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Abstract

Purpose of Review Breath testing for fungal respiratory infec-
tions has great promise as samples can be obtained by non-
invasive, repeatable techniques that can be done on a wide
range of patients including children, the confused and from
those in the intensive care unit (ICU). We have reviewed
progress toward development of test applicable to clinical
practice.

Recent Findings Many volatile organic compounds (VOCs)
have been identified, especially from key pathogens such as
Aspergillus fumigatus, but very few clinical trials have been
performed. The most convincing of these demonstrated that
Aspergillus species could be identified by gas chromatogra-
phy with mass spectrometry in breath samples of at risk pa-
tients with high sensitivity (94%) and specificity (93%) com-
pared with the European Organization for Research and
Treatment of Cancer/Mycosis Study Group (EORTC/MSG)
gold standard.

Summary Significant progress has been made but further
studies are needed to validate these recent findings and iden-
tify VOCs from other pathogenic fungi using GC-MS, and
clinical trials performed using faster and less demanding ana-
lytic platforms that could be used in clinical laboratories.
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Introduction

Invasive filamentous fungal infections are uncommon but
may cause acute, severe, life-threatening infections in the
immune-compromised host. Aspergillus fumigatus is the most
common mould infection worldwide in neutropenic patients,
in whom the incidence parallels the duration and severity of
the neutropenia, and solid organ transplant recipients, partic-
ularly lung and heart-lung transplant recipients [ 1-5]. Invasive
aspergillosis (IA) also occurs in a wide range of other non-
neutropenic hosts who have other forms of immune suppres-
sion including AIDS, the critically illness in intensive care
units (ICU), steroid use, multiple previous antibiotic regi-
mens, renal or hepatic failure and diabetes. Many cases in
ICU follow an episode of sepsis, probably due to so-called
immunoparalysis [5—7, 8+¢]. Invasive fungal disease (IFD) is
very uncommon in the non-suppressed host but can cause
chronic IA in patients with comorbidities such as chronic lung
disease (e.g. previous tuberculosis cavities) especially with
concurrent steroid therapy and aspergillus bronchitis can be
seen in those with cystic fibrosis (CF), bronchiectasis [8ee,
9-11]. IA is not increased in patients with rheumatic disease
treated with biologic therapies [12].

A. fumigatus causes about 60% of all mould infection in
haemopoietic stem cell transplant recipients [2]. The rest of
the Aspergillus infections are made up of similar proportions
of Aspergillus flavus, Aspergillus niger, Aspergillus terreus
and unspecified Aspergillus infections. Mixed infections due
to two Aspergillus species occurred in 12% of cases and were
seen almost exclusively among patients with pulmonary as-
pergillosis. In solid organ transplants (heart-lung transplant,
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kidney, liver and small bowel), A. fumigatus is the most com-
monly reported species identified, with infections due to A.
flavus, A. niger and A. terreus less common [2, 3].

Zygomycosis, fusariosis, phaeohyphomycosis and other
moulds constituted approximately 30% of mould infections
in haemopoietic stem cell transplant recipients and 20% of
mould infection in solid organ transplants [2, 3, 13, 14].
Zygomycetes including mucormycosis were more common
in lung transplants compared with other solid organ trans-
plants. Early infections (those occurring <90 days after trans-
plantation) were dominated by IA with non-Aspergillus mould
infection occurring later.

Treatment and prophylaxis have improved for mould infec-
tions but nevertheless the associated mortality rates remain
high (25-58%) [1-7, 8ee, 13, 14]. In a recent study, overall
1-year survival among the haematopoietic stem cell transplan-
tation (HSCT) cohort was the lowest for patients with
Fusarium infections (6.3%) but still poor for patients with
aspergillosis (25.4%) and zygomycosis (28.0%) [2]. In solid
organ transplants, the 12-month survival after infection was
59% for patients with 1A, 61% for infections due to non-
Aspergillus moulds [3].

