highest diagnostic accuracy in each
study was adopted. Pooled PLR of 11.531 (95% CI 7.165
to 18.558), NLR of 0.101 (95% CI 0.056 to 0.183), DOR
of 114.333 (95% CI 42.083 to 310.626), sensitivity of
90.7% (95% CI83.8% to 94.8%) and specificity of 92.1%
(95% CI 87.9% to 95.0%) were obtained. Summary ROC
analysis was performed with AUC of 0.97 (95% CI 0.95
to 0.98) (online supplemental figure S3). Confidence
results showed the potential of breath tests in diabetes
mellitus diagnosis. Nevertheless, substantial heteroge-
neity was also observed. Therefore, these studies were
further grouped according to type of diabetes and breath
biomarkers.

T2D was the most widely investigated in these studies;
10 studies including T2D and PD (the precursor of T2D)
were analyzed. Yan’s'® study was also included since
only 1 case of T1D was mixed with 86 T2D samples. The
diagnostic accuracy for T2D was elevated and the spec-
ificity showed no significant heterogeneity; however,

Flow diagram of study search and selection process. SCIE, Science Citation Index Expanded.

heterogeneity in sensitivity remained substantial. Leave-
one-out sensitivity analysis was carried out and three
studies (Li et al,'® Yatscoff et al'* and Zhou et al'®) which
mainly contributed to heterogeneity were excluded. After
removing these three studies, heterogeneity was remark-
ably reduced and no significant changes were observed
in sensitivity and specificity before and after exclusion.
As shown in figure 2, the diagnostic accuracy for T2D was
11.591 (95% CI 7.579 to 17.725) for PLR, 0.089 (95%
CI 0.042 to 0.187) for NLR, 130.461 (95% CI 45.054 to
377.770) for DOR, 91.8% (95% CI 83.6% to 96.1%) for
sensitivity, 92.1% (95% CI 88.4% to 94.7%) for specificity
and 0.96 (95% CI 0.94 to 0.97) for AUC.

According to group of biomarkers, isotopic CO,
including 13CO2 and CIBO2 were the most frequently used
in diabetic breath tests. Among the seven studies using
isotopic CO, as biomarker, heterogeneity in sensitivity
was observed. By leave-one-out analysis, Yatscoff et al’s"
study was excluded and heterogeneity was reduced to
an acceptable level (I* <50%, p>0.05) and no significant
changes in diagnostic accuracy were observed. As shown
in figure 3A, isotopic CO, had PLR of 17.716 (95% CI
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Observed Data

Summary Operating Point
SENS =0.92[0.89 - 0.95]
SPEC =0.92[0.88 - 0.94]

SROC Curve
AUC =0.97 [0.95 - 0.98]

95% Confidence Ellipse
95% Prediction Ellipse

Figure 2 Forest plot of (A) sensitivity, (B) specificity and (C) SROC for the type 2 diabetes subgroup. Reference details
provided in online supplemental file 1. AUC, area under the curve; SENS, sensitivity; SPEC, specificity; SROC, summary
receiver operating characteristic curve.
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Observed Data

ting Point
SENS=0.95 [0.87 - 0.98]
SPEC =0.95 [0.89-0.97]

SROC Curve
AUC=0.98[097-0.99]
————~- 95% Confidence Ellipse
-+ 95% Prediction Ellipse

& Observed Data
Summary Operating Point
* SENS =0.64 [0.51 -0.75]
SPEC = 0.80 [0.69 - 0.88]
SROC Curve
AUC=0791075-052]
— ———= 95% Confidence Ellipse
95% Prediction Ellipse

Figure 3 Forest plot of sensitivity, specificity and SROC for (A) isotopic carbon dioxide and (B) acetone. Reference details
provided in online supplemental file 1. AUC, area under the curve; SENS, sensitivity; SPEC, specificity; SROC, summary

receiver operating characteristic curve.

