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Medicine is constantly evolving to find new and better ways to diagnose and monitor diseases. The detection of
volatile organic compounds (VOCs) in clinical samples is emerging as a non-invasive alternative and is loaded
with valuable biomedical information. VOCs are potential biomarkers for disease detection and various clinical
applications. Ion mobility spectrometry (IMS) has emerged as a valuable analytical technique for this purpose,
offering high sensitivity, rapid results and the ability to analyse complex samples. This article provides a

comprehensive review of recent developments in the use of IMS for the analysis of VOCs in various types of
clinical samples, including exhaled breath, urine, faeces, blood and tissue. The diagnostic and monitoring po-
tential of the VOCs in various diseases, including infectious pathologies, inflammatory diseases and various forms
of cancer, was evaluated. It also discusses the future prospects and developments needed to achieve effective
integration of IMS into clinical routine.

1. Introduction

Volatile organic compounds (VOCs) are a large and diverse group of
carbon-based chemicals characterised by low boiling points and high
vapour pressures, properties that promote their rapid evaporation. In
the last decade, VOCs have gained prominence as emerging clinical
biomarkers due to their constant production and release in metabolic
pathways in the human body, with variations in their concentrations
under different pathophysiological conditions [1]. These analytes,
including alkenes, alcohols, aldehydes and ketones, have demonstrated
their potential for the diagnosis of a wide range of diseases, including
several types of cancer (lung, ovarian, pancreatic, oesophageal, prostate,
bladder), inflammatory bowel disease (IBD), infections, diabetes, etc
[2]. VOCs are present in a wide range of biological samples, including
exhaled breath, urine, faeces, blood and various tissues, which facilitates
their non-invasive clinical analysis and highlights their importance in
disease diagnosis and monitoring. These compounds can be analysed
directly in their gas phase, simplifying sample preparation and enabling
real-time non-invasive monitoring [3]. This accessibility and ease of
analysis makes headspace-based methods easy to integrate into clinical
practice, optimising diagnostic and follow-up methods to be more effi-
cient and less intrusive [4].

The most commonly used instrumental techniques for the analysis of
VOCs include gas chromatography (GC) coupled to mass spectrometry
(GC-MS), GC coupled to flame ionisation detector (GC-FID), GC with
olfactometry (GC-O), GC-O-MS, two-dimensional GC (GC x GC) and
electronic nose (e-nose) [5]. Although GC-MS is the leader in VOC
analysis due to its high sensitivity, accuracy and ability to separate
compounds, its applicability in clinical settings is limited by its complex
sample preparation and the need for a high vacuum environment, which
restricts portability and increases cost. In contrast, GC-FID is limited by
its relatively low sensitivity to a wide range of compounds. GC-O is
straitened by the subjectivity of odour interpretation and the need for
specialised assessors, while GC x GC, although offering superior reso-
lution, is limited in practical use. The e-nose, on the other hand, allows
real-time analysis without pre-treatment, but suffers from problems of
accuracy and stability [6]. These limitations make these techniques not
fully suitable for the clinical analysis, where speed, accuracy and ease of
use are required.

Since the late 20th and early 21st century, ion mobility spectrometry
(IMS) has emerged as a new analytical technique for the determination
of VOCs, characterised by its ability to separate ions in the gas phase
under a weak electric field at ambient pressure [7]. The technique is fast
and sensitive, separating ionised analytes in the drift tube according to
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their mass, charge, size and shape. Measuring the time taken for the ions
to pass through a drift tube allows effective separation and accurate
identification of the ions. It is also characterised by its ability to be
miniaturised and portable, making it a valuable analytical tool [8,9].
Initially, IMS was used to detect explosives, chemical warfare agents and
illicit drugs, but its use quickly spread to the food, pharmaceutical,
petrochemical and clinical sectors. In the clinical context, IMS has
proven to be an extremely useful technique for two main purposes: the
detection of drugs and their metabolites, and the diagnosis of various
pathologies by studying volatile biomarkers present in exhaled air and
biological fluids [10,11].

To facilitate selective and sensitive identification and detection of
specific compounds, IMS can be integrated with various separation
techniques such as multi-capillary capture chromatography (MCC) and
GC, including the advanced two-dimensional GCxGC version. These
combinations use the separation capabilities of MCC and GC to resolve
complex mixtures prior to identification by IMS, improving specificity
and reducing the potential for interferences [7]. In addition, these
pre-separation techniques provide additional information that allows
more accurate and reliable identification of analytes by providing a
highly characteristic retention time of the compound under specific
conditions of temperature, column length, pressure, flow and polarity
[12].

It is important to note that there are different types of IMS. The most
commonly used instrument is known as drift tube ion mobility spec-
trometry (DTIMS), in which ions move through a drift tube under the
influence of a continuous and homogeneous electric field in the presence
of a neutral drift gas. Most studies using DTIMS refer to it simply as IMS,
without specifying the type. In some cases, an oscillating electric field is
used to generate a series of voltage waves that drive the ions through the
drift gas, resulting in a variant of IMS known as travelling wave ion
mobility spectrometry (TWIMS) [13]. Another alternative method in the
field of ion mobility is field asymmetric ion mobility spectrometry
(FAIMS), also known as differential mobility spectrometry (DMS) [14].
FAIMS separates and detects compounds by measuring the mobility of
ionised molecules in variable electric fields. In this analytical technique,
an asymmetric electric wave is applied between a pair of parallel elec-
trodes, creating a time-varying electric field that separates ions ac-
cording to how they move in weak and strong electric fields [15]. Its
ability to provide rapid analysis and its portability, allowing on-site
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diagnosis in clinical settings, make it a very attractive option for medi-
cal applications [16]. One of the latest IMS methods is trapped ion
mobility spectrometry (TIMS), which uses a non-uniform electric field in
combination with a unidirectional gas flow to trap and separate ions.
Finally, the differential mobility analyser (DMA), which is suitable for
the analysis of large molecules, uses a constant electric field and a
unidirectional gas flow at ambient pressure [12,13]. Fig. 1 presents a
diagram summarising the main characteristics of the different types of
IMS.

