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Summary

In the first part of this chapter the role of analytical chemistry in society

is briefly described. There are a huge number of analytical techniques in

use nowadays which significantly contribute to the expanding application

of analytical chemistry. Gas chromatography -mass spectrometry (GC-MS)

techniques have become one of the ideal choices for tackling the great chal-

lenge of the analysis of very complex samples due to their high sensitivity

and selectivity. Unfortunately, the data collected from these samples are far

too information-rich for the human brain to process. Therefore chemometric

tools have been introduced. These present a crucial means of visualizing and

interpreting the rich data from hyphenated chromatographic systems and

ultimately reveal the relevant information contained therein. In the second

part of this chapter a summary of recent developments in the diagnosis of

tuberculosis (TB) is presented. It is clear that there is a strong need for a

more accurate, point-of-care TB diagnostic test that is applicable in TB and

HIV endemic areas. The aim of this thesis is to introduce a new approach

for discovering new biomarkers for diagnosis of TB in bacterial cultures and

directly in sputum using GC-MS and chemometrics. The work then proceeds

towards the development of an affordable, accurate and ‘simple to use’ point

of care test for diagnosing TB using a small (trans)-portable or hand-held

device based on GC.
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1.1 Analytical chemistry and its role in society

With the rapid developments in electronic equipment and materials in the

20th century, the application of analytical chemistry has significantly ex-

panded in numerous areas such as chemicals, food, environment, pharma-

ceuticals and recently life sciences. There are a huge number of analytical

techniques in use nowadays which attempt to characterize and predict spe-

cific properties such as chemical composition, physical state and in-use prop-

erties of materials. Identification and quantification of target compounds in a

complex sample remains a great challenge for analytical chemistry. From the

analytical perspective sample complexity is caused by the fact that the ana-

lytes of interest are present at trace levels in a complex matrix with numerous

other compounds present that may interfere with the qualitative/quantita-

tive determination of the analytes of interest.

Selectivity and detection limit are the key words in the compositional analy-

sis of complex samples. Selectivity here refers to the ability to distinguish the

compounds of interest from the numerous other species present. Detection

limit refers to the ability to accurately quantify low or very low levels of the

analyte of interest. Selectivity and detection limit can be introduced in the

chromatographic experiment at multiple stages and in many different ways,

e.g. through the use of columns that efficiently separate all compounds and

elute them as narrow peaks, but selectivity and detection limit can also be

introduced in the sample preparation step or at the detection stage, e.g. by

using detectors that only respond to one specific compound or compound

group. To eliminate or minimize the effects from interfering species, sev-

eral sample pretreatment techniques have been developed. These include

methods such as Liquid-Liquid Extraction (LLE), Solid-Phase Extraction

(SPE), Solid-Phase-Micro-Extraction (SPME) [1], Stir-Bar-Sorptive Extrac-

tion (SBSE) [2], etc. Extraction methods like these are still widely used to

isolate the target compounds from the matrix, to concentrate them and to

modify the target molecules to a chemical form with improved character-

istics for further analysis. In daily analytical practice sample preparation

usually is a tedious, time-consuming, laborious and expensive step in the

analytical procedure. Nowadays new sample preparation methods that are

developed should be efficient, fast, cheap and easy to use. The most recent
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developments in sample preparation therefore have focused on aspects as au-

tomation, miniaturization and on-line combination of the sample preparation

step with the actual chromatographic separation.

Hyphenated techniques, especially the coupling of chromatography to mass

spectrometry have been widely utilized for compositional analysis. Liquid

chromatography coupled to mass spectrometry or gas chromatography-mass

spectrometry (GC-MS) offers a very high selectivity which allows most of the

compounds in very complex samples to be separated and detected as pure

analytes. Moreover, mass spectrometry offers a very good sensitivity. As a

result, these techniques could help to significantly reduce the requirements

to be imposed on sample preparation and hence the work involved in sample

preparation procedures.

Properly developed methods in which sample preparation, chromatographic

separation and (mass spectrometric) detection are combined in a well-balanced

manner provide relevant information on complex samples that can aid in an-

swering difficult questions such as the diagnosis of a disease state or identi-

fication of biomarkers in a complex sample for future diagnosis of a disease.