8.376 to 37.473), NLR of 0.054 (95% CI 0.020 to 0.144),
DOR of 328.275 (95% CI 77.049 to 1398.643), sensitivity
of 0.949 (95% CI 0.870 to 0.981), specificity of 0.946
(95% CI0.891 to 0.975) and AUC of 0.98 (95% CI 0.97 to
0.99). Acetone was also commonly used as diabetic breath
biomarker. The included five studies exhibited heteroge-
neity in diagnostic sensitivity and specificity. Through the
leave-one-out approach, heterogeneity was reduced after
exclusion of Zhou et al’ study; however, sensitivity and
specificity also changed obviously. In this study, patients
and health volunteers were recruited from different prov-
inces of China (patients with diabetes were from Jilin
Province and volunteers were from Sichuan Province),
with visible differences in location, climate, environment
and diet, which have an impact on VOC levels in exhaled
breath. These differences between patients and health

volunteers may amplify the distinction of breath VOCs
in the two groups, which is likely to increase discrimi-
nant accuracy. Thus, this study was excluded to obtain a
more reliable result. Acetone had pooled PLR of 3.199
(95% CI 2.152 to 4.756), NLR of 0.453 (95% CI 0.341
to0 0.601), DOR of 7.069 (95% CI 4.191 to 11.922), sensi-
tivity of 0.638 (95% CI 0.511 to 0.748), specificity of 0.801
(95% CI 0.691 to 0.878) and AUC of 0.79 (95% CI 0.75
to 0.82), respectively (figure 3B).

Publication bias

The Begg’s and Egger’s tests were applied to assess publi-
cation bias as presented in online supplemental figure
S4. No publication bias was suggested in the T2D group,
isotopic CO, group and acetone group (Egger’s test
p=0.931, p=0.300 and p=0.888).

BMJ Open Diab Res Care 2021;9:002174. doi:10.1136/bmjdrc-2021-002174


https://dx.doi.org/10.1136/bmjdrc-2021-002174
https://dx.doi.org/10.1136/bmjdrc-2021-002174
https://dx.doi.org/10.1136/bmjdrc-2021-002174

Emerging technologies, pharmacology and therapeutics 8

DISCUSSION

According to the overall diagnostic accuracy results,
breath test is a promising approach to non-invasive diag-
nosis of diabetes mellitus with prominent performance,
although most studies showed risk of bias, which may
overestimate diagnostic accuracy. By subgroup analysis,
it was found that breath test is suitable for T2D diag-
nosis and isotopic CO, was the most discriminant breath
biomarker. Although the T1D breath analysis has been
investigated by a number of studies, only one study
reported the diagnostic accuracy, which is not sufficient
to draw a conclusion.

CO, is a common component in human exhaled
breath, which is mainly from oxidation of glucose. The
glucose is first converted to pyruvate via the glycol-
ysis process and then oxidized by O, to generate CO,,.
During this process, ATP is synthesized to produce
essential energy. As a metabolic disease, diabetes
mellitus may change the production of cellular
energy and thereby alter the breath CO, sequentially.
By ingestion of '*C-glucose, 13CO2 was observed and
presented reduced concentration in diabetic breath.
By contrast, C1802 was increased in diabetic breath
with ingestion of normal glucose. This phenomenon
is mainly due to the different source of isotope. The
PG isotope in 13CO2 was directly from the metab-
olism of "C-glucose, but the 'O isotope in CISO2
was converted from HQISO in the human body and
catalyzed by the carbonic anhydrase.'® For diabetes
mellitus diagnosis, evaluation indexes such as the
delta over baseline (SDOB),14 insulin sensitivity index
(1810120)17 and changes in carbonic anhydrase activi-
ties (ACA)'® were proposed to estimate isotopic CO,
changes over time.