This comprehensive review brings together and examines research
on the use of VOCs as potential biomarkers in clinical practice, using IMS
as the primary analytical tool. To provide a broad and detailed under-
standing, the studies focus on a variety of biological samples ranging
from breath, urine, faeces and blood to specific tissues and bile,
demonstrating the diversity of matrices that can be used to diagnose and
monitor disease through these analytes.

2. Advances in the clinical detection of volatile biomarkers by
ion mobility spectrometry

The following is a compilation of articles focusing on the determi-
nation of VOCs in various clinical samples using the IMS technique,
organised according to the clinical sample studied.

2.1. Breath samples

Exhaled breath is the most analysed clinical sample due to the
simplicity and non-invasiveness of its collection. This characteristic
makes it the preferred method of diagnosis and follow-up, especially for
individuals belonging to vulnerable groups or suffering from chronic
diseases. Table 1 is a summary of 28 studies in which the IMS technique
was used for the determination of VOCs in exhaled breath. These studies
mainly focus on the detection of different diseases and the stand-
ardisation of methodological procedures in order to consolidate the
clinical implementation of breath analysis.

Diagnostics have been investigated for a broad range of diseases. In
the field of infectious diseases, the detection of pulmonary infections
[17], chronic intestinal mycobacteria infections [18], sepsis [19], res-
piratory infections [20], ventilator-associated pneumonia (VAP) [21]
and COVID-19 [22-24] stand out. In the case of inflammatory diseases,
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Fig. 1. Scheme of the different types of ion mobility spectrometry with their main characteristics: drift tube ion mobility spectrometry (DTIMS), travelling wave ion
mobility spectrometry (TWIMS), field asymmetric ion mobility spectrometry (FAIMS), trapped ion mobility spectrometry (TIMS) and differential mobility analyser

(DMA). V: voltage; L: length.
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Table 1
Applications of IMS for exhalated breath analysis.
Aim Subjects Sample collection Injected Technique Analysis VOCs Ref
volume time identified
Detection of diseases
Lung infections 40 patients  Directly 10 mL MCC-53Ni- 10 min 6 [171
IMS
Chronic intestinal mycobacteria infection 18 goats Mechanically ventilated 30 mL 53Ni-FAIMS 9 min - [18]
Sepsis 20 rats Mechanically ventilated ~ Not specified 53Ni-IMS 5 min - [19]
Respiratory tract infections 71 patients  Directly Not specified GC-IMS 10 min - [20]
VAP 33 rabits Mechanical ventilation 8 mL GC-°*Ni -IMS Not 7 [21]
specified
COVID-19 98 patients  Directly 1 mL 3H-GC-IMS Not 9 [22]
specified
COVID-19 360 Directly 10-500 mL MCC-**Ni- 8 min - [23]
patients IMS
COVID-19 113 Syringe and plastic bag 10 mL GC-IMS 15 min - [24]
patients
Sarcoidosis 20 patients Directly 10 mL MCC-%*Ni- 10 min - [25]
IMS
Ashma and COPD 28 patients Collector and 0.5-1 mL GC-%°Ni- Not - [26]
Eppendorf tube FAIMS specified
IBD 39 patients  Directly Not specified GC-IMS 10 min 2 [27]
IBD 76 patients ~ Valve and bag 2.3L FAIMS Not - [28]
specified
Lung cancer 89 patients  Directly 10 mL MCC-%*Ni- Not 11 [29]
IMS specified
MAP 66 patients  Directly 10 mL MCC-%*Ni- Not - [30]
MS specified
MAP 330 Directly 10 mL MCC-53Ni- Not - [31]
patients MS specified
Alzheimer’s disease 100 Directly Not specified GC-IMS 10 min 6 [32]
patients
1BS 96 patients  Directly 10 mL MCC-5*Ni- Not - [33]
IMS specified
Standardise the method of analysis
Standardise the collection of breath sample (flavoured 1 patient Directly 8 mL MCC-3Ni- 10 min 4 [34]
capsules) IMS
Standardise the collection of breath sample (Ventilation) 1 patient Directly 10 mL MCC-3Ni- Not 3 [35]
IMS specified
Standardise the collection of breath sample (flavoured 148 Syringe/Directly 0.5-5 mL GC-*H-IMS Not 5 [36]
capsules) patients specified
Standardise the collection of breath sample (inhaled and 18 patients  Directly 10 mL MCC-3Ni- Not - [371
exhaled air) IMS specified
Standardise the collection of breath sample (flavoured 11 patients  Directly Not specified GC-IMS Not 4 [38]
capsules) specified
Standardise the collection of breath sample (three types 1 patient Syringe 1 mL GC-*H-IMS 5 min 4 [39]
of commercial syringes)
Improve analyte identification 33 patients ~ Mechanically 10 mL MCC-%*Ni- Not 2 [40]
ventilation IMS specified
Improve analyte identification 1 patient Directly 10 mL MCC-**Ni- 9 min 12 [41]
IMS
Evaluating variables affecting the method 510 Directly 10 mL MCC-53Ni- 7 min - [42]
patients IMS
Evaluating variables affecting the method 49 patients  Directly 10 mL MCC-%*Ni- Not - [43]
IMS specified
Other clinical studies
Relationship between breath and taking medication 40 Directly 10 mL GC-IMS 11 min 3 [44]
children

