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A B S T R A C T   

Tuberculosis (TB) remains a global health concern. This study aimed to investigate the potential of human skin 
volatile organic compounds (VOCs) as prospective biomarkers for TB diagnosis. It employed a non-invasive 
approach using a wearable silicone rubber band for VOC sampling, comprehensive gas chromatography – 
time of flight mass spectrometry (GCxGC-TOFMS), and chemometric techniques. Both targeted and untargeted 
biochemical screening was utilized to explore biochemical differences between healthy individuals and those 
with TB infection. Results confirmed a correlation between compounds found in this study, and those reported 
for TB from other biofluids. In a comparison to known TB-associated compounds from other biofluids our 
analysis established the presence of 27 of these compounds emanating from human skin. Additionally, 16 pre
viously unreported compounds were found as potential biomarkers. The diagnostic ability of the VOCs selected 
by statistical methods was investigated using predictive modelling techniques. Artificial neural network multi- 
layered perceptron (ANN) yielded two compounds, 1H-indene, 2,3 dihydro-1,1,3-trimethyl-3-phenyl; and 
heptane-3-ethyl-2-methyl, as the most discriminatory, and could differentiate between TB-positive (n = 15) and 
TB-negative (n = 23) individuals with an area under the receiver operating characteristic curve (AUROC) of 92 
%, a sensitivity of 100 % and a specificity of 94 % for six targeted features. For untargeted analysis, ANN assigned 
3-methylhexane as the most discriminatory between TB-positive and TB- negative individuals. An AUROC of 
98.5 %, a sensitivity of 83 %, and a specificity of 88 % were obtained for 16 untargeted features as chosen by 
high performance variable selection. The obtained values compare highly favourable to alternative diagnostic 
methods such as breath analysis and GeneXpert. Consequently, human skin VOCs hold considerable potential as a 
TB diagnostic screening test.   

1. Introduction 

Tuberculosis (TB) is a contagious, airborne bacterial infection caused 
by Mycobacterium tuberculosis (M.tb) [1]. The most common form of 
infection in humans is pulmonary TB; it affects the lungs and occurs in 
over 80 % of TB cases [2]. It is one of the leading causes of death in low- 
and middle-income countries. Despite medical and technological ad
vances, blood and sputum samples are still the only primary biological 
materials used in the detection of TB by various diagnostic tests. Current 
TB diagnostic tests all require a good quality sputum sample, which is 
not always possible for individuals to produce when presenting with a 
dry cough [3,4]. Individuals that cannot produce an adequate sputum 
sample are subjected to more invasive methods, such as gastric aspirate 
which increases the costs of an already expensive TB test [5,6]. This 
highlights the need for alternative, non-invasive biological sampling 

materials in TB diagnosis. 
Advances in separation sciences have seen an increase in diagnostic 

biomarker discovery research, with a focus on proteomics, metab
olomics, and the human volatilome [7–14]. A number of research groups 
investigated TB diagnostic test methods capable of providing results in a 
short period, or using alternative biological sampling materials, instead 
of the conventional blood or sputum samples [12–16]. Test methods 
include hyphenated chromatographic methods involving alternative 
matrices such as urine and breath [7,12–15,17,18]. These alternative 
matrices are based on the premise that VOCs excreted from the body are 
related to the metabolic state of the individual, and therefore indicative 
of physiological processes [19]. Studies that have investigated VOCs in 
breath, sputum and cultured samples during active pulmonary TB to 
identify compounds associated with TB each reported different com
pound markers [7,11–14], of which a selection is given in Table 1. 
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A comparative study of breath VOCs versus skin VOCs following 
ingestion of glucose by Turner et al. (2004) reported that most VOCs 
detected in breath were also present in the skin albeit at a lower con
centration, therefore, there is a correlation between skin emanations and 
exhaled breath [20]. Sampling of human skin emanations is appealing, 
since breath is considered a more infectious matrix in a TB context, and 
moreover requires trained medical staff for sample collection. Sampling 
methods for VOCs from skin include glass beads, nylon socks, PTFE 
(Teflon™) sleeves and cellulose bags, with the most frequently used 
sorbents in collection traps ranging from carbon molecular sieves to 
different types of graphite and organic polymers [21,22]. Disadvantages 
are long sampler deployment periods and bulky samplers which require 
additional non-wearable equipment. To overcome these limitations 
Roodt et al. (2018) developed a skin sampling method using an in-house 
made polydimethylsiloxane (PDMS) silicone rubber band sampler [23]. 
Roodt’s study demonstrated the ability of PDMS to adequately sample 
skin emanations with ease due to the small size of the rubber bands and a 
shorter sampling period [23]. This skin sampling technique was then 
improved by Wooding et al. (2020) by incorporation of an aluminized 
Mylar® covering as a barrier to prevent background contamination 

during skin emanations sampling [24,25]. Following a similar approach 
Vishinkin et al. (2021) sampled skin headspace onto a poly(2,6- 
diphenylphenylene oxide) pouch, which yielded four TB-specific VOCs 
(acetic acid, 2-ethyl-1-hexanol, hexyl butyrate, and toluene) after ther
mal desorption-GC–MS [22]. 