Acetone is an attractive breath biomarker which
has been reported to correlate with various diseases."?
This metabolite can be derived from decarboxyl-
ation of acetoacetate and dehydrogenation of isopro-
panol.?’ The relationship between diabetes mellitus
and breath acetone has been investigated since
the 1940s.° However, the evidence of its validity in
diabetes mellitus diagnosis is still limited. Pooled
analysis showed acetone to have moderate diagnostic
accuracy when used as an independent biomarker
and its sensitivity is especially limited. In addition,
during literature screening, we found that a number
of research claimed sensors to have potential in the
diagnosis of diabetes mellitus by directly citing an
acetone concentration of 1.8 parts per million (ppm)
as the criterion;ﬂ_25 however, their citations seemed
unreliable to support this conclusion. Breath acetone
concentrations reported in the included studies are
listed in table 1, and all units were converted to ppm.
As can be seen, breath acetone is significantly influ-
enced by various factors, such as gender, age, diabetes
type, diet, exercise and drug treatment. Based on
available studies, the threshold of breath acetone for

diabetes mellitus diagnosis is still inconclusive. It is
inappropriate to cite the 1.8 ppm acetone as criteria.

23 (1)

Cacelone

According to equation (1), the average concentra-
tions of breath acetone (C_ ) in T1D (n=205), T2D
(n=738) and healthy subjects (n=417) were calculated to
be 7.86 ppm, 1.66 ppm and 0.68 ppm, respectively. C_and
n represent mean concentration of acetone and sample
size in each study, and Nis the overall sample size. Data
in Yu et als*® study were excluded, since the data showed
apparently higher acetone concentrations in both
healthy and diabetic breath than that observed in other
studies (more than almost 100 times), which may be due
to misuse of gas concentration units. The weighted mean
difference (WMD) was also used as effect size to show
distinction in breath acetone in the three groups (T1D
vs non-diabetes (ND), T2D vs ND, and T1D vs T2D).
Breath acetone presented significantly higher concentra-
tion in both T1D (WMD=1.374, 95% CI 0.986 to 1.762,
z=6.94, p=0.000) and T2D (WMD=0.845, 95% CI 0.605 to
1.085, 2=6.91, p=0.000) groups, while there was no signif-
icant difference between T1D and T2D (p=0.162>0.05).
Detailed information is depicted in online supplemental
figure S5.

Isopropanol was used as potential biomarker in diabetic
breath analysis in five studies and exhibited higher levels
in the breath of patients with diabetes. This compound
is mainly metabolized from propanoates in the human
body. It is also a substrate of acetone synthesis from
enzyme isopropanol dehydrogenase catalysis.”” Recently,
research showed that alcohol dehydrogenase in the liver
is capable of reversely converting acetone to isopro-
panol in some abnormal conditions.” Based on available
research, this compound showed moderate diagnostic
accuracy with higher specificity than sensitivity. Unfortu-
nately, only two studies provided the diagnostic accuracy
of isopropanol. It does not make much sense to pool the
data for further analysis.

Dimethyl sulfide was also reported twice. It is consid-
ered as a metabolite of microbial activities in the human
body.*® Variations of this compound in diabetic breath
may be due to alteration in the gut microbiota induced
by insulin deficiency. Hence, this component may not be
suitable as a stable biomarker.

In terms of methods, sensor is the most frequently
used technique for diabetic breath analysis. It is a fast,
convenient and cost-effective approach for VOC detec-
tion. However, this technique is not capable of identi-
fying the exhaled components to pick out characteristic
biomarkers. Therefore, the principle of sensor array for
diabetes mellitus diagnosis is difficult to interpret. GC-MS
is another common analytical technique which enables
qualitative and quantitative analyses of breath VOCs. This
is a costly laboratory instrument with time-consuming
analytical process. In breath analysis, spectroscopic
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Table 1 Breath acetone concentrations in the included studies