COPD: chronic obstructive pulmonary disease; FAIMS: asymmetric field ion mobility spectrometry; GC: gas chromatography; IBD: inflammatory bowel disease; IBS:
irritable bowel syndrome; IMS: ion mobility spectrometry; MAP: malignant pleural mesothelioma; MCC: multi-capillary capture chromatography; VAP: ventilator-

associated pneumonia; VOC: volatile organic compound.

conditions such as sarcoidosis [25], asthma [26], chronic obstructive
pulmonary disease (COPD) [26] and IBD [27,28] have been studied. The
detection of several types of cancer, such as lung cancer [29] and ma-
lignant pleural mesothelioma (MAP) [30,31], has also been studied. In
addition, research has focused on the diagnosis of other conditions, such
as Alzheimer’s disease [32] and irritable bowel syndrome (IBS) [33],
reflecting the diversity of potential applications in disease diagnosis. It is
important to note that the most recent articles focus predominantly on
the detection of COVID-19, indicating the scientific effort to address this
global pandemic disease.

Studies focusing on the standardisation of the analytical method
address a number of key parameters: they refine the sampling procedure

[34-39], seek to improve the precision with which analytes are identi-
fied [40,41], and examine a number of method-related variables [42,
43]. In addition, a specific article investigating the relationship between
the composition of exhaled breath by children and the use of a specific
medication is highlighted [44].

Most of these studies are performed by analysing the exhaled breath
of patients who have consented to participate. However, some research
uses animal models to pave the way for future human applications. The
species used in these studies include goats [18], rats [19] and rabbits
[21]. It is important to note that the sample sizes in these studies vary
widely, ranging from 1 [34,35,39,41] to 510 [42] subjects. For ethical
reasons, studies using animal models are generally conducted with a
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small number of subjects, not exceeding 35 in any of the cases studied.

Participants usually exhaled their breath directly through a dispos-
able mouthpiece connected to the monitor, but in some cases, samples
were collected and stored in Eppendorf tubes [26], sterile plastic bags
[24,28] or syringes [36,39] for later analysis. In animal studies, sam-
pling was performed under mechanical ventilation, as in patients who
have difficulty breathing independently [40], with the sampling pro-
cedure adapted to the specific needs of each type of study. The amount
of sample injected for analysis is generally small, around 10 mL in most
studies. However, one study stands out by using a much larger volume,
2.3 L, which makes it stand out from the rest [28].

For the detection of VOCs in breath, separation techniques are used
to significantly improve the efficiency of the analysis. GC is used in 39.3
% of studies and is one of the most commonly used techniques with
working temperatures between 45 and 70 °C [24,32,39]. However, it is
surpassed in frequency of use by MCC, which is used in 50 % of the
studies and operates in most of the studies at temperatures between 30
and 40 °C [17,29]. A minority, corresponding to 10.7 % of the studies,
did not use any separation method [18,19,28]. It should be noted that in
most cases the detector chosen is IMS. Although the articles do not
usually specify the exact type of IMS used, it is generally assumed that it
is a DTIMS. However, in three of the studies its variant, FAIMS, is used
[18,26,28]. These devices use ionisation sources based on beta radia-
tion, specifically ®*Ni and ®H, and can operate in both positive and
negative modes [18,19]. These instruments use a drift gas and a carrier
gas, most commonly synthetic air [17] and nitrogen [26]. In addition,
the carrier gas is sometimes subjected to a flow gradient to optimise the
separation of the compounds analysed [24,29,32,39,44]. The measure-
ment of VOCs with ion mobility instrumentation is characterised by the
fact that it is performed in a short period of time, typically less than 15
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min. This aspect underlines the speed and efficiency of the technique,
making it particularly attractive for use in clinical settings where rapid
results can be crucial for rapid diagnosis and effective therapeutic de-
cisions. Sample preparation time is also usually relatively short or
non-existent, but there is one exception among the reviewed studies
where sample treatment time exceeds 1 h. This is due to the use of a solid
phase microextraction (SPME) technique using a polyacrylate (PA) fibre
[26].

Some studies identified compounds detected in breath using data-
bases or by comparison with analytical standards analysed under iden-
tical experimental conditions. A total of 49 VOCs were identified in
breath samples in the different articles reviewed, which are listed in
Table S1. The compounds found include some common ones such as
acetone [17,21,22,32,39,44], butan-2-one [22,32,44], heptanal [22,29,
32], hexanal [29,32,35] and nonanal [21,29,41], as well as more spe-
cific compounds associated with the consumption of certain foods or
products. For example, compounds such as p-cymene [34], eucalyptol
[34,36,41], limonene [34,36,38,41] and menthol [34,41], which can be
derived from the ingestion of a sweet product. Only two studies reported
the limits of detection (LODs) achieved for the identified compounds,
ranging from 8 pg Llto5 ug L1 [17,36].

Finally, the results for differentiating between sick and healthy pa-
tients for the diseases studied, using the volatile profile obtained by
breath analysis with IMS, were consistently above 60 % accuracy. In
particular, the ability to distinguish patients with chronic intestinal
mycobacteria infections from healthy individuals reached 100 % accu-
racy [18], closely followed by the capacity to distinguish patients with
sepsis from healthy individuals with 99.8 % accuracy [19], and the
ability to distinguish patients with IBD from healthy individuals with 93
% accuracy [27].