We report skin VOCs from TB-positive participants and TB-negative 
controls collected with a silicone rubber band (PDMS) sampler followed 
by thermal desorption – comprehensive gas chromatography – time of 
flight mass spectrometry (TD-GCxGC-TOFMS). Multivariate analysis of 
the data was two-fold: 1) a targeted approach where compounds found 
in this study were compared to known TB-associated compounds from 
other biofluids; and 2) an untargeted approach with an emphasis on 
exploring compounds previously unreported in the literature that may 
serve as TB biomarkers. 

2. Material and methods 

2.1. Ethical considerations 

This study was approved by the ethics committees of the Faculty of 

Table 1 
Twenty-seven VOC TB biomarkers detected from TB-positive participant skin emanations.  

Class Compound from skin TB-associated 
compound 
(literature) 

Molecular 
weight 

Molecular 
formula 

Cas 
Number 

Fisher’s 
exact test (p- 
value) 

Retention 
Indices 
1D 
experimental 

Retention 
Indices 
Literature 
(non-polar) 

Normalised peak 
area 
Decreased (↓) or 
increased (↑) in 
TB-positive 
group 

Alkanes Pentane-2,3-dimethyl Breath [13] 100 C7H16 565–59-3 1 <800 659  
Cyclohexane-1-ethyl-4- 
methyl 

Breath [13] 126 C9H18 6236–88-0 0.478 887 888  

Heptane-2,4-dimethyl Breath [13] 128 C9H20 2213–23-2 0.524 810 816  
Heptane-5-ethyl-2-methyl Breath [32] 142 C10H22 13475–78- 

0 
0.675 928 925  

Octane-2,6-dimethyl Breath [13] 142 C10H22 2051–30-1 0.483 933 934  
Heptane-3-ethyl-2-methyl 
* 

Breath [13] 142 C10H22 14676–29- 
0 

0.002 941 942 ↑ 

Decane-4-methyl Breath [13] 156 C11H24 2847–72-5 0.224 1064 1062  
Cyclohexane-hexyl Breath [32] 168 C12H24 4292–75-5 0.085 1253 1259  
Decane-3,7-dimethyl Breath [32] 170 C12H26 17312–54- 

8 
0.047 1130 1133  

Dodecane# Breath, M.tb 
culture, 
sputum [14] 

170 C12H26 112–40-3 Present in 
every 
participant 

1202 1200  

Tridecane Breath  
[13,32] 

184 C13H28 629–50-5 0.395 1309 1300  

Alkenes 1-Hexene-4-methyl Breath [32] 98 C7H14 3769–23-1 0.645 <800 665  
1-Octene* Breath [13] 112 C8H16 111–66-0 0.013 <800 782 ↑ 
1-Nonene-4,6,8-trimethyl Breath [32] 168 C12H24 54410–98- 

9 
0.104 1010 1012  

Alcohols Benzenemethanol,α,α,- 
dimethyl 

Breath [13] 136 C9H12O 617–94-7 1 1052 1057  

1-Octanol-2-butyl Breath [13] 186 C12H26O 3913–02-8 0.636 1274 1277  
Aldehydes Acetaldehyde* Breath [13] 44 C2H4O 75–07-0 0.007 <800 381 ↓ 

Heptanal*,# Breath [13] 114 C7H14O 111–71-7 0.024 879 882 ↓ 
Octanal*,# Breath [14] 128 C8H16O 124–13-0 0.036 985 982 ↓ 
Nonanal# Breath [13] 142 C9H18O 124–19-6 1 1083 1081  

Ketones 2-Butanone Breath [13] 72 C4H8O 78–93-3 0.061 <800 581  
Cyclohexanone M.tb culture  

[14] 
98 C6H10O 108–94-1 0.302 853 852  

Carboxylic 
acid 

Tetradecanoic acid Breath [14] 228 C14H28O2 544–63-8 0.395 1746 1748  

Aromatics Styrene Breath [13] 104 C8H8 100–42-5 0.061 912 914  
o-Xylene Urine [30] 106 C8H10 95–47-6 0.478 866 862  
Naphthalene-1-methyl Breath [13] 142 C11H10 90–12-0 0.085 1291 1289  
1H-Indene − 2,3-dihydro- 
1,1,3-trimethyl-3-phenyl* 

Breath [13] 236 C18H20 3910–35-8 0.001 1719 1716 ↓ 

<800: Retention Index standard C8-C28. 
Literature Retention Indices from NIST 14 library. 
M.tb = mycobacteria tuberculosis. 

* Compounds retained at a 95 % confidence level as being significantly different between patient and control groups (p-values ≤ 0.05). 
# Confirmed with analytical standards. 
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Health Sciences and the Faculty of Natural and Agricultural Sciences 
(references: 300/2018 and EC180306-176) of the University of Pretoria. 
Permission to conduct the study in its hospitals were obtained from 
Steve Biko Academic Hospital and the Tshwane District Hospital, Pre
toria, South Africa. 

Prior written consent was obtained from the participants. 