Acetone concentrations

Study Physiological conditions (meanxSD)/ppm
Kistenev et al, 2020  Indiscriminate No control 27.00+6.85
diabetes Overnight fasting 8.89+0.83
mellitus
ND No control 8.77+13.49
Overnight fasting 9.30+2.21
Trefz et al, 2019 T1D - 0.24 (0.20-0.26)
ND 0.23 (0.19-0.31)
Yu et al, 2019 Indiscriminate  Overnight fasting 515.97+272.28
diabetes
mellitus
ND 225.93+171.09
Tyas et al, 2018 T2D - 1.18+0.03
ND 0.62+0.03
Lietal T2D Overnight fasting 2.20+2.378
ND 0.78+0.35
Chien et al, 2017 T1D - 1.64+0.85
T2D 1.12+0.60
ND 0.75+0.43
Polanowska et al, T2D (+chronic — 5.963 (0.644-21.543)
2017 kidney
disease)
ND 3.154 (1.092-7.194)
Jiang, 2016 T1D Overnight fasting 6.9+21.7 4.9+16
2 hours post breakfast 6.3+19.6
2 hours post lunch 4.0+10.3
2 hours post dinner 1.5+0.7
T2D Overnight fasting 1.7+0.7 1.5+1.3
2 hours post breakfast 1.5+1.1
2 hours post lunch 1.4+1.0
2 hours post dinner 1.5+1.3
ND Overnight fasting 1.3+0.3 1.1£0.5
2 hours post breakfast 0.9+0.5
2 hours post lunch 1.0+0.6
2 hours post dinner 1.1+0.4
Sun et al, 2015 T2D Overnight fasting 1.7£2.1 1.5+1.5
2 hours post breakfast 1.4+1.2
2 hours post lunch 1.3+1.1
2 hours post dinner 1.4+1.2
ND Overnight fasting 1.2+0.4 1.0+0.6
2 hours post breakfast 0.8+0.7
2 hours post lunch 0.8+0.5
2 hours post dinner 0.9+0.5
Rydosz, 2014 T1D 2 hours after glucose ingestion 2.08+0.47
ND 0.63+0.12
Zhou et al, 2014 T2D Overnight fasting 2.167+1.155
ND 0.488+0.166

Continued
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Table 1 Continued
Acetone concentrations
Study Physiological conditions (mean=SD)/ppm
Wang, 2010 T1D Age <15 2.46+1.63 2.03+1.43
Age =16 1.75+1.07
Male 2.30+1.39
Female 1.87+1.47
T2D - 2.05+2.31
ND - 0.48+0.02
Deng et al, 2004 T2D - 2.35+0.56
ND 0.51+0.18
Tassopoulos et al, Indiscriminate Overnight fasting No treatment 0.80
1969 ?Agﬁ’ﬁ? Oral hypoglycemic Sulfonylureas 0.73
agent Sulfonylureas+phenformin  0.80
Insulin-treated 1.40
Daytime Insulin-treated 1.22
ND Overnight fasting 0.40
Daytime 0.39
Rooth, 1966 T1D - 1.71£1.91
T2D 0.66+0.09
PD 0.31+0.03
CD 0.45+0.06
ND 0.42+0.34
Stewartetal, 1964 T1D Overnight fasting 40.44+82.61
T2D 1.74+5.25
ND 0.42+0.19

Studies in bold font were used for pooled analysis.
Reference details provided in online supplemental file 1.

CD, chemical diabetes; ND, non-diabetes; PD, pre-diabetes; ppm, parts per million; T1D, type 1 diabetes; T2D, type 2 diabetes.

methods were usually applied for detection of specific
compounds such as CO, and acetone. In addition, as an
online mass spectra method, proton transfer reaction-
mass spectrometry was also used for diabetic breath
analysis. This method is quick and sensitive to VOC, with
strong proton affinity; however, its applicability is rela-
tively limited and inadequate in qualitative analysis.

Prospects and challenges
Despite promising results shown by diabetic breath
tests, there are still some problems to be solved
before these can be applied to clinical practice. First,
most available studies were initial open trials, which
are helpful in identifying diabetic biomarkers, but
increased the risk of bias. More blind tests should be
carried out in future work for further validation.
Second, standardization of diabetic breath analysis
including subject control, breath sampling and detec-
tion is essential, which have significant impact on the
test results. Since breath VOCs can be influenced by
various factors, subject control is the first step before
breath tests. Available studies demonstrated that diet
control is a crucial condition, and overnight fasting
was the mostwidely used. Itis also a standard condition