The poor outcome is in part due to diagnostic delay, partic-
ularly in the neutropenic host in whom rapid progression,
angioinvasion and subsequent dissemination occurs [8ee].
The diagnostic difficulty arises because the symptoms, signs
and radiological features may be sensitive but are relatively
non-specific and can represent other disease processes such as
pulmonary haemorrhage, organising pneumonia or bacterial
infection. The traditional approach is to perform sputum cul-
tures, or obtain specimens by bronchoalveolar lavage (BAL),
or transbronchial or percutaneous biopsy. Unfortunately, these
tests also lack sensitivity although cultures from a normally
sterile site are highly specific if positive. Specimens take a few
days for processing, and harvesting specimens may be haz-
ardous or contraindicated because of the risks of bleeding or
pneumothorax in severely unwell patients, those with pre-
existing lung disease or the effects chemotherapy. Delays in
a specific diagnosis is associated with poorer outcomes and
unnecessary exposure, toxicity and costs from empiric
therapy.

Because of the diagnostic challenges, new diagnostic tests
have been evaluated and lead to some improvements, partic-
ularly the galactomannan assay (GM). This was designed to
be used on serum and does not perform well on single sam-
ples. The performance is better when high-risk patients such
as those with acute myeloid leukaemia are monitored serially
but meta-analyses have not demonstrated that this leads to
earlier diagnosis [15]. The GM assay performs less well in
non-neutropenic patients presumably because there is less
angioinvasion and a lower chance of antigen reaching the
blood stream. The GM assay performs best when done of
BAL fluid samples, when it is sufficiently accurate to rule
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out IA [15]. Unfortunately, this still requires a BAL and does
not rule out non-Aspergillus infections. Nucleic acid testing
has lacked standardised methods and despite meticulous lab-
oratory techniques, the potential for contamination for ubiqui-
tous fungal contamination remains [16, 17]. There is a real
need for a new test which can rule in or out fungal infections
in the immunocompromised patient group.

Potential and Pitfalls of Volatile Organic Compound
Detection for Diagnosis of Fungal Infection

The primary goal for any diagnostic test is that it should have a
sufficiently high sensitivity and specificity to confirm or ex-
clude a diagnosis. This is dependent on the pre-test probability
of a positive result. In the acute setting, such as HSCT infec-
tion, where fungal infections are relatively uncommon, rapid-
ly progressive, life threatening, and fungal colonisation is un-
likely, the requirements are different from a chronic condition
where colonisation is common making a false positive test
more likely. For example, A. fumigatus colonisation is com-
mon in chronic lung disease and has been reported to be be-
tween 6 and 58% in patients with CF but Aspergillus bronchi-
tis is less common, but important as it may contribute to the
development of bronchiectasis. The ideal test in these circum-
stances would be able to distinguish between colonisation and
invasion with minimal false positive results. This would re-
quire differential expression genes required for invasion and
VOC production which may occur but is yet to be explored.
Other problems affecting the specificity are contamination of
equipment, occurrence of VOC’s in ambient air, smoking in
the subject and recent food consumption. Detection of a breath
print may be more robust than identification of a single target
VOC in some circumstances but ultimately, the value of a test
depends on the accuracy as determined in well-conducted
clinical trials [18].

Volatiles Produced by Invasive Moulds Causing Human
Disease

VOCs are carbon-based compounds that readily enter the gas
phase, vaporising at 0.01 kPa at 20 °C [19]. Over 1000 volatile
organic compounds have been described that originate from a
wide range of bacterial and fungal genera and species [20—39].
Fungal VOCs detected to date are mainly alcohols, benze-
noids, aldehydes, alkenes, acids, esters and ketones and are
derived from primary and secondary metabolism pathways
[19, 21]. The released volatiles can serve as signalling mole-
cules (semiochemicals) that functions as attractants and deter-
rents to insects and other invertebrates, and bacteria [19].
Scores of VOC’s have been described in the headspace of
cultures of A. fumigatus alone. A comprehensive list would be
very long and exceed the list of over 300 VOC’s reported by
Siddiquee et al. for A. niger alone [22¢¢]. Volatile production
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from any microorganism can change when elements of the
environment are changed, for example differing oxygen ten-
sion, moisture, pH and growth media [20, 23¢]. Co-culturing
fungi with bacteria such as Pseudomonas aeruginosa results
in the release of further differing volatiles as a response to
growth in the presence of another microorganism [24]. This
creates a potential for VOC’s from a pathogen to change with
the local microbiological environment which may occur in
mixed infection such as in CF or ventilator-associated pneu-
monia in the ICU.