2.2. Study cohort 

The pilot study cohort consisted of test and control groups, both 
containing male and female participants (n = 38) (Table S1). Each 
participant was sampled in triplicate, and analysed in duplicate. Fifteen 
patients were clinically diagnosed with TB. These participants were 
sampled (2018) before commencement with TB drug treatment. The 
treatment naive control group (n = 23) was confirmed to be TB- 
negative. TB-positive status was confirmed by GeneXpert MTB/RIF 
assay (Cepheid, Sunnyvale, CA, USA) and TB- negative status was 
confirmed by QuantiFeron-TB gold assay (Cellestis/Qiagen, Carnegie, 
Australia) coupled with Fourth generation HIV-1/2 ELISA assay (Abbott 
diagnostics medical co. Ltd, Lake Forest, IL, USA) to rule out false- 
positive results. Participant demographic information is provided in 
Table S1. Participants from group one (clinically TB-positive) were 
sampled at the Steve Biko Academic Hospital and the Tshwane District 
Hospital, Pretoria, South Africa. Participants from group two (clinically 
TB-negative) were all either students, or staff, of the University of Pre
toria (UP) and samples were collected on the premises of the UP in 2018. 
Participants were required to complete a questionnaire to disclose, inter 
alia, diet, smoking, exercise routine, and the use of medication and 
personal care products over the last 24 h prior to sampling to account for 
potential variations in VOC profiles resulting from these factors 
(Table S2). 

2.3. Analytical standards 

The solution of n-alkanes (C8-C28) used for the calculation of linear 
retention indices of reported analytes was purchased from Merck, Pre
toria, South Africa. Analytical standards of heptanal (≥95 %), octanal 
(≥95 %), and nonanal (≥99.5 %) were purchased from Sigma-Aldrich 
(Pty) Ltd., Kempton Park, South Africa, and were used for confirming 
the presence of these target analytes. 

2.4. Skin sampling 

Wearable, laboratory-constructed polydimethylsiloxane (PDMS) 
(silicone rubber) sampling bands were prepared by cutting ten cm 
lengths of medical grade silicone elastomer tubing (0.64 mm OD x 0.3 
mm ID, Sil-Tec Technical Products, Georgia, USA) which were joined 
end-to-end with a 1 cm length of uncoated capillary column (0.25 mm 
ID; SGE Analytical Science, Separation Scientific (Pty), Roodepoort, 
South Africa) [23–26]. Each band had a PDMS mass of 30–35 mg. 

Before use the PDMS bands were cleaned and conditioned according 
to a method by Triñanes et al. (2005) [27]. To improve the sampling 
efficiency of polar compounds, and to increase the total sorption vol
ume, the PDMS samplers were solvent-modified as follows: one end of a 
PDMS band was opened by removing the uncoated capillary coupling, 
the sampler was then placed in a glass vial containing ethanol (Sigma- 
Aldrich®, South Africa) followed by five minutes of ultra-sonication. 
The solvent impregnated sampler was removed from the solvent and 
fashioned back into a loop configuration by re-inserting the uncoated 
capillary coupling. The PDMS loop was then suspended above approx
imately one mL of ethanol in a glass vial to create a saturated environ
ment to prevent the evaporation of the polar solvent inside the PDMS 
band sampler. 

Each participant was sampled by placing three sampling bands on 
the skin. GCxGC-TOFMS analyses were done on two of the set of three 
sampling bands, with the remaining band kept as a back-up. The skin 

Fig. 1. Skin VOCs sampling. (A) positioning of the three ethanol-modified silicone rubber band samplers on the inner arm, (B) Mylar® cover, (C) hypoallergenic 
Micropore™ paper tape covering. 
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sampling area (inner arm) was cleaned with 70 % v/v isopropanol pads 
(Medic + dressings, Dischem, Hillcrest, South Africa). Three PDMS 
bands modified with ethanol were placed on the cleaned patch of inner 
arm skin, covered with aluminized Mylar® sheeting (10 cm × 6 cm; 
Hydroponic, South Africa) and attached to the skin with hypoallergenic 
3 M Micropore™ adhesive surgical paper tape (12 cm L x 7.2 cm W, 
Dischem, Hillcrest, South Africa) (Fig. 1). 

The Mylar® barrier served to exclude exogenous compounds from 
the environment during skin emanation sampling. [24,25]. 

The sampling patch ensemble was worn for an hour during which the 
participants were free to continue with their daily routine. After a one 
hour sampling period the patch was removed and the silicone rubber 
bands were returned to the ethanol saturated glass vial. A piece of 
heavy-duty aluminium foil with the shiny side facing the cap (16 µm, 
heavy-duty foil, Pick ‘n Pay, South Africa) was placed between the glass 
vial and the Teflon coated lid before capping the vial, to prevent 
absorptive competition between the PDMS bands and the Teflon coated 
cap. The vial was then covered in foil to protect the sample from light, it 
was kept cool during transport to the laboratory and stored in a freezer 
at − 18 ◦C prior to analysis. 