Table 2
Applications of IMS for urine analysis.
Aim Subjects Sample treatment Injected Technique Analysis VOCs Ref
volume time identified

Detection of diseases

IBD 62 patients 7 mL urine heated for 30 min at Not specified FAIMS Not specified - [45]
40°C

Coeliac disease and IBD 47 patients 5 mL urine heated at 60 °C Not specified FAIMS Not specified - [46]

IBD 123 patients 2 mL urine heated for 4 min at 0.75 mL (HS) GC-*H-IMS 20 min 12 [471
70 °C

Ovarian cancer 69 women 5 mL urine heated at 40 °C Not specified FAIMS Not specified - [31]

Pancreatic cancer 182 patients 5 mL urine heated at 40 °C Not specified FAIMS 90 s - [48]

Pancreatic cancer 123 patients 5 mL urine heated for 10 min at 2 mL (HS) GC-3H-IMS 8 min - [49]
40°C

Prostate and Bladder cancers 106 patients 5 mL urine heated for 10 min at 0.5 mL (HS) GC-*H-IMS 10 min - [50]
40 °C

Hepatocellular carcinoma 58 patients 5 mL urine heated for 10 min at 0.5 mL (HS) GC-IMS 10 min - [51]
40°C

Oesophageal cancer 232 patients 2 mL urine heated for 5 min at 1 mL (HS) GC-IMS 15 min 37 [52]
100 °C

Diabetes 138 patients 5 mL urine heated at 40 °C Not specified 53Ni-FAIMS Not specified - [53]

Alzheimer’s disease 24 mice 40 pL urine heated for 20 min at Not specified GC-*H-IMS 25 min 2 [54]
60 °C

Other clinical applications

Human presence detection 30 patients 2 mL urine heated for 5 min at 10 mL MCC-%3Ni- Not specified 14 [55]
36 °C IMS

Human presence detection Not Not specified 10 pL IMS 5 min - [56]

specified

Evaluation of gut bacterial populations 23 patients 7 mL urine heated for 60 min at Not specified FAIMS Not specified - [57]
40 °C

Detection of spontaneous preterm birth 78 women 2 mL urine heated for 4 min at 0.75 mL (HS) GC-*H-IMS 6 min - [58]
70 °C

Standardise the method of analysis

Stability of the sample 87 patients 5 mL of urine heated at 40 °C Not specified 53Ni-FAIMS Not specified - [59]

Develop a sequence of analysis 115 patients 5 mL of urine heated for 10 min at ~ Not specified 53Ni-FAIMS 2 min - [16]
40 °C

Improving the rapid method for clinical 115 patients 2 mL of urine heated for 10 min at 3 mL (HS) GC-*H-IMS 10 min 22 [4]

analysis

35°C

FAIMS: asymmetric field ion mobility spectrometry; GC: gas chromatography; HS: headspace; IBD: inflammatory bowel disease; IBS: irritable bowel syndrome; IMS:
ion mobility spectrometry; MAP: malignant pleural mesothelioma; MCC: multi-capillary capture chromatography; VOC: volatile organic compound.
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2.2. Urine samples

Urine is the second most studied clinical sample for VOC determi-
nation by IMS. Table 2 provides a summary of 18 articles that investi-
gated the analysis of VOCs in urine samples using IMS as a detection
method for different purposes and objectives. The predominant focus is
to identify a wide range of pathological conditions, including IBD
[45-47]1, coeliac disease [46] and several types of cancer, such as
ovarian [3], pancreatic [48,49], prostate [50], bladder [50], hepato-
cellular [51] and oesophageal [52]. The method has also been used to
detect diabetes [53] and Alzheimer’s disease [54], demonstrating its
versatility and potential in preventive and diagnostic medicine. In
addition to their use in disease detection, research on VOCs has found
utility in complementary areas of medicine and emergency situations.
For example, their ability to detect human urine as an indication of the
human presence in disaster scenarios has been investigated, which could
be crucial for rescue operations [55,56]. VOC analysis has also been
used to assess bacterial populations in the gut [57] and to detect pre-
mature births [58]. Finally, some research is aimed at refining this
technique to increase its accuracy, sensitivity and clinical applicability
[4,16,59]. The number of participants ranged from a minimum of 23
subjects in the study with the smallest number of individuals [57], to a
maximum of 232 participants in the largest study [52]. It is important to
note that only one study used an animal model with a total of 24 mice
[54]. It is also worth noting that two of the works only recruited women,
because they focused on ovarian cancer screening and early detection of
preterm birth [3,58]. Similarly, in the study that focused on prostate
cancer screening, all the participants had to be male [50].

In terms of sample preparation, all studies used a common technique
of collecting a certain volume of urine, usually between 2 and 7 mL, and
incubating it at a certain temperature, with 40 °C being the most com-
mon temperature in the studies reviewed. This procedure favours the
release of the volatile compounds contained, allowing their subsequent
analysis once being injected in most cases by means of headspace (HS)
systems. These VOCs are then analysed using different modalities of IMS
detection. For urine samples, in contrast to breath samples, the most
commonly used instruments are FAIMS (44.4 %) and GC-IMS (44.4 %),
with MCC-IMS or IMS used in only one of the studies reviewed [55,56].
Although not explicitly detailed in the articles, in the GC-IMS, MCC-IMS
and IMS modes, the most common is the use of an IMS detector of the
DTIMS type. In the FAIMS studies, an experimental design was imple-
mented in which the stray field of the system was gradually increased in
51 steps from 0 % to 90 % of its maximum value. For each stray field
value, the compensation voltage was progressively adjusted in 512 steps
over a range of —6 to +6 V. On the other hand, GC-IMS systems some-
times use oven [47] or flow programmes [52] to optimise the chro-
matographic separation. The analysis time varies from 90 s to 25 min (in
the articles where this is specified). As for the IMS, it typically operates
at temperatures between ambient (23 °C) and 45 °C.