Information on the disease status of a patient can be present in specific

compounds in a bio-fluid or tissue sample or be spread out over the entire

fingerprint of this sample (the pattern of a large number of known and un-

known compounds). Analysts especially initially often face the situation that

useful information is hidden in the thousands of individual compounds in a

sample instead of simply in one or two known analytes.

Several analytical methods have been developed to obtain the required infor-

mation from very complex samples. GC-MS techniques are ideal because of

the very detailed level of information they provide on very complex samples

due to their high sensitivity and selectivity. The detailed GC-MS analysis

of natural products was reported as early as 1963 [3]. However, the high

cost of MS instrumentation and the incompatibility of the rather high flow

rates from packed columns with the vacuum requirements of the mass spec-

trometer hindered the progress of GC-MS for decades. The introduction of

capillary columns and relatively inexpensive but reliable equipment for GC-

MS made GC-MS more attractive, and provided a crucial impetus to expand

the GC application area. Over the years the GC-MS application area has

become broader and has expanded towards separation of significantly more

complex samples such as biological and environmental samples. However, a
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key drawback of GC is the fact that it requires the analytes to be volatile

and thermally stable. Polar compounds and thermally labile analytes need

to be derivatized to become sufficiently volatile and thermally stable before

GC analysis. Matrix compounds that can contaminate the GC system also

need to be eliminated through appropriate sample preparation and clean-up

procedures prior to GC analysis. For the analysis of large "particles", includ-

ing for example bacteria, methods are needed that convert such systems into

meaningful smaller compounds. Moreover, fingerprinting analyses generally

require analyzing a rather large number of samples. Therefore automated

methods for sample preparation and derivatization are needed.

1.2 The role of chemometrics in processing com-

plex chromatographic data

Today GC is well established and is reliably applied in numerous application

areas. GC-MS has found wide utilization in qualitative and quantitative rou-

tine analysis. Several recent developments in GC and MS have increased the

use of GC in application fields for analysis where very complex samples are

encountered. However, the data from these cases are far too information-rich

for the human brain to process. Hence, without some form of chemometric

treatment it is essentially impossible to more than just scratch the surface

of the information contained therein. Thus, chemometric tools have become

a crucial means of visualizing and interpreting the rich data from complex

chromatographic systems and ultimately revealing the relevant information

contained therein. Yet the application of chemometrics to chromatographic

data sets is not without difficulties. There are many factors that may obscure

the relevant information and the validity of the results, the most important

ones being retention time shifts, poorly composed sample sets (e.g. num-

ber of samples for training, validation and testing), chemical variations (e.g.

matrix peaks) and non-chemical variations (e.g. baseline shifts). Therefore

one of the major challenges in handling complex chromatographic data uti-

lizing chemometric tools is the appropriate pre-processing to eliminate as

many non-chemical- and irrelevant chemical variations as possible. Shifts

in retention times can be minimized by proper instrument operation and
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maintenance. However, even with the proper precautions, some retention

shifts will always occur. This in turn means that correction methods, usu-

ally referred to as alignment techniques, have to be applied prior to chemo-

metric analysis. Widely used alignment software programs are MetAlign

[4], XCMS [5], MZmine [6] and METIDEA [7]. A non-zero baseline sig-

nal often arises from GC column bleeding and/or electronic noise. Baseline

correction is hence necessary to separate the signals of the analytes from

the background baseline signal. Although GC-MS, and particularly compre-

hensive two dimensional GC (GC×GC), provides a much higher separation

power, unresolved peaks from co-elution of two or more compounds may still

occur in very complex mixtures. For these cases, different deconvolution

approaches for resolving overlapping peaks have been introduced to deter-

mine the contribution of each individual compound [8–11]. After proper data

alignment and deconvolution there are many opportunities to apply chemo-

metric techniques for extracting valuable information from the complex, rich

chromatographic data, but it is a joint responsibility of the chromatographer

and the chemometrician to ensure that all steps from the producing of data

to data interpretation are optimized. This optimization should not be done

technique by technique, but should take into account mutual interactions

between e.g. sample preparation and detection or chromatography and data

alignment.