2.5. Analysis by TDS-GCxGC-TOFMS 

Analyses were done in duplicate, i.e. two PDMS sampling bands from 
each set of three were analysed. Blanks (empty desorption tubes) were 
analysed between each set of sampling bands, in addition to laboratory 
blanks (blank sampling bands). Instrumental analysis was performed on 
a LECO Pegasus 4D GC × GC-TOFMS fitted with a Gerstel TDS unit as an 
inlet, an Agilent 7890 gas chromatograph and a dual quad-jet cryogenic 
modulator (LECO, Kempton Park, South Africa), operated by Chroma
TOF software (version 4.50.8.0). The hot jets were operated with syn
thetic air and the cold jets were operated with nitrogen gas (NM3OLA 
ML nitrogen gas generator, Peak Scientific, South Africa) cooled with 
liquid nitrogen (Afrox, South Africa). The primary (1D) capillary column 
was a Rxi-1MS of length 30 m, 0.25 mm ID and 0.25 μm film thickness; 
the secondary (2D) column was a Rxi-17SilMS mid-polar capillary 

column of length 0.760 m, 0.25 mm ID and 0.25 μm film thickness. 
Thermal desorption of the compounds from the PDMS sampling 

bands was performed using a GerstelTM thermal desorption unit (TDS 3, 
Chemetrix, Midrand, South Africa), with the bands inserted into a glass 
thermal desorption tube. Desorption was from 30̊C (held for 3 min) to 
250̊C (held for 10 min) at 60̊C/min, with a flow rate of 100 mL/min 
helium (ultra-high purity grade; Afrox, Gauteng, South Africa). The TDS 
transfer line temperature was maintained at 350̊C. Cryogenic focussing 
of the desorbed compounds occurred at − 100̊C, using liquid nitrogen 
(Afrox, Gauteng, South Africa) in a cooled injection system (GerstelTM 

CIS 4) with an empty, baffled and deactivated glass liner. The thermally 
desorbed compounds were introduced into the inlet via a splitless in
jection (purge flow of 30 mL/min after 90 s, solvent vent mode) by 
heating the CIS from − 100̊C, at 10̊C/s, to 250̊C (held for the duration of 
the GC run). The helium carrier gas Africa]) flow-rate was constant at 
1.4 mL/min. 

The primary oven temperature programme was 40̊C for 1.5 min, and 
ramped to 280̊C at a rate of 10̊C/min, with a hold time at this temper
ature of 3 min. The total run time was 28.5 min. The temperature pro
gramme rates for the secondary oven and the modulator were the same 
as that of the primary oven, but offset by + 5̊C and + 15̊C respectively. 
The modulation period was 3 s with a hot pulse time of 0.8 s. The 
transfer line to the TOFMS was maintained at a temperature of 280̊C. 
The acquisition rate was 100 spectra/second over a mass range of 
35–500 Daltons. The ionisation energy was 70 eV in the electron impact 
ionisation mode (EI + ), the voltage of the detector was 1750 V, and the 
temperature of the ion source was 230 ̊C. 

2.6. Data processing 

The data was processed using ChromaToF software (version 
4.50.8.0), the signal-to-noise ratio was set at 100. Where analytical 
standards were not available in the laboratory peaks were annotated by 
comparison of experimental mass spectra with reference spectra of the 
National Institute of Standards and Technology (NIST14) library, with a 
minimum similarity threshold for a match set at 75 %; and as well as by 

Fig. 2. Schematic diagram of the data processing workflow.  
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comparing experimental linear retention indices (LRIs) to literature LRIs 
to increase the level of confidence of peak annotation (Table 1). Com
pounds having a match of within ± 30 RI units are reported. LRIs were 
calculated from a C8-C28 n-alkanes standard (Sigma-Aldrich, South Af
rica) according to the Van den Dool and Kratz method [28]. Artifacts 
(siloxanes) originating from the PDMS sampler (laboratory blank sam
pling bands) were removed before further data analysis (Fig. 2). 

2.7. Statistical analysis 

All calculations were carried out using SPSS® 25 statistical software 
(IBM® Corp. Armonk, New York, USA) except for the high performance 
variable selection (HPVS) calculation which was done using SAS 9.4 
(Cary, North Carolina, USA). The relative abundance of peak areas 
across chromatograms was normalized using total useful peak area 
(TUPA). A schematic of the data processing workflow is depicted in 
Fig. 2. 

2.7.1. Targeted analysis: Comparison to known TB-associated compounds 
from other biofluids 

The Fisher’s exact test was applied to a data set generated by means 
of an absent/present criterion to determine whether or not a compound 
was detected in a particular sample of a particular group to investigate 
significant differences of compounds between TB-positive and TB- 
negative states. Two predictive modelling techniques; artificial neural 
network multi-layered perceptron (ANN) and binary logistic regression 
(BLR), were applied and compared to determine the diagnostic power of 
the compounds and the most discriminatory compounds (Fig. 2). 

2.7.2. Untargeted analysis: Exploring previously unreported compounds 
that might serve as diagnostic biomarkers 

P-values were calculated using the Fisher’s exact test done on all 
detected compounds (post siloxanes clean-up) based on an absent/pre
sent criterion to investigate significant differences of compounds be
tween TB-positive and TB-negative states. HPVS calculations were 
performed on all detected compounds (normalized data) to minimize the 

size of the data without compromising the information. Principal 
component analysis (PCA) using the correlation matrix of compounds 
based on absent/present criterion or normalized peak areas was con
ducted to investigate clustering patterns between TB-positive and TB- 
negative states. ANN was applied to determine the diagnostic power 
of the compounds based on HPVS. A schematic diagram of the data 
processing workflow is depicted in Fig. 2. 