Only 27.8 % of the reviewed articles specifically identified some of
the detected VOCs, while the remaining studied the spectral fingerprint
without assigning names to these biomolecular markers. When all VOCs
detected in urine samples were combined (Table S2), a total of 64
different compounds were identified. Of these, the most commonly
detected compounds are acetone [4,47,54,55], butan-2-one [4,47,52,
55], hexanal [4,47,52,55] and pentan-2-one [4,47,52,55]. Importantly,
the first three are also among the most commonly identified in breath
samples. It should be noted that only one article provides information on
the limits of quantification (LOQs) of the compounds identified and the
concentrations of these compounds detected in the samples analysed
[47]. In this study, the LOQs were in the range of 0.007-0.046 pg mL ™!,

Finally, progress in disease detection through the analysis of VOCs in
urine samples has also been remarkable, with very promising results in
differentiating between sick and healthy patients. For inflammatory
diseases such as IBD, an accuracy of more than 75 % has been achieved,
with some studies showing a success rate of 100 % [47]. In
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differentiating between coeliac disease versus IBD, 91 % accuracy has
been achieved [46]. The results are also promising for detecting
different types of cancer: 81.3 % for differentiating ovarian cancer, 85 %
for pancreatic cancer and 87.4 % for identifying oesophageal cancer [3,
49,52]. In the field of chronic and neurodegenerative diseases, 94 %
accuracy was achieved for diabetes and 95.8 % for Alzheimer’s disease
[53,54].

2.3. Faeces samples

The study of VOCs in faecal samples using the IMS technique has
been addressed in a smaller number of investigations, with a total of 12
studies highlighted in Table 3, most of which have been conducted since
2019. These investigations have focused for clinical and diagnostic
purposes, investigating the VOC potential as biomarkers in the detection
and diagnosis of a wide range of medical condition, including coeliac
disease [60], IBD [61,62], chronic intestinal mycobacteria infections
[18], late-onset sepsis in preterm infants [63-65], Alzheimer’s disease
[54], stress [66] and IBS [33]. In addition, VOC analysis has been used to
assess of gastrointestinal function [67] and to detect feed supplemen-
tation [68], highlighting its importance in the field of preventive
medicine.

The variability in sample size between the studies is remarkable,
ranging from 18 to 280 subjects [18,61,62]. It is noteworthy that those
studies dedicated to the detection of late sepsis in preterm infants had a
specific inclusion criterion: the infants had to have been born preterm,
before the 30th week of gestation [63-65]. Animal models were also
used in a number of cases, using a variety of species including goats [18],
mice [54], rats [66] and pigs [67,68].

For studies concerning VOCs in faecal samples, IMS coupled to GC is
the most commonly used analytical technique (66.7 % of research). In
all these cases, a tritium (°*H) ionisation source and a DTIMS detector
was used. The temperature of the GC is kept constant between 40 and
60 °C, while the IMS is generally operated at 45 °C, although in one
study it reaches 75 °C [68]. In addition, in some studies a carrier gas flow
schedule is used to optimise analyte separation [54,66,68]. In all cases,
nitrogen is used as both drift and carrier gas. Sample preparation for this
type of analysis involves the use of 0.2-1.5 g of faecal material heated to
temperatures significantly higher than those used for urine samples,
ranging from 60 to 120 °C [54,68]. The incubation time, included to
facilitate the transition of volatiles into the HS, varies widely from 8 to
40 min, and an HS volume not exceeding 0.5 mL is then injected. The
total GC-IMS analysis time can vary from 6 to 30 min. FAIMS, on the
other hand, is the second most commonly used technique (33.3 % of
research), with slightly different sample handling; the incubation tem-
perature is usually kept below 40 °C and the incubation time can be
extended up to 2 h [18]. Although the analysis time is not always
specified, it is usually around 10 min. The MCC-IMS technique is also
used for analysis (8.3 %), in which case the procedure involves heating
0.5 g faeces at 37 °C for 60 min, followed by injection of a 10 mL volume
of HS [33]. This variety of methods and conditions reflects the adapt-
ability of VOC analysis techniques to the specific needs of each study.
However, this variability also highlights the urgency of standardising
procedures for different purposes, a need that has not yet been addressed
in the existing literature.