for FPG test. Potential biomarkers such as acetone
and CO, were significantly affected by food intake.??
Overnight fasting effectively reduced interference
from food. Accordingly, diet control is a requisite for
diabetic breath tests unless the adopted biomarkers
can be proven to be not affected by food ingestion.
Other control conditions such as restraining physical
exercise and conducting gas exchange before the test
have also been applied in some breath analyses.'’
The specific control conditions should consider
the metabolic properties and influencing factors of
the biomarker used. Breath sampling is the second
important step which is also relevant to detection
technique. Conventional analytical techniques such
as GC-MS and gas chromatography-flame ionization
detector are typical offline methods which require
collection of breath in a container, such as a sampling
bag or a sampling bottle. Breath collection for offline
analysis should ensure enough breath is filled into
the container. Moreover, effective duration of the
sampled breath and possible contamination from
the container should be considered. Some sensors,
online mass spectrometry and spectroscopic methods
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allowed direct analysis of exhaled breath in real time.
For online breath sampling, the core is standardiza-
tion of breath exhaling. Breath exhaling should be
carried out in a standard way to guarantee compara-
bility of test results. Thus, training of subjects seems
necessary before an online breath test. For breath
detection, analytical methods ought to be further
optimized and tested to obtain reliable stability and
reproducibility for clinical practice.

CONCLUSION

In this systematic review and meta-analysis, breath
tests for diabetes mellitus diagnosis were investigated
and the diagnostic accuracy of breath biomarkers was
further estimated. The applicability of breath test for
T2D diagnosis was demonstrated with great diagnostic
accuracy. Besides, among the included biomarkers,
isotopic CO, exhibited optimal sensitivity and spec-
ificity, while the diagnostic accuracy of acetone and
isopropanol was relatively moderate. Our results
suggest that breath test is a promising approach to
non-invasive diagnosis of diabetes mellitus and is
especially appropriate for large-scale preliminary
screening. Even so, before clinical practice, there is
still a lot of work to do with standardization of breath
tests, including subject control, breath sampling and
analyzing.

Author affiliations

"Affiliated Hangzhou First People’s Hospital Zhejiang University School of Medicine,
Hangzhou, Zhejiang, China

2Department of Biology and Chemistry, Zhejiang Institute of Metrology, Hangzhou,
China

®Department of Medicine, Hangzhou Normal University, Hangzhou, Zhejiang, China
*Hangzhou Medical Association, Hangzhou, China

5School of Humanities and Management, Zhejiang Chinese Medical University,
Hangzhou, Zhejiang, China

Contributors WZ and WtW were involved in the study design, data extraction,
data analysis and drafting of the manuscript. JH and QG were responsible for data
screening and results checking. SW, SN and WjW contributed to the statistics. All
authors were involved in data interpretation and manuscript revision.

Funding This study was funded by Zhejiang Provincial Natural Science Foundation
of China (no. LQ20B070001), National Natural Science Foundation of China (no.
71774147), Hangzhou Agricultural and Social Development Research Project (no.
20201203B178) and Hangzhou Soft Science Project(no. 20200834M23).

Competing interests None declared.
Patient consent for publication Not required.
Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement All data relevant to the study are included in the
article or uploaded as supplemental information.

Supplemental material This content has been supplied by the author(s). It has
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been
peer-reviewed. Any opinions or recommendations discussed are solely those

of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and
responsibility arising from any reliance placed on the content. Where the content
includes any translated material, BMJ does not warrant the accuracy and reliability
of the translations (including but not limited to local regulations, clinical guidelines,
terminology, drug names and drug dosages), and is not responsible for any error
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the
use is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iD
Jinyu Huang http://orcid.org/0000-0002-4348-9796

REFERENCES

1 International Diabetes Federation. IDF diabetes atlas. 9th ed.
Brussels, Belgium: International Diabetes Federation, 2019.

2 American Diabetes Association. Diagnosis and classification of
diabetes mellitus. Diabetes Care 2009;32 Suppl 1:562-7.

3 Kaur G, Lakshmi PVM, Rastogi A, et al. Diagnostic accuracy of tests
for type 2 diabetes and prediabetes: a systematic review and meta-
analysis. PLoS One 2020;15:e0242415.

4 de Lacy Costello B, Amann A, Al-Kateb H, et al. A review of the
volatiles from the healthy human body. J Breath Res 2014;8:29.