3. Results and discussion 

The study cohort consisted of 38 participants sampled during 2018, 
two PDMS sampler bands from each participant were analysed (m = 76 
samples). The cohort comprised of two categories: patients (TB-positive) 
and controls (TB-negative, healthy). The use of Mylar® and Micropore 
tape excluded background compounds during sampling. Skin VOCs 
collection offers a relatively non-infectious matrix compared to exhaled 
breath, especially for airborne infections. Employing the skin VOC sili
cone rubber band sampler does not require skilled healthcare workers, it 
is portable and wearable, and its application is not cumbersome for 
either researcher or patient. Moreover, it does not interfere with medical 
procedures or hospital protocols. The nonpolar nature of PDMS was 
addressed by modifying the silicone rubber band with a polar solvent 
(ethanol) which increased the accumulation of polar compounds, and it 
served as a “keeper” [29]. GCxGC-TOFMS addressed the limitations of 
traditional GC–MS in that it ensured the separation and detection of 
complex chemical profiles. After removal of siloxane artifacts (origi
nating from the PDMS samplers) from the data set 1500 compounds 
were retained. A targeted analysis was done where skin VOCs detected 
in this study were compared to known TB-associated compounds from 
other biofluids. Secondly, an untargeted analysis was done to find po
tential biomarkers previously unreported. Sensitivity and specificity as 
diagnostic markers were evaluated in comparison to existing diagnostic 
methods. 

Fig. 3. The receiver operating characteristic (ROC) curves of the predictive modelling techniques based on the Fisher exact test-selected features (known TB- 
associated compounds from other bio-fluids): heptanal; octanal; 1-octene; heptane-3-ethyl-2-methyl; acetaldehyde and 1H-indene, 2,3 dihydro-1,1,3-trimethyl-3- 
phenyl-: (A) Artificial neural network in the multi-layered perceptron (ANN) with a sensitivity of 1.00 and a specificity of 0.94. The black diagonal line is a 
reference with an AUC of 0.5 (i.e. no predictive power) while the blue and red lines represent control and patient groups respectively. (B) Binary logistic regression 
(BLR) with a sensitivity of 0.87 and a specificity of 0.85. The red diagonal line is a reference with an AUC of 0.5 (threshold value), and the blue line represents the 
patient group. Both models had an area under the curve (AUC) of 0.92. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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3.1. Targeted analysis: Comparison to known TB-associated compounds 
from other biofluids 

In this study 27 compounds detected from the TB-positive partici
pants’ skin emanations (Table 1) were compounds associated with M.tb, 
as reported in the literature from the breath of confirmed active pul
monary TB patients and suspected TB patients, urine and sputum culture 
from TB patients, and M.tb cultures from M.tb colonies [13,14,30–32]. 
The compound classification was distributed as follows: alkanes (41 %), 
alkenes (11 %), alcohols (7 %), aldehydes (15 %), carboxylic acids (4 %), 
ketones (7 %), and aromatics (15 %) (Table 1). 

Skin as a diagnostic matrix is indeed feasible, since compounds 
detected from TB-positive patient skin emanations matched those 
compounds found in other biofluids from active pulmonary TB patients. 
The Fisher’s exact test (LOC 95 %) was used to test for significant dif
ferences between the TB-positive patients and the TB-negative healthy 
controls. Six compounds from the list of 27 targeted compounds known 
to be associated with TB, viz.: heptanal; octanal; 1-octene; heptane-3- 
ethyl-2-methyl; acetaldehyde and 1H-indene, 2,3 dihydro-1,1,3- 
trimethyl-3-phenyl- had p-values ≤ 0.05; and thus, there is a signifi
cant difference between the two groups for this set of potential 
biomarker compounds (Table 1). In terms of normalized peak areas 1- 
octene and heptane-3-ethyl-2-methyl were increased in the TB-positive 
group, while heptanal; octanal; acetaldehyde and 1H-indene, 2,3 
dihydro-1,1,3-trimethyl-3-phenyl- were decreased in this group. Vish
inkin et al. (2021) reported higher levels of acetic acid, 2-ethyl-1-hexa
nol, hexyl butyrate and toluene sampled from skin emanations from 
pulmonary active TB patients compared to non-TB patients and healthy 
controls [22]. However, in our study these compounds were found to be 
not significantly different between TB-positive and TB-negative 
individuals. 

3.1.1. Predictive modelling 
Two supervised machine learning (ML) techniques were used, the 

artificial neural network in the multi-layered perceptron (ANN) and 
binary logistic regression (BLR). In the ANN the data was split into a 
training set of 61.8 % (47 samples) and a test set of 38.2 (29 samples), 
the area under the receiver operating characteristic curve (AUROC) was 

92 % with a sensitivity of 100 % and a specificity of 94 % (Fig. 3 A). This 
algorithm identified the putative compounds 1H-indene, 2,3 dihydro- 
1,1,3-trimethyl-3-phenyl; and heptane-3-ethyl-2-methyl as the most 
discriminatory, and allocated these with a normalized importance above 
75 %. The BLR data set was split into a training set of 60.5 % (46 
samples) and a validation set of 39.5 % (30 samples) and had a sensi
tivity of 87 % and a specificity of 85 %, with an AUROC of 92 % (Fig. 3 
B). This model identified three compounds as the most discriminatory: 
1H-indene, 2,3 dihydro-1,1,3-trimethyl-3-phenyl; heptane-3-ethyl-2- 
methyl; and acetaldehyde (normalized importance p-values ≤ 0.05). 