The identification of VOCs detected in the faeces samples was less
extensive than in other samples, such as breath and urine. In total, only
14 different compounds were identified (Table S3). Of these, dimethyl
trisulfide and phenylacetaldehyde were found in the largest number of
studies [54,66]. Furthermore, none of the studies provide LODs or
quantify the VOCs identified in the samples analysed. This limited range
of identified VOCs underlines the need for further research and devel-
opment of analytical methods that can detect and identify a wider range
of compounds, which could be critical in advancing the understanding
of underlying biological processes and the identification of potential
biomarkers for various health conditions.
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Table 3
Applications of IMS for faecal sample analysis.
Aim Subjects Sample treatment Injected volume  Technique Analysis VOCs Ref
time identified

Detection of diseases

Coeliac disease 30 patients 0.5 g faeces heated for 8 min at Not specified GC->H-IMS 6 min - [60]
80 °C

IBD 280 patients 0.5 g faeces Not specified GC-*H-IMS Not specified - [61]

IBD 280 patients 0.5 g faeces Not specified GC->H-IMS 8 min - [62]

Chronic intestinal mycobacteria 18 goats Faeces heated for 120 min at 35 °C Not specified 63Ni-FAIMS 9 min - [18]

infection

Late-onset Sepsis 49 babies Not specified Not specified 53Ni-FAIMS Not specified - [63]

Late-onset Sepsis 254 babies 0.1 g faeces heated at 35 °C Not specified 63Ni-FAIMS Not specified - [64]

Late-onset Sepsis 242 babies 0.5 g faeces heated for 8 min at Not specified GC-*H-IMS 6 min - [65]
80 °C

Alzheimer’s disease 24 mice 0.2 g faeces heated for 40 min at 0.5 mL (HS) GC-H-IMS 30 min 5 [54]
120 °C

Stress 30 rats 0.5 g faeces heated for 25 min at 0.5 mL (HS) GC-H-IMS 30 min 11 [66]
100 °C

IBS 81 patients 0.5 g faeces heated for 60 min at 10 mL (HS) MCC-3Ni-IMS Not specified - [33]
37°C

Other clinical applications

Assess gastrointestinal 64 piglets GC-IMS: 0.5 g faeces heated for 20 GC-IMS: 0.3 mL GC->H-IMS and GC-IMS: 15 - [67]

functionality min at 60 °C (HS) FAIMS min

FAIMS: faeces heated for 10 min at FAIMS: 10
40 °C min

Feed supplementation detection 75 Iberian 1.5 g faeces heated for 15 min at 0.1 mL (HS) GC->H-IMS Not specified - [68]

pigs 60 °C

FAIMS: asymmetric field ion mobility spectrometry; GC: gas chromatography; HS: headspace; IBD: inflammatory bowel disease; IBS: irritable bowel syndrome; IMS:
ion mobility spectrometry; MCC: multi-capillary capture chromatography; VOC: volatile organic compound.

The presence of VOCs in faecal samples has proven to be a promising
tool for diagnosing and differentiating various diseases with a high de-
gree of accuracy. For example, 91 % accuracy has been achieved in
differentiating between coeliac disease and its refractory form [60], and
95 % accuracy in differentiating between IBD patients and healthy in-
dividuals [61]. Within IBD, accuracy ranges from 86 % in distinguishing
between active and remission phases in patients with high calprotectin
levels to 75 % in those with low levels [62]. The technology has also
proven effective in identifying infections, with 81 % accuracy in dis-
tinguishing infected from healthy patients and a remarkable 95 % ac-
curacy in identifying late-onset sepsis in premature infants [18,63]. It

has also proven useful in other areas, achieving 79.2 % accuracy in
identifying patients with Alzheimer’s disease and 80 % accuracy in
differentiating between patients with IBS and healthy patients [33,54].
Interestingly, VOCs have also been used to differentiate diets with 85 %
accuracy and even to detect the use of dietary supplements [67,68].

2.4. Other clinical samples
In addition to the three types of clinical samples mentioned above,

additional research has been carried out using IMS to determine VOCs in
a variety of biological samples, including blood [56,69,70], tissues [6,

Table 4
Applications of IMS for the analysis of different biological samples.
Sample Aim Subjects Sample treatment Injected Technique Analysis VOCs Ref
volume time identified
Detection of diseases
Bacterial Infections Not 5 mL cultures heated at 37 °C for 90 10 mL (HS) MCC->H-IMS 5 min — [11]
cultures specified min
Bacterial Infections Not 200 pl bacterial suspension incubated Not TD-GC-%*Ni 9 min - [74]
cultures specified at 37 °C specified FAIMS
Serum IBD 118 0.4 mL serum heated at 70 °C for 4 min 0.75 mL GC-*H-IMS 20 min 6 [47]
patients (HS)
Blood Bloodstream infections Not 7 mL (6 mL blood and 1 mL bacterial 1 mL (HS) GC-3H-IMS 15 min 4 [69]
culture specified suspension) heated at 35 °C for 8 h
Blood Bloodstream infections 12 rabbits 8 mL blood heated at 37 °C 1 mL (HS) GC-*H-IMS 26 min - [70]
culture
Wound Wound infections 60 Pre-cultured in mercaptoacetate broth Not FAIMS 3 min - [6]
tissue patients for 12-20 h specified
Wound Wound infections 19 A section of the bandage placed in a 5 mL (HS) GC-*H-IMS Not - [71]
tissue patients vial specified
Tissue Squamous cell carcinoma of 20 Not specified Not MCC-IMS Not 1 [72]
the head and neck patients specified specified
Bile Perihilar cholangiocarcinoma 200 0.5 mL bile heated at 80 °C for 10 min 1 mL (HS) GC-IMS 12 min 22 [75]
patients
Detecting the presence of different species
Blood Human presence Not Not specified 10 pL IMS 5 min - [56]
specified
Tissues Species detection Not 1 g tissue heated at 55 °C for 10 min 0.5mL (HS)  GC-IMS 20 min 40 [73]
specified
FAIMS: field ion mobility spectrometry; GC: gas chromatography; HS: headspace IBD: inflammatory bowel disease; IMS: ion mobility spectrometry; MCC: multi-

capillary capture chromatography; TD: thermal desorption; VOC: volatile organic compound.
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71-73]1, bacterial cultures [11,74], serum [47] and bile [75]. These
studies have focused on exploring the feasibility of using this technique
for the detection of various infections [6,11,69-71,74], the diagnosis of
various types of cancer [72,75], the identification of IBD [47] and the
detection of various species and human presence [56,73]. All these
studies are listed in Table 4.