1.3 Recent developments in the diagnosis of tu-

berculosis

Tuberculosis (TB) remains a major global health problem with an estimated

8.6 million people developing TB and 1.3 million people dying from TB in

2012 [12]. Early diagnosis and rapid treatment is essential to control the

disease. There are several diagnostic tests available for TB such as direct-

smear microscopy, solid/liquid culture, chest radiography and tuberculin skin

testing. Chest radiography and tuberculin skin tests show poor specificity

[13]. Culture of Mycobacteria tuberculosis (MTB) in clinical specimens gives

a high sensitivity, but this method is time-consuming (10–14 days for liquid

cultures and 3–4 weeks for solid cultures) [14]. Sputum-smear microscopy
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is still the most common diagnostic test for TB in low- and middle-income

settings. However, the major drawback of this method is its poor sensi-

tivity which strongly depends on the experience of the operator and varies

significantly in the range of 30% and 70% [14] . Moreover, sputum-smear

microscopy is unable to distinguish MTB from non-tuberculous mycobacte-

ria. Recently GeneXpertr MTB/RIF (Cepheid Inc., Sunnyvale, CA, USA),

a rapid molecular diagnostic test, has been introduced to detect TB and

rifampicin-resistant TB [15]. This method is fast and highly accurate, but

unfortunately its applicability in most developing countries is limited be-

cause of its high cost. Clearly there is a strong need for a more accurate,

point-of-care TB diagnostic test that is applicable in TB and HIV endemic

areas.

The discovery of reliable molecular TB biomarkers has become one of the

most promising new routes for diagnosis as well as for monitoring the efficacy

of therapy and progress of TB disease. For TB diagnostic tests, the biomark-

ers are required to be specific for only MTB and should not be confounded

by concomitant illnesses or therapies. Biomarkers can be of either host or

pathogen origin, depending on the approaches developed. Biomarkers for TB

can be antigenic proteins, fatty acids or other (volatile) organic compounds.

Related to the use of GC techniques for the diagnosis of TB, a wide range

of biomarkers has been proposed. Tuberculostearic acid (TBSA), a char-

acteristic constituent of mycobacterial cell walls, was used as a biomarker

for MTB in many studies [16–18]. In 2009, Kaal and coworkers proposed

a combination of TBSA and hexacosanoic acid as biomarkers for diagnosis

of TB in sputum from Vietnam [19]. Recently O’Sullivan and colleagues

used a characteristic profile composed of trimethyl C29 and tetramethyl C30

and C32 mycocerosates derived from the phthiocerol dimycocerosate family

of complex mycobacterial lipids for detection of MTB in sputum from Zim-

babwe [20]. Different volatile organic compounds in breath samples were

also proposed as biomarkers for TB in several studies published by Phillips

[21, 22]. From all this work it is clear that single biomarkers often give poor

sensitivity and specificity. The result can only be improved by a combination

of two or more biomarkers.
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1.4 Scope of this thesis

Despite persistent efforts over the last 125 years to develop a simple tool for

the rapid diagnosis of tuberculosis, the ideal method has proven elusive. It is

clear that GC-MS offers considerable advantages for the analysis of complex

biological samples. In this thesis we discuss two main areas in which progress

is sought. The first is the discovery of novel biomarkers for diagnosis of tu-

berculosis using GC-MS and chemometrics. The second is the development

of an affordable, accurate and ’simple to use’ point of care test for diagnosing

tuberculosis using a small (trans)-portable or hand-held device based on GC

technique.

Chapter two of this thesis presents a summary of the current status of tuber-

culosis diagnostics research and future aspects in the use of GC-MS in the

search for novel biomarkers of MTB. Biomarkers could be volatile organic

compounds in the headspace of bacterial culture or in samples of breath,

serum or urine. A number of such biomarkers have been found in patients,

with unfortunately little consistency in the various studies to date. Repro-

ducibility is difficult; the impressive results found initially with a few patients

are rarely reproducible when a larger sample series is tested. A number of

studies reported break-down products derived from mycobacterial lipids as

biomarkers of tuberculosis. Monitoring these compounds offers promise for

distinguishing MTB from non-tuberculous mycobacteria (NTM) directly in

sputum and does offer the potential for the development of a much simpler,

near-bedside test that could be widely used in resource-constrained countries.