5 Miekisch W, Schubert JK, Noeldge-Schomburg GFE. Diagnostic
potential of breath analysis--focus on volatile organic compounds.
Clin Chim Acta 2004;347:25-39.

6 Amann A, Poupart G, Telser S, et al. Applications of breath gas
analysis in medicine. Int J Mass Spectrom 2004;239:227-33.

7 Das S, Pal S, Mitra M. Significance of exhaled breath test in clinical
diagnosis: a special focus on the detection of diabetes mellitus. J
Med Biol Eng 2016;36:605-24.

8 Amann A, Miekisch W, Schubert J, et al. Analysis of Exhaled Breath
for Disease Detection. In: Cooks RG, Pemberton JE, eds. Annual
review of analytical chemistry. , 2014: 7, 455-82.

9 Briggs AP. The management of diabetes as controlled by tests of
acetone in expired air. J Lab Clin Med 1940;25:603-9.

10 Minh TDC, Blake DR, Galassetti PR. The clinical potential of exhaled
breath analysis for diabetes mellitus. Diabetes Res Clin Pract
2012;97:195-205.

11 Hanna GB, Boshier PR, Markar SR, et al. Accuracy and
methodologic challenges of volatile organic Compound-Based
exhaled breath tests for cancer diagnosis: a systematic review and
meta-analysis. JAMA Oncol 2019;5:€182815.

12 Yan K, Zhang D, Wu D, et al. Design of a breath analysis system for
diabetes screening and blood glucose level prediction. IEEE Trans
Biomed Eng 2014;61:2787-95.

13 LiW, LiuY, Liu, et al. Exhaled isopropanol: new potential biomarker
in diabetic breathomics and its metabolic correlations with acetone.
RSC Adv 2017;7:17480-8.

14 Yatscoff RW, Foster RT, Aspeslet LJ. 13C glucose breath test for the
diagnosis of diabetic indications and monitoring glycemic control,
2003.

15 Zhou M-G, Liu Y, Li W-W, et al. Investigation and identification
of breath acetone as a potential biomarker for type 2 diabetes
diagnosis. Chin Sci Bull 2014;59:1992-8.

16 Gillon J, Yakir D. Influence of carbonic anhydrase activity in
terrestrial vegetation on the 180 content of atmospheric CO2.
Science 2001;291:2584-7.

17 Ghosh C, Mukhopadhyay P, Ghosh S, et al. Insulin sensitivity index
(ISI0, 120) potentially linked to carbon isotopes of breath CO2 for
pre-diabetes and type 2 diabetes. Sci Rep 2015;5:11959.

18 Ghosh C, Banik GD, Maity A, et al. Oxygen-18 isotope of breath CO-
linking to erythrocytes carbonic anhydrase activity: a biomarker for
pre-diabetes and type 2 diabetes. Sci Rep 2015;5:8137.

19 Ruzsanyi V, Péter Kalapos M, Kalapos MP. Breath acetone as a
potential marker in clinical practice. J Breath Res 2017;11:024002.

20 Wang Z, Wang C. Is breath acetone a biomarker of diabetes? A
historical review on breath acetone measurements. J Breath Res
2013;7:037109.

21 MaR-J LG-D, Zou X, et al. Bimetallic Pt-Au nanocatalysts decorated
In203 nests composed of ultrathin nanosheets for type 1 diabetes
diagnosis. Sensors and Actuators B-Chemical 2018;270:247-55.

22 Moon HG, Jung Y, Jun D, et al. Hollow Pt-Functionalized SnO2
Hemipill Network Formation Using a Bacterial Skeleton for the
Noninvasive Diagnosis of Diabetes. ACS Sens 2018;3:661-9.

23 Liu W, Zhou X, Xu L, et al. Graphene quantum dot-functionalized
three-dimensional ordered mesoporous ZnO for acetone detection
toward diagnosis of diabetes. Nanoscale 2019;11:11496-504.

24 Park S. Acetone gas detection using TiO2 nanoparticles
functionalized In203 nanowires for diagnosis of diabetes. J Alloys
Compd 2017;696:655-62.