Bacterial cultures are analysed by incubation at 37 °C and the
released compounds analysed using various analytical techniques such
as thermal desorption (TD)-GC-FAIMS and MCC-IMS in order to detect
infections [11,74]. In these studies, while the MCC column operates at a
moderate temperature of 40 °C, the GC operates at a much higher
temperature, reaching 120 °C. Although not specified in the manuscript,
the MCC-IMS detector used for the information provided is of the DTIMS
type. These analyses are relatively short, taking less than 10 min. In
these samples, the detected VOCs, which are used as markers to identify
different types of infections, have not been identified. The results of
these researches are very encouraging, with a 95 % success rate in
detecting infections [11,74] and 100 % accuracy in differentiating be-
tween different types of infection [74].

The analysis of blood samples is performed by incubating approxi-
mately 7-8 mL of sample at relatively low temperatures, below 40 °C,
whereas much higher incubation temperatures of 70 °C have been used
for serum analysis, using a much smaller volume of 400 pL [47,56,69,
70]. It should be noted that one of the studies used a small number of
subjects, 12 rabbits. This study focused on investigating the detection of
infections in the blood using an animal model. The decision to limit the
number of subjects was taken for ethical reasons, reflecting a commit-
ment to responsibility and care in scientific research [70]. For the
analysis of this type of samples, IMS coupled to GC has generally been
used as the predominant separation technique, although IMS without
prior separation has also been used to a lesser extent [56]. Although the
type of IMS is not specified, the information provided suggests that it is
DTIMS in all cases. For these analyses, the IMS operates at temperatures
between 45 °C and 100 °C. The time required to analyse these matrices
ranges from 3 to 26 min. In GC-IMS analyses, an oven programme up to
130 °C [47] or a flow gradient [69,70] is used to improve the separation
of the analytes. Four VOCs were identified in blood cultures and six
VOCs in serum samples, including pentan-2-one in both types of sam-
ples. The nine identified VOCs are given in Table S4. LOQs ranging from
0.009 to 0.014 pg mL~! were reported for the compounds identified in
the serum samples and these compounds were quantified in the samples.
Finally, it should be noted that the analysis of serum samples achieved
100 % validation success in the model used to discriminate between
healthy patients and those diagnosed with IBD, as well as 100 % vali-
dation in the identification of patients in the active phase of the disease
compared to those in remission [47]. To perform both validations, the
authors divided the samples into two groups: 80 % of the samples were
used for chemometric modelling, while the remaining 20 % were used
for model validation. In both cases, the models developed correctly
classified all the samples used in the validation phase, demonstrating
their efficiency and accuracy.

The analysis of the tissue samples shows a wide variety of ap-
proaches. The instruments used to analyse this type of clinical sample
were GC-IMS, FAIMS and MCC-IMS. In the two studies using GC-IMS,
although the IMS temperature is kept constant at 45 °C, the column
temperature varies, operating at 60 °C in one study [73] and reaching
280 °C in the other [71]. In both cases a drift gas flow rate of 150 mL
min~! is used. However, in one of the studies the carrier gas is subjected
to a flow gradient varying between 2 and 100 mL min ', while in the
other it is kept constant at 20 mL min~'. Forty-one VOC compounds
were identified in these samples, which are listed in Table S4. Among the
results of the studies reviewed, an efficiency of more than 90 % in
detecting infections in tissues has been reported [6,71]. In addition,
cyclohexanol concentrations were found to be significantly higher in
patients with head and neck squamous cell carcinoma than in healthy
subjects, suggesting that this compound may serve as a specific
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biomarker for this disease [72].

Finally, VOC determination of bile samples from 200 patients was
also studied for the detection of perihilar cholangiocarcinoma [75]. For
this analysis, 0.5 mL of sample was used and incubated at 80 °C for 10
min, followed by injection of 1 mL of HS. The analysis was carried out
using the GC-IMS technique and took a total of 12 min. The GC column is
operated at 60 °C and the IMS at 45 °C. In addition, a carrier gas flow
gradient varying between 2 and 150 mL min~! is applied to ensure
correct separation of the detected VOCs. Although the type of IMS is not
specified, the information gathered suggests that it is a DTIMS. In this
matrix, 22 VOCs were identified, as detailed in Table S4, and quantified
in the different study samples using an internal standard. The compar-
ison of VOCs using chemometric tools showed an accuracy of 96.6 % in
differentiating patients diagnosed with perihilar cholangiocarcinoma
from healthy subjects [75].