Chapter three of this thesis describes a novel approach to the identification of

new biomarkers for differentiating MTB and NTM using a fully automated

procedure based on thermally-assisted hydrolysis and methylation followed

by gas chromatography-mass spectrometry (THM-GC-MS) and advanced

chemometrics. We used early cultures of 15 MTB and 29 NTM strains

from the Netherlands grown in Middlebrook 7H9 liquid medium to identify

the biomarkers for distinguishing MTB from NTM. The THM-GC-MS data

set of 44 mycobacterial strains was initially aligned by MetAlign software

and then submitted to partial least squares discriminant analysis (PLSDA)
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to build a classification model for differentiation between MTB and NTM.

The possibility to obtain reliable methods by working with a combination

of specific compounds as potential biomarkers was investigated. Biological

interpretation of all potential markers that were found to contribute to the

model was also performed to link this finding to the biomarkers proposed by

previous studies for diagnosis of tuberculosis and to reduce the risk of chance

correlations.

Chapter four of this thesis describes the validation of the 20-compound model

developed in chapter 3 using two independent sample sets, one consisting of

56 isolates (39 MTB and 17 NTM) from the Netherlands, the other com-

prising 103 isolates (91 MTB and 12 NTM) from Stellenbosch, Cape Town,

South Africa. The 44 samples in the training set used to build the model

were the Dutch mycobacterial strains. Therefore this study focused on two

points. First it was investigated how the classification model performs for

differentiation between MTB and NTM for another independent Dutch sam-

ple set. The second aim was to examine differences in the performance of

the model between Dutch and South African MTB and NTM strains and

ultimately suggest the settings required to obtain optimal performance of

the model.

Chapter five of this thesis focuses on the development of hexane/methanol/wa-

ter extraction followed by solid phase extraction as a clean-up procedure prior

to THM-GC-MS (SPE-THM-GC-MS) for detection of the previously identi-

fied 20 potential biomarkers for diagnosing tuberculosis directly in sputum

from South African patients. Sputum sample spiked at levels of 1 x 104

to 1 x 107 bacteria/mL of each MTB, M. kansasii and M. avium strains

were used to optimize the SPE-THM-GC-MS procedure. Finally, 32 sputum

samples collected in South Africa from patients suspected of having tubercu-

losis were analyzed and the results were compared with the results obtained

with sputum smear microscopy and the Mycobacteria Growth Indicator Tube

(MGIT) liquid culture system.

Chapter six of this thesis describes the development of a miniaturized GC-

based prototype device for detection of potential biomarkers for tuberculosis.
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This chapter will demonstrate how an ATAS GL gas chromatography inlet is

connected to a Qmicro heated micro-GC column cartridge and a flame ion-

ization detector. Separations of a number of compounds including low- and

high-boiling point species were performed on this device. Initial results for

these separations are shown and future approaches are suggested for further

improvements of the device and the separation it delivers.

Chapter seven of this thesis finally focuses on the use of SPE-THM-GC-MS

for the detection of Mycobacterium avium subspecies paratuberculosis (MAP)

in cow feces samples. Twenty strains of so-called “surrounding mycobacte-

ria” (not MAP) usually found on farms were included in this study. Initially,

seven MAP and 20 surrounding mycobacterial strains were tested using direct

THM-GC-MS. Manual chromatographic inspection and univariate analysis

were applied for these data sets to identify potential biomarkers for MAP.

Subsequently, these proposed biomarkers were used for detection of MAP in

cow feces samples. An important part of the study was the development of a

selective SPE-THM-GC-MS procedure for detection of MAP in the complex

cow feces samples focusing on a number of the specific proposed biomarkers.