Representative contour plots (TICs) of TB-positive, TB-negative, fe
male and male participants are shown in Fig. 4. Marked differences in 
the chemical profiles are observed between TB-positive and TB-negative 
individuals, and between female and male individuals. Female patients, 
in general, exhibited an enriched complex mixture consisting predomi
nantly of sterols, fatty acids and hydrocarbons [29] in the 1D 1200 – 
1700 s region of the chromatograms, corresponding to LRIs of 1800 to 
2700. Abnormalities of lipid metabolism in a TB group characterized by 
an altered fatty acid metabolism was reported by Han et al. 2021 [33]. 
There are gender differences in lipid profiles, and the authors reported 
that “it has been demonstrated that the lipid status of the host is closely 
related to the pathogenesis of M. tuberculosis” [33]. 

3.2. Special participant categories: Extra-pulmonary TB and latent-TB 

The patient group included an extra-pulmonary TB female patient 
and the control group included two latent-TB positive subjects (male and 
female). TB infection can occur in organs other than the lungs, this is 
termed extra-pulmonary TB. Latent-TB is defined as TB infection 
without clinical, bacteriologic or radiographic evidence of active TB. 
These two special classes were included to get a preliminary indication 
as to whether these would fall within the control or patient groups as per 
the original classification. 

Fig. S1 (A-C) depicts contour plots of total ion chromatograms (TICs) 
of individuals within each special category (i.e. extra-pulmonary TB or 
latent-TB), and there are observable differences in the VOC profiles. The 
female extra-pulmonary TB patient (Fig. S1A) and the female latent-TB 
subject (Fig. S1B) have four compounds in common: n-hexadecanoic 

Fig. 4. Contour plots (TICs) of (A) Female TB-positive; (B) Female TB-negative; (C) Male TB-positive; D. Male TB-negative.  
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acid; hexadecen-1-ol, trans-9; isopropyl palmitate and octadecanoic 
acid. The female extra-pulmonary TB patient had two unique com
pounds: 7-acetyl-6-ethyl-1,1,4,4-tetramethyltetralin and 1-eicosanol, 
while the female latent-TB individual has two unique compounds: 
pentane-2,3-dimethyl and oleic acid. The male latent-TB individual 
(Fig. S1C) has three compounds in common with both female partici
pants: n-hexadecanoic acid; hexadecen-1-ol-trans-9 and octadecanoic 
acid; while 12 compounds are unique to the male subject: 1) 5,9-unde
cadien-2-one,6,10-dimethyl-(E)-; 2) 2,4-di-tert-butylphenol; 3) dodeca
noic acid; 4) dodecanoic acid,1-methylethyl ester; 5) Z-7-tetradecanoic 
acid; 6) n-decanoic acid; 7) unknown; 8) 1-docosene; 9) heptacosane; 
10) trans-13-octadecanoic acid; 11) hexadecanoic acid, Z -cyclohexyl 
ester; 12) 1,3-benzenedicarboxylic acid, bis (2-ethylhexyl)ester and 14) 
oxacyclotetradecene-2,11-dione-13-methyl. The compounds with their 
respective experimental and literature LRIs are listed in Table 2. These 
special categories are further discussed in the following sections. 

3.3. Untargeted analysis: Exploring potential TB-associated compounds 
previously unreported 

The untargeted analysis provided the opportunity to explore skin 
VOCs associated with TB not previously reported in the literature. The 
Fisher’s exact test was conducted on 1500 compounds using an absent/ 
present criterion applied across the two groups (to establish whether a 
particular compound was more associated with any one of the two 
groups) to determine compounds that had a significant difference be
tween TB-positive and TB-negative states. Three hundred and twenty-six 
(326) compounds with a p-value ≤ 0.05 were retained [29]. Principal 
component analysis (PCA) was conducted using the 326 compounds 
based on both absent/present criterion, and as well as on normalized 
peak areas to investigate whether discrimination between patients and 
controls would emerge in both approaches (Fig. 5 A and B). The PCA 
plots show distinct grouping between the two classes (except for a single 
patient outlier). This clustering is an indication that the compounds can 
discriminate between the two groups, and thus have the prospect of 
being used as diagnostic biomarkers. Interesting observations were that 
the extra-pulmonary TB female participant featured within the patient 

Table 2 
Compounds from extra-pulmonary TB-positive female, latent-TB positive female and male.  