BMJ Open Diab Res Care 2021;9:e002174. doi:10.1136/bmjdrc-2021-002174


http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0002-4348-9796
http://dx.doi.org/10.2337/dc09-S062
http://dx.doi.org/10.1371/journal.pone.0242415
http://dx.doi.org/10.1088/1752-7155/8/1/014001
http://dx.doi.org/10.1016/j.cccn.2004.04.023
http://dx.doi.org/10.1016/j.ijms.2004.08.010
http://dx.doi.org/10.1007/s40846-016-0164-6
http://dx.doi.org/10.1007/s40846-016-0164-6
http://dx.doi.org/10.1146/annurev-anchem-071213-020043
http://dx.doi.org/10.1146/annurev-anchem-071213-020043
http://dx.doi.org/10.1016/j.diabres.2012.02.006
http://dx.doi.org/10.1001/jamaoncol.2018.2815
http://dx.doi.org/10.1109/TBME.2014.2329753
http://dx.doi.org/10.1109/TBME.2014.2329753
http://dx.doi.org/10.1039/C7RA00815E
http://dx.doi.org/10.1007/s11434-014-0244-3
http://dx.doi.org/10.1126/science.1056374
http://dx.doi.org/10.1038/srep11959
http://dx.doi.org/10.1038/srep08137
http://dx.doi.org/10.1088/1752-7163/aa66d3
http://dx.doi.org/10.1088/1752-7155/7/3/037109
http://dx.doi.org/10.1021/acssensors.7b00955
http://dx.doi.org/10.1039/C9NR00942F
http://dx.doi.org/10.1016/j.jallcom.2016.11.298
http://dx.doi.org/10.1016/j.jallcom.2016.11.298

Emerging technologies, pharmacology and therapeutics a

25 Choi S-J, Jang B-H, Lee S-J, et al. Selective detection of acetone 28 Morita M, Wang HL. Association between oral malodor and adult
and hydrogen sulfide for the diagnosis of diabetes and halitosis periodontitis: a review. J Clin Periodontol 2001;28:813-9.
using SnO(2) nanofibers functionalized with reduced graphene oxide 29 Lindinger W, Hansel A, Jordan A. On-Line monitoring of volatile

nanosheets. ACS Appl Mater Interfaces 2014;6:2588-97.

26 YuL-Q, SuF-H, Ma M-Y, et al. Metal-organic frameworks for the
sorption of acetone and isopropanol in exhaled breath of diabetics
prior to quantitation by gas chromatography. Mikrochim Acta

organic compounds at pptv levels by means of proton-transfer-
reaction mass spectrometry (PTR-MS) medical applications, food
control and environmental research. Int J Mass Spectrom lon

27 KHaK U. Isopropanol dehydrogenase and alcohol dehydrogenase 30 Smith D, Spanel P, Davies S. Trace gases in breath of healthy
of Lactobacillus brevis var. hofuensis. Nippon Nogei Kagaku Kaishi volunteers when fasting and after a protein-calorie meal: a
1960;34:616-9. preliminary study. J Appl Physiol 1999;87:1584-8.

10 BMJ Open Diab Res Care 2021;9:002174. doi:10.1136/bmjdrc-2021-002174


http://dx.doi.org/10.1021/am405088q
http://dx.doi.org/10.1007/s00604-019-3713-1
http://dx.doi.org/10.1034/j.1600-051x.2001.028009813.x
http://dx.doi.org/10.1016/S0168-1176(97)00281-4
http://dx.doi.org/10.1016/S0168-1176(97)00281-4
http://dx.doi.org/10.1152/jappl.1999.87.5.1584

	Accuracy of breath test for diabetes mellitus diagnosis: a systematic review and meta-­analysis
	Abstract
	Introduction
	Methods
	Search strategy and selection criteria
	Data extraction and quality assessment
	Statistical analysis

	Results
	Study selection and characteristics
	Quality assessment
	Data analysis
	Publication bias

	Discussion
	Prospects and challenges

	Conclusion
	References