31 cow feces samples were analyzed using this SPE-THM-GC-MS procedure

and the results were discussed. Suggestions for further refinement of the

method are given as well.
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Summary

The search continues for a rapid diagnostic test for tuberculosis that has high

sensitivity and specificity and is useable in sophisticated environments and

in deprived regions with poor infrastructure. We discuss here the modern

bio-analytical techniques that can be used to discover biomarkers of infection

with Mycobacterium tuberculosis (MTB), focusing on techniques using gas

chromatography. We will also discuss the use of gas chromatography-mass

spectrometry to identify volatile organic compounds in the headspace of bac-

terial culture or in samples of breath, serum or urine. Biomarkers discovered

in the ‘clean’ environment of culture may differ from those in patients. A

number of biomarkers have been found in patients, with little consistency

in the various studies to date. Reproducibility is difficult; the impressive

results found initially with a few patients are rarely repeatable when a larger

sample series is tested. Mycobacterial lipids offer promise for distinguishing

MTB from non-tuberculous mycobacteria (NTM) directly in sputum.
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2.1 Introduction

Tuberculosis (TB) remains a major public health problem, despite intense

national and international efforts to control the disease [1]. In 2011 an esti-

mated 8.7 million new cases and 1.4 million deaths from TB were reported.

Social and economic deprivation is associated with an increased incidence of

tuberculosis. Poor infrastructure leads to difficulties in diagnosis, treatment

and the control of the disease within the community. The emergence of mul-

tidrug resistant and extensively drug resistant tuberculosis has accelerated

the spread of infection. The HIV pandemic further complicates the problem

of TB control. Approximately 13% of all TB patients are co-infected with

HIV [1]. In Africa approximately 79% of patients with HIV develop active

TB [1]. Up to 10% of people with latent tuberculosis (infected but not dis-

eased) will go on to develop active disease [2], but HIV co-infection increases

the risk of reactivation of latent TB almost 40-fold [3]. TB is the leading

cause of death in HIV infected patients but in these patients the diagnosis

of TB is particularly difficult [3]. The situation is further complicated be-

cause immune compromised patients, especially those with HIV, may harbor

non-tuberculous mycobacteria (NTM) which need to be distinguished from

the causative agent of TB, Mycobacterium tuberculosis (MTB). It is essen-

tial therefore to be able to diagnose mycobacterial infection and identify the

species rapidly, inexpensively and accurately so that appropriate therapy can

be started and further spread of the disease halted.

Diagnosis of pulmonary TB is complex and involves at its most basic level

a high index of clinical suspicion with the presence of characteristic abnor-

malities on the chest X-ray and microscopic identification of mycobacteria

in the sputum after Ziehl-Neelsen staining. In developing countries micro-

scopic identification of mycobacteria is often the sole diagnostic procedure.

Unfortunately, this approach is not sufficiently sensitive and specific, since

it is not possible to distinguish MTB from NTM. There is no single ‘gold

standard’, but culture of MTB from a clinical sample is definitive proof of in-

fection and this is often the criterion against which other tests are measured.

Expensive nucleic acid amplification methods are accurate but unsuitable

for resource-constrained countries. Gas chromatography with mass spec-

trometry (GC-MS) is a very different technique with significant potential for

further development to a simple, accurate and cheap, near-patient test using
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a portable device for the detection of MTB in clinical samples. Chapter 2

will consider the available methods for diagnosis before discussing in detail

GC-MS for the identification of cultured mycobacteria. Next, the results of

GC-MS for the diagnosis of MTB or other mycobacteria in clinical samples

using either known or novel biomarkers will be summarized. We will also

briefly mention the use of liquid chromatography (LC) for the identification

of mycobacteria since this method was initially applied.