Classification Compound Biological 
matrix 
(literature) 

Molecular 
weight 

Molecular 
formula 

CAS 
number 

Retention 
Indices 
1DExperimental 

Retention 
Indices 
Literature 
non-polar# 

Extra- 
pulmonary 
TB female 

Latent- 
TB 
positive 
female 

Latent- 
TB 
positive 
male 

Alkane Pentane, 2,3-dimethyl- Breath [13] 100 C7H16 565–59-3 <800 589  ✓  
Heptacosane HMDB 

*Matrix 
unspecified 

380 C27H56 593–49-7 2707 2705   ✓ 

Alkene 1-Docosene Plasma  
[34] 

308 C22H44 1599–67-3 2193 2198   ✓ 

Alcohol Hexadecen-1-ol, trans- 
9- 

N/A 240 C16H32O 64437–47- 
4 

1869 1862 ✓ ✓ ✓ 

1-Eicosanol Skin tissue  
[35] 

298 C20H42O 629–96-9 2250 2254 ✓   

Carboxylic 
acid 

n-Decanoic acid Blood, 
sweat* 

172 C10H20O2 334–48-5 1371 1372   ✓ 

Dodecanoic acid Blood* 200 C12H24O2 143–07-7 1571 1570   ✓ 
Z-7-Tetradecenoic acid HMBD 

*Matrix 
unspecified 

226 C14H26O2 0–00-0 1771 1777   ✓ 

Dodecanoic acid, 1- 
methylethyl ester 

N/A 242 C15H30O2 10233–13- 
3 

1620 1615   ✓ 

Hexadecenoic acid, Z- 
11- 

N/A 254 C16H30O2 2416–20-8 1970 1976   ✓ 

n-Hexadecanoic acid Blood* 256 C16H32O2 57–10-3 1966 1968 ✓ ✓ ✓ 
trans-13-Octadecenoic 
acid 

Serum [36] 282 C18H34O2 693–71-0 2169 2175   ✓ 

Oleic Acid Blood, 
saliva, urine 
* 

282 C18H34O2 112–80-1 2170 2175  ✓  

cis-Vaccenic acid Faeces* 282 C18H34O2 506–17-2 2173 2175 ✓   
Octadecanoic acid Blood* 284 C18H36O2 57–11-4 2160 2167 ✓ ✓ ✓ 
1,3- 
Benzenedicarboxylic 
acid, bis(2-ethylhexyl) 
ester 

N/A 390 C24H38O4 137–89-3 2719 2704   ✓ 

Ketones 5,9-Undecadien-2-one, 
6,10-dimethyl-, (E)- 

Urine [37] 194 C13H22O 3796–70-1 1428 1420   ✓ 

7-Acetyl-6-ethyl- 
1,1,4,4- 
tetramethyltetralin 

Sweat [38] 258 C18H26O 88–29-9 1994 1997 ✓   

Oxacyclotetradecane- 
2,11-dione, 13-methyl- 

N/A 240 C14H24O3 74685–36- 
2 

2136 2137   ✓ 

Ester Isopropyl palmitate Saliva, 
urine* 

298 C19H38O2 142–91-6 2015 2013 ✓ ✓  

Aromatic 2,4-Di-tert-butylphenol Urine* 206 C14H22O 96–76-4 1759 1754   ✓ 

N/A: not available. 
< 800: Retention Index standard C8-C28. 

* HMDB: Human Metabolome Database. 
# Literature Retention Indices from NIST 14 library. 
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group, and the latent-TB individuals featured close to or within the 
control group in both PCA approaches (Fig. 5 A and B). These special 
category participant observations suggest that skin VOCs can be used to 
discriminate between controls (including latent-TB) and extra- 
pulmonary TB states, however, a larger sample size is required to 
confirm this. 

3.3.1. High performance variable selection 
High performance variable selection (HPVS) was conducted on the 

total number of compounds detected in this study (1500), to investigate 
whether reducing the number of VOCs to a smaller size was feasible, 

which would be more practical for a clinical test. In a bid to reduce the 
number of compounds in the data set without compromising the original 
information, all compounds were included in the HPVS software 
calculation regardless of the p-value. The HPVS returned 16 compounds 
(Table 3). 

Table 3 provides the weights or importance of each compound in the 
artificial neural network in the multi-layered perceptron model. 3-meth
ylhexane and 2-octylcyclopropene-1-heptanol have the highest impor
tance, with respective normalised importance of 100 % and 91.00 %. 
This means these two compounds had the most contribution to the 
model, suggesting that these are good candidates for use as diagnostic 

Fig. 5. (Top) Untargeted: principal component analysis (PCA) plots generated using the 326 compounds with a p-value ≤ 0.05 (Fisher exact test). Plot A was created 
using the absent or present criteria, and plot B using normalized peak areas. The red dots represent patients, while the green dots represent controls. (Bottom) 
Untargeted: PCA plots generated of patients versus controls using the 16 high performance variable selection (HPVS) compounds. Plot C is based on the absent or 
present criteria and plot D is based on normalized peak areas. Red dots represent patients and the green dots are the controls. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 

Table 3 
Compounds selected by the high performance variable selection (HPVS) analysis.  

Compound Molecular 
weight 

Molecular 
formula 

CAS 
number 

RI experimental 1D 
non-polar 

RI 
Literature# 

Importance Normalised 
importance 

p- 
value 

Hexane, 3-methyl- 100 C7H16 589–34-4 <800 653  0.109 100 % 0 
2-Octylcyclopropene-1-heptanol 266 C18H34O 54467–85- 

5 
2049 2056  0.099 91 % 0.008 

Pyrene, hexadecahydro- 218 C16H26 2435–85-0 1526 1502  0.073 67 % 0.032 
Celestolide 244 C17H24O 13171–00- 