To date, there are no reports on volatiles released from
Zygomycetes or Phaeohyphomycetes and is an unexplored
area. Therefore, whether the detection of VOCs produced by
these organisms in patients will help in the diagnosis of
mucormycosis is unknown [40].

Platforms

Not only are large numbers of VOC’s produced by fungal
species but the human breath contains 2000-3000 VOC'’s de-
rived from human metabolism and metabolism of the
microbiome. Because of the complexity of potential targets,
investigators have used various strategies to determine possi-
ble targets. In many cases, a biological approach to identifica-
tion of VOC'’s in the headspace of fungal cultures has been
used [41, 42]. Cultures with media that most closely resembles
the infecting site are preferable to identify possible diagnostics
targets. Others have used an empiric approach comparing
VOC’s in breath of infected with those of non-infected sub-
jects [43]. To minimise contamination from the upper airways,
various strategies have been adopted. These include using
changes in pressure and CO, concentrations to trigger pumps
to capture alveolar gas, nasal sampling to avoid mouth con-
tamination and confining targets to those thought to be only
produced by a particular pathogen [41, 44].

Electronic Nose

Electronic noses (eNose) were developed to mimic the mam-
malian olfactory system and work on the basis of identifying a
complex mixture of volatiles within one sample [45]. They are
typically composed of an information-processing unit such as
an artificial neural network, software that has digital pattern-
recognition algorithms, and a cross-referencing library [46].
When sampling a gas, the response from the eNose is due to
the pattern of an overall response of a sensor array that defines
a chemical fingerprint of a particular VOC [47]. Advantages
of the eNose are that it can produce rapid results less expen-
sively than other analytical instruments, and is easy to operate.
However, temperature and humidity can cause negative ef-
fects on sampling and there can be reproducibility issues
alongside interference with other gases [48].

Selective lon Flow Tube Mass Spectrometry

Selective ion flow tube mass spectrometry (SIFT-MS) uses
soft chemical ionisation which is coupled to mass spectromet-
ric detection and gives real-time analytic results. It relies on
chemical ionisation of the trace gas molecules in air/breath
samples introduced into helium gas using precursor ions
[49]. Online breath monitoring is a major advantage over
GC-MS; however, sensitivity can be an issue and overall
SIFT-MS is less sensitive than GC-MS analysis.

Secondary Electrospray lonization-Mass Spectrometry

Secondary electrospray ionization-mass spectrometry
(SESI-MS) rapidly detects volatile compounds without
the need for pre-treatment. SESI occurs by proton transfer
reactions between the electrospray solution and the vola-
tile analyte not unlike traditional electrospray ionization
(ESI). However, unlike standard ESI, the proton transfer
process of SESI occurs in the vapour and as such makes
SESI best suited for detecting organic volatiles [50].
Using SESI-MS, Zhu et al. collected the mass spectra of
the headspace volatiles produced by four genera of bacte-
ria, represented by P. aeruginosa, Staphylococcus aureus,
Escherichia coli and Salmonella typhimurium [51].

Gas Chromatography Coupled with Mass Spectrometry

Gas chromatography coupled with mass spectrometry (GC-
MS) is a sensitive technique for the detection of volatiles in
very low concentrations. It allows for the structural determi-
nation of unknown compounds by matching their spectra with
reference spectra and/or a reference standard. Depending on
the volatile in question, either electron impact (EI) or the softer
chemical ionisation (CI) can be used. While GC-MS is very
sensitive, its main limitation is that samples need to be run by
a trained highly skilled operator and is not portable.

In Vitro Studies of Volatile Organic Compounds Produced
by Fungal Species

Electronic Nose

The eNose has been shown to quickly and reliably discrimi-
nate between the VOC's found the headspace of cultures of a
single strain of the 10 commonest causes of ventilator-
associated pneumonia including nine bacterial species and A.

fumigatus. Unfortunately, there is no systematic study of clin-

ically relevant fungal species, but this technique precludes
identification of the VOC'’s detected [42].
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Selective lon Flow Tube Mass Spectrometry