We will finally address the technical problems encountered when GC-MS is

used to detect mycobacteria directly in the sputum and how chemometrics

can help to solve these problems. Adherence to the Standards for Reporting

of Diagnostic Accuracy (STARD) guidelines in the conduct and reporting

of a clinical study will enhance the validity of its results [4]. The reader

will benefit from familiarity with these guidelines when assessing larger scale

studies of the new techniques. Most studies discussed here do not fulfill all

25 STARD recommendations.

2.2 Methods in current use for the diagnosis of

TB

Despite persistent efforts over the last 125 years to develop a simple tool for

the diagnosis of tuberculosis, the ideal method has proven elusive. The low

sensitivity and specificity of many of the diagnostic tests for TB limit their

utility. Chest X-ray which is used to detect typical lung and lymph node

abnormalities in suspected pulmonary TB is simple and rapid but has low

specificity [5]. It is not possible to distinguish with certainty the changes

caused by previous but cured TB from those associated with currently ac-

tive disease or with some other lung infections. Worldwide the commonest

method for diagnosing mycobacterial infection remains direct identification

of mycobacteria in the clinical specimen using Ziehl-Neelsen staining and

microscopy. Microscopy is rapid, inexpensive and simple to perform, need-

ing only a modest investment in equipment. However, it requires a proper

training in the interpretation of the slides and time-consuming external and

internal quality control processes to ensure high quality results. When done

properly, 60-70% of all adults with pulmonary TB can be identified by mi-

croscopy. In practice in developing countries this proportion is often only
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40-60% at best, due to lack of time, inappropriate staining and poor qual-

ity microscopes [6]. Fluorescent microscopy (FM) is easier to interpret than

standard light microscopy, but requires more expensive reagents and equip-

ment [7]. The detection limit for both microscopic techniques is around 1

x 104 mycobacteria/mL sputum [8]. The clinical specimen of choice in pul-

monary tuberculosis is sputum. Unfortunately, in practice it can be difficult

to collect adequate sputum samples from children or the infirm. The low

numbers of mycobacteria in the sputum of patients co-infected with HIV

compound the problem of diagnosis in this group [3, 9]. An important dis-

advantage of microscopic methods is their failure to distinguish MTB from

NTM. Some of the NTMs can cause diseases similar to TB, (with similar

chest X-ray changes) especially in immune compromised patients. In some

areas where TB and HIV are endemic, up to 10% of microscopy-positive spu-

tum samples in patients clinically suspected of having TB will grow NTM and

not TB in culture [10]. Correct identification of NTM aids clinical decisions,

reduces overtreatment and avoids the troublesome side effects of therapy [11].

Rapid identification of MTB enables appropriate treatment, helps to reduce

the spread of TB and ultimately reduces the burden of the disease.

Culture results provide the most objective criterion for the diagnosis of TB.

Approximately 10-100 viable mycobacteria/mL of sputum are needed for

this test [12]. The WHO recommends the liquid culture system using the

Mycobacteria Growth Indicator Tube (MGIT) which has been introduced in

many countries [13]. Unfortunately, the procedure takes 1-2 weeks. Conven-

tional culture systems based on solid media even take longer, some are egg

based mostly used in developing countries with limited resources (TPT 4-6

weeks), others use synthetic liquid and solid media supplemented with growth

stimulators. These media are more expensive (TPT 2-3 weeks). A positive

result in the MGIT test confirms the presence of mycobacteria, but does not

distinguish MTB from NTM. Identification tests are therefore necessary for

positive samples. The usual identification methods include determination

of the rate of growth, growth at different temperatures, colony morphology

pigment production and susceptibility to anti-tuberculous reagents. Two

commercial lateral flow assays have recently been described that can dis-

tinguish MTB from NTM: the Capilia test (Capilia BD, Detroit, MI. USA)

and the Bioline test (Bioline, Standard Diagnostics Inc, Kyonggi-do, South

Korea) which detect the MPT64 antigen in MTB. Only a few MTB strains
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have a mutation in the target antigen and score negatively in the test. Both

assays have the same detection limit for MTB >1 x 105 MTB/mL and a high

test sensitivity (99.7%- 99.1%) and specificity (both 100%) [14]. The tests

are useful in developing countries but can only be performed on cultures, not

on clinical samples.

Nucleic acid amplification tests offer another means of identification and

are commercially available: GeneXpert MTB/RIF (Cepheid Sunnyvale, CA

94089, USA), GenoType MTBDRplus (Hain72147 Nehren’, Germany), Cobas

Amplicor MTB (Roche Diagnostic Systems, Basel, Switzerland); and the

RNA amplification assay, AMTD Gen-Probe, Inc., San Diego, CA, USA).