3. Limitations and future prospects

The IMS technique, applied to the analysis of VOCs in biological
samples, shows a promising future in the detection and monitoring of
diseases. Among the most commonly analysed clinical samples, exhaled
breath stands out for its speed of measurement and ease of collection.
This is followed by urine and faeces and, to a lesser extent, blood and
tissues. This distribution can be seen in Fig. 2A, which shows the per-
centage of studies dedicated to the analysis of each type of sample by
IMS using a non-targeted approach, with the aim of obtaining a com-
plete profile of the volatile compounds present. The application of this
technique in the field of clinical diagnostics is experiencing remarkable
growth, as shown in Fig. 2B, with a significant increase in the number of
studies in recent years. The predominant use of IMS in these studies
focuses on rapid and non-invasive detection of disease, followed by ef-
forts to standardise testing procedures, which is crucial for their inte-
gration into clinical routine. These aspects are illustrated in Fig. 2C. The
diseases most studied using this method are infectious diseases, in-
flammatory diseases and various types of cancer, as shown in Fig. 2D.
Overall, however, to maximise the effectiveness of IMS in clinical
testing, it is essential to overcome certain barriers that currently limit its
full application in routine testing, including.

o Inter-individual variability and interferences: Inter-individual vari-
ability in VOC production is a major barrier to standardisation of
VOC profiles for the detection of specific diseases. This variability is
due to factors such as an individual’s age, diet, lifestyle and genetics.
Other factors that interfere with these measurements include the use
of certain medications or the consumption of alcohol [27,32]. To
mitigate these challenges and increase diagnostic accuracy and
specificity, it is imperative to conduct broad and representative
research covering a wide range of patient profiles, which is crucial
for the effective application of this technology in disease diagnosis.

o Standardisation: It is essential to develop and adopt uniform pro-
tocols for the collection, processing and analysis of biological sam-
ples. This will ensure that results are comparable between studies
and will facilitate the implementation of routine clinical analysis. It
should be noted that although several studies have been carried out
with this aim in exhaled breath and urine matrices, no articles have
been found with this objective in the other matrices studied.

o Sensitivity and specificity: IMS is a highly sensitive analytical tool
capable of detecting a wide range of VOCs [76,77]. However, this
sensitivity can result in the identification of many VOCs that are not
relevant to the study in question, adding unnecessary noise to the
investigation. In addition, the specificity of the method can be
reduced if the data are not properly processed.

o Cost and staff training: The introduction of this technique into
routine clinical analysis involves a significant financial outlay, both
in terms of equipment purchase and maintenance. In addition, it is



C. Giménez-Campillo et al.

A
Exhaled breath
41%
- 10
Serum 8
1.5%
6
Tissues
6% 4
2
Bacterial cultures 0
3%
Faeces
17%
C

Other clinical _
use
13%

Standardise
the method of
analysis

19%

Detection of
diseases
68%

Trends in Analytical Chemistry 184 (2025) 118138

Publications by year

Number

W 2005 m 2009 m2010 m2011 m 2012 m 2013 m 2014 m 2015
2016 m2017 m2018 m 2019 m 2020 m 2021 m 2022 m 2023

Other
diseases_
15%

Infection
38%

Cancer
23.5%

Inflammatgry
23.5%

Fig. 2. Trends observed in the compilation of articles using IMS as an analytical technique for the non-targeted detection of VOCs: (A) clinical samples, (B) year of

publication, (C) aim of research and (D) diseases detected.

essential to invest in the training of the staff who will be using this
technology to ensure its correct use and maximise its potential.

To overcome the current limitations associated with the imple-
mentation of IMS in clinical practice, larger and more representative
studies are essential. These studies should include a larger number of
patients from different geographical regions, with different lifestyles,
health conditions and age ranges. This approach will allow a greater
diversity in VOC production to be covered, ensuring that the results
obtained are robust, generalisable and representative of the variability
present in the population. On the other hand, it is also very important to
deepen the understanding of the stability of biomarkers during the
storage period prior to analysis. This is essential to ensure that samples
are stored under optimal conditions, preserving the integrity of the
biomarkers and avoiding any changes that could affect the results. In
addition, it is necessary to compare and standardise the different oper-
ational protocols used for sample processing and analysis. Stand-
ardisation will reduce variation between studies, improve
reproducibility of results and facilitate comparability between studies
performed in different laboratories or under different conditions. All this
research is already underway.

In addition, chemometric tools and the integration of IMS with other
complementary analytical techniques will be incorporated. These stra-
tegies aim to optimise the identification of specific biomarkers for
different diseases. Chemometrics allows the analysis of complex data
and the extraction of relevant patterns, thereby improving the ability to
discriminate between signals that are truly relevant as biomarkers and
possible interferences or ‘noise’. On the other hand, integration with
other analytical techniques, such as GC or MS, provides additional in-
formation on the structure and properties of volatile compounds,
increasing the accuracy and reliability of identification. These combined
strategies are essential to ensure that the biomarkers identified are truly

representative, avoiding the inclusion of signals that may correspond to
noise or unrelated interferences. In parallel, progress is being made in
the development of portable IMS devices that promise to facilitate rapid
and real-time diagnostics. Given these advances, it is expected that once
all these limitations are overcome, IMS will become an indispensable
tool for the early detection and management of various diseases in
routine clinical testing.

4. Conclusions

IMS has become a powerful analytical technique for the analysis of
VOCGs in clinical samples, offering high sensitivity, specificity and speed.
The studies reviewed in this article demonstrate its usefulness in the
diagnosis and monitoring of a variety of medical conditions, including
inflammatory diseases, infections and various types of cancer. Because
of its speed and simple procedure, this technique is very promising and
offers great potential for the early detection of disease, which could
significantly improve the prognosis and quality of life of patients. There
is still some way to go before IMS can be widely integrated into daily
medical practice, as challenges such as standardisation of analytical
procedures and clinical validation of its use need to be addressed
through large-scale studies. Despite the current challenges, the future of
IMS in disease diagnosis and monitoring looks promising, as evidenced
by the encouraging results obtained in the various studies mentioned in
this review.
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