The capabilities of SIFT-MS have been extensively reviewed
by Smith et al. [52]. Limited studies have been performed
in vitro on bacterial and fungal metabolites [53]. The major
paper describes the headspace VOC’s produced by clinical
strains of A. fumigatus inoculated into brain heart infusion
broth and incubated at 37 °C and analysed after 24, 48 and
72 h [54]. Principal component analysis of the headspace
showed that multiple small VOC’s were detectable and com-
monly seen with bacterial cultures; together with a distinctive
appearance of the organosulfur compounds methanethiol, di-
methyl sulphide (DMS) and dimethyl disulphide (DMDS)
reach their maximum headspace concentration, after 48 h of
culture. These compounds were also seen in co-cultures stud-
ies with S. aureus and Streptococcus pneumoniae, but are not
unique to fungal species.

Secondary Electrospray lonization-Mass Spectrometry

This technique is very promising and has been shown to
be successful in distinguishing multiple bacterial species
as a combination of VOCs creates a unique pattern for
each genus. In addition, principal component analysis
(PCA) has been applied for the purpose of species or
serovar discrimination. These profiles may be indepen-
dent of the growth medium of the organism. This tech-
nique may be applicable to detection of VOC’s produced
by fungi that cause human disease but we are unaware of
any data on these organisms [55].

Gas Chromatography with Mass Spectrometry

Multiple studies from environmental research groups have
demonstrated a range of VOCs produced by medically
and environmentally important fungal species cultured
on a variety of substrates have identified a large array of
metabolites. Some such as as 2-pentylfuran, have been
investigated as potential breath markers but this has been
found unsuitable as it is produced by spontaneous break-
down of lineloic acid, is found in food and may be found
in environmental air samples [44, 56, 57]. Sesquiterpenes
have been identified in several studies although a major
metabolite, B-frans-bergamotene, was initially
misidentified as -farnesene in these studies, because of
the similarity in fragmentation patterns and the absence of
-trans-bergamotene from the National Institute of
Standards and Technology (NIST) library [58-60].
However, VOC’s have not been studied systematically
for all the species that cause disease in humans, in partic-
ular the Zygomycetes, Fusarium species and
Scedosporium species.
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Clinical Diagnostics Studies of VOC’s
Electronic Nose

The success of intro studies have lead investigators to perform
clinical studies of ventilator-associated pneumonia (VAP) but
the technique lacked sufficient sensitivity and specificity for a
confident diagnosis of VAP to be made (sensitivity was 88%
with a specificity of 66%) [43].

The eNose have also been used as a platform for the
diagnosis of invasive fungal infections in two prospective
proofs of concept studies. In the first of these, 27 patients
with CF attending a routine outpatient appointment had
breath samples and sputum samples taken and the results
of eNose and cultures compared. Of these, nine patients
were colonised by A. fumigatus and three misclassified
by cross validation. The sensitivity was 78% and speci-
ficity 94% [61+¢]. In the second study, 46 patients who
were at risk of prolonged severe neutropenia for more
than 7 days from chemotherapy administered for a hae-
matological malignancy (stem cell transplant or
induction/consolidation treatment for acute myeloid leu-
kaemia) were enrolled [62¢¢]. Of these, five were diag-
nosed as probable or proven aspergillosis and five had TA
excluded according to the EORTC/MSG criteria. Possible
IA was excluded from the analysis. The cross-validated
accuracy of the eNose in diagnosing 1A was 90.9% (sen-
sitivity, 100%; specificity, 83.3%). The correlation be-
tween the discriminant scores and BAL fluid GM levels,
currently the most accurate single test to diagnose inva-
sive pulmonary aspergillosis, was not statistically signif-
icant. These preliminary data indicate a distinct exhaled
VOC profile that can be detected with eNose technology
and the diagnostic accuracy of the eNose for IA warrants
validation.

These studies have two major limitations. The first is
its small size and the second is that eNose technology
does not allow identification of the individual VOCs that
drive the signal. The first of these concerns can be ad-
dressed by large well-conducted clinical trials, and the
second by studies run in parallel with other techniques
such as GC-MS.

Selective lon Flow Tube Mass Spectrometry

SIFT-MS has been used to detect H,S and HCN used in ICU
studies, but we are unaware of any studies designed to detect
fungal infections in these patients.