1 
1856 1857  0.068 62 % 0.008 

1,4-Methanobenzocyclodecene, 
1,2,3,4,4a,5,8,9,12,12a-decahydro- 

202 C15H22 74708–73- 
9 

1583 1567  0.062 57 % 0.028 

2-Tridecene, (E)- 182 C13H26 41446–58- 
6 

1348 1321  0.055 51 % 0 

Cyclopentaneacetic acid, 3-oxo-2-pentyl-, 
methyl ester 

226 C13H22O3 24851–98- 
7 

1675 1657  0.052 47 % 0 

2-Decenal, (Z)- 154 C10H18O 2497–25-8 1242 1212  0.048 44 % 0.036 
Maltol 126 C6H6O3 118–71-8 1077 1063  0.047 43 % 0 
2(3H)-Furanone, 5-methyl- 98 C5H6O2 591–12-8 902 897  0.044 40 % 0.001 
Bicyclo[4.1.0]heptane, 3,7,7-trimethyl-, 

[1S-(1α,3α,6α)]- 
138 C10H18 18968–23- 

5    
0.044 40 %  

1-Heptene 98 C7H14 592–76-7 <800 707  0.04 37 % 0.027 
Ethanol, 2-(2-ethoxyethoxy)- 134 C6H14O3 111–90-0 997 1012  0.032 29 % 0.002 
Nonane, 2-methyl- 142 C10H22 871–83-0 951 951  0.029 26 % 0.036 
Benzoic acid 184 C11H20O2 2499–59-4 1255 1272  0.026 24 % 0.002 
2-Propenoic acid, ethenyl ester 98 C5H6O2 2177–18-6 <800 666  0.026 24 % 1 

<800: Retention Index standard C8-C28. 
# Literature Retention Indices from NIST 14 library. 
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biomarkers for TB. Another point to note is that these compounds with a 
high importance have p-values below 0.05 (Table 3). The following 
compounds had the least importance which was below 30 %: ethanol, 2- 
(2-ethoxyethoxy)-; nonane, 2-methyl-; benzoic acid; and 2-propenoic 
acid, ethenyl ester. 2-Propenoic acid, ethenyl ester has a p-value of 
one, and therefore its place among the least important compounds is not 
surprising, but rather confirmation of the suitability of the Fisher exact 
test, and the decision to focus on compounds with a p-value ≤ 0.05. 

PCA was then done using the 16 HPVS-selected compounds based on 
two approaches, i.e., absent/present criterion and normalized peak 
areas. Fig. 5C and D depicts both PCA plots, which show two distinct 
groups of patients and controls for both approaches, indicating that the 
16 compounds can discriminate between TB-positive and TB-negative 
states. As before, the female extra-pulmonary female participant sam
ples were within the patient group, while the latent TB subjects were 
close to, or within the control group (Fig. 5C.). Where the latent TB 
female subject clustered within the control group in the PCA based on 
the absent/present criterion, here the participant samples featured just 
outside of the control cluster of the PCA (Fig. 5D). 

The discriminatory precision of the 16 HPVS compounds was 
investigated by predictive modelling using the artificial neural network 
multi-layered perceptron technique, the receiver operating character
istic (ROC) curve is provided in Fig. 6. The data was split into a training 
set with 62 % (n = 47 samples), testing set with 26 % (n = 20 samples) 
and the hold-out set with 12 % (n = 9 samples). The training set is used 
to train the model, the testing set evaluated the trained model and the 
hold-out set validated the accuracy of the model. The testing set and 
hold-out set had sensitivities and specificities of 83 %, 88 %, and 100 %, 
86 % respectively and an area under the curve (AUC) of 0.99. Results 
compare favourably to that of Saktiawati et al. (2019) and Sekyere et al. 
(2019) which report sensitivities and specificities of 93 % and 93 % 
(electronic nose), 82 % and 92 % (breath), and 79.6 % and 90.3 % 
(GeneXpert) [39,40]. 

The model reported two compounds, 3-methylhexane and 2- 

octylcyclopropene-1-heptanol, to have a normalised importance above 
75 %. Normalized peak areas were increased in the TB-positive group. 
Investigation into these two compounds revealed that 3-methylhexane is 
listed as a secondary metabolite detected in blood on the Human 
Metabolome Database (HMDB) and it was not found in the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) compound database. 2- 
Octylcyclopropene-1-heptanol is listed as a chemical component of at 
least three medicinal plants; Gloriosa superba flower, Alysicarpus gluma
ceus and Artemisia herba and as a bioactive compound in Solanum Xan
thocarpum [41–44]. Therefore, it should be considered that the presence 
of 2-octylcyclopropene-1-heptanol may point to patients self-medicating 
with herbal remedies. However, this needs to be investigated. 

4. Conclusion 

Through an analysis of skin volatile organic compounds (VOCs), we 
confirm 27 compounds already known to be associated with TB from 
other biofluids, and report 16 new compounds of diagnostic importance. 
The sensitivity and specificity of the non-invasive skin test showed 
favourable performance compared to other diagnostic methods such as 
electronic nose, breath analysis, and GeneXpert. We have demonstrated 
that skin VOCs can differentiate between TB-positive and TB-negative 
individuals. As such, the skin VOC test is a promising tool for diag
nostic applications and warrants further investigation involving a larger 
study cohort, and confirmation of biomarker identity using high reso
lution mass spectrometry or expansion of the number of analytical 
standards used. 
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