Secondary Electrospray lonization-Mass Spectrometry

We are unaware of any relevant clinical trials using this
technique.
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Gas Chromatography with Mass Spectrometry

Early clinical studies suggested that 2-pentylfuran might serve
as an appropriate target but environmental contamination and
spontaneous production from food and inconsistent results
made this an unsuitable diagnostic target. It does however
illustrate the potential hazards associated with using VOC’s
for diagnosis that may only become apparent during clinical
trials [27, 56, 57]. The most compelling study performed thus
far is reported by Koo et al. [41]. Following the studies per-
formed to identify markers of four Aspergillus species, in the
headspace of cultures, they conducted a prospective study of
64 consecutive immune-compromised oncology, transplant
and infectious diseases patients who were at risk of IA. The
results of breath testing were compared with those of the
EORTC/MSG consensus criteria. Most of the patients had
received mould active antifungal therapy (mean 2, IQR 1-
13 days). The results are instructive firstly because the overall
results were encouraging as a secondary metabolite signature
distinguished patients with A from patients with other IFD or
other pneumonia with 94% (95% CI 81-98%) sensitivity and
93% (95% CI 79-98%) specificity against the reference stan-
dard of proven or probable IA. Secondly, a four-metabolite
signature indicating the presence of IA was not predictable
from the in vitro results. This consisted of the volatile sesqui-
terpenes -trans-bergamotene and x-trans-bergamotene that
were found in the in vitro cultures, and two closely related
metabolites that were not seen in in vitro cultures—the terpe-
noid ketone #rans-geranylacetone and a (3-vatirenene-like ses-
quiterpene. This breath metabolite signature correctly identi-
fied all 31 of 32 classified as having IA from A. fumigatus.
They also identified a novel sesquiterpene, not present in the
headspace of in vitro cultures, in the breath of a patient with
A. niger present in multiple respiratory samples and an elevat-
ed serum galactomannan. This is presumably the results of
fungal growth in the lung environment and does not seem to
be the result of some exposure to anti-mould treatment. The
concentrations of the key metabolites (3-trans-bergamotene
and trans-geranylactone were quite high in each breath sam-
ple (> 2ppm), which should be detectable by other less sensi-
tive techniques. Thirdly, monoterpenes that were produced
in vitro by Aspergillus species were present in samples from
all patients, although not in the ambient air controls. The ori-
gin of these is not clear.

Possible Role for Monitoring Therapy

There is also a potential role for using breath testing to mon-
itoring response to antifungal therapy. Currently, the duration
of treatment is reliant on clinical judgement which takes into
account resolution of radiological signs and reduction in im-
mune suppression. Both of these are difficult to quantitate and
clinical caution often leads to prolonged courses of treatment

with expensive agent that may cause significant drug interac-
tions and adverse effects. A preliminary study demonstrated
SIFT-MS showed changes in non-specific VOC production
by A. fumigatus on incubation with benomyl and
tebuconazole. Similarly, Koo et al. found that exposure of A.

fumigatus hyphae to antifungal drugs in vitro, modulated

VOC production, particularly sesquiterpenes [41]. Within
12 h of exposure to micafungin, [3-trans-bergamotene in-
creased 10-fold and 3-fold after amphotericin exposure.
There was near-complete attenuation of all volatile metabo-
lites by 36 h. Voriconazole reduced monoterpene and sesqui-
terpene production by 12 h, with attenuation of all volatile
metabolites after 36-h exposure. They also reported that there
was a mean exposure to active antimould treatment in 75% of
subjects with mould infections for a median of 2 days (IQR 2—
11 days) which did not appear to inhibit VOC production
suggesting activity may be different in vivo [41]. These initial
observations need to be studied further.

Conclusion

There is a need for improved diagnostics particularly for fun-
gal infections in the neutropenic or severely immune-
compromised host and breath testing for VOC’s is very prom-
ising. The basic approach of using a biologically driven inves-
tigation to identify appropriate VOC targets in vitro that can
be identified by various platforms may be the most fruitful
way forward. However, more clinical trials are urgently need-
ed, and before VOC detection can be widely adopted, a diag-
nostic platform that can be widely available in clinical labo-
ratories needs to be developed to take advantage of the repeat-
able, minimally invasive technique and highly acceptable
techniques that VOC testing offers.
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