These tests are rapid (<2 hours) and sensitive and can be used for the direct

identification of MTB in sputum samples as well as for the species deter-

mination of cultivated mycobacteria (e.g. GenoType Mycobacterium, Hain

Life Science GmbH, Nehren, Germany) but the methods are too expensive

for developing countries where TB hotspots exist [15]. In addition, they

require well-trained personnel and costly, dedicated facilities which are not

available in poor rural areas. The very sophisticated technique of GC-MS

cannot currently be used in resource-constrained countries, but it does of-

fer the potential for development to a much simpler, near-bedside test that

could be widely used.

2.3 GC and LC for the identification of cultured

mycobacteria

GC or LC can be used to identify mycobacteria and, importantly, to differ-

entiate MTB from NTM, a distinction important for correct diagnosis [11].

While the ultimate aim is to identify the mycobacterial species directly in the

clinical specimen, cultured mycobacteria are often used in the initial studies

to delineate characteristic differences between species. Modern GC is one of

the most widely applied analytical techniques in modern chemistry. GC is

coupled to a detector to enable detection of the compounds eluting from the

GC column. A wide range of detectors has been used to classify or iden-

tify mycobacterial species in cultures, for example, flame ionization detector

[16], electron capture detector [17] or electron ionization mass spectrometry

[18, 19]. GC-MS is preferred in most cases because it is a reliable and highly
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sensitive means of identifying and quantifying a large variety of compounds,

which can then be used in simpler tests for diagnosis.

Meuzelaar and Kistemaker introduced Curie-point pyrolysis mass spectrome-

try for the direct characterization of mycobacteria without any sample prepa-

ration [20]. Initially, pyrolysis MS was used without intermediate separation

of the products formed by GC [21, 22]. This method was extremely fast,

but carried a substantial risk of incorrect interpretation due to the com-

plexity of the spectra obtained. GC followed by MS allows good separa-

tion and identification of various compounds from complex chromatograms.

Studies showed that the derivatives of the wax components from cultured

MTB,Mycobacterium bovis, Mycobacterium kansasii, Mycobacterium mar-

inum and Mycobacterium microti could be quantitatively measured using

GC-MS [23, 24]. The profiles for the different mycobacteria were found to

be qualitatively similar although the proportion of the different components

varied. Wieten and colleagues used pyrolysis–GC with flame ionization de-

tection to identify contamination by other mycobacteria in purified batches

of Mycobacterium leprae [25]. Pyrolytic methylation-GC of whole bacterial

cells was introduced by Dworzanski and colleagues [26]. Due to the methy-

lation better peak shapes and hence even better detection limits were ob-

tained. We have recently described a fully automated GC-MS procedure for

thermally-assisted hydrolysis and methylation (THM-GC-MS) and applied

it for the identification of MTB in culture and sputum (discussed in detail

later) [18].

In 1985 LC was proposed for the analysis of mycolic acids in the cell wall

of mycobacteria by the Centre for Disease Control as one of the standard

tests for the identification of mycobacterial species in culture. The proce-

dure involves a series of steps of saponification of the mycobacteria, followed

by organic solvent extraction and derivatisation of the mycolic acids to UV

adsorbing p-bromophenacyl esters and finally LC [27]. The technique can be

used for identification since the chromatographic peak pattern obtained is

specific for each species of mycobacteria. A commercial identification system

(MYCO-LCS) based on the LC analysis of mycolic acids (Midi Inc, Newark,

DE, USA) was introduced a few years later [28]. Although LC analysis of

mycolic acids has a high sensitivity and specificity, the method is still limited

by the labor-intensive sample preparation. Therefore, its use is restricted to
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those reference laboratories with sufficiently knowledgeable and skilled tech-

nicians.

GC is faster and easier to use than LC for the identification of mycobacteria.

We will now consider in detail the different GC-MS approaches that have

been used for the identification of known biomarkers and for the discovery

of novel biomarkers for the rapid detection of MTB and other mycobacte-

ria. We will then outline how recent advances in chemometrics can improve

methods that search for novel biomarkers for tuberculosis.

2.4 GC for the diagnosis of tuberculosis based

on known biomarkers

In this section we will describe the work with GC that has focused on the de-

tection in clinical specimens of known compounds produced by the infecting

mycobacteria. Studies with ‘clean’ biological samples such as cerebrospinal

fluid (CSF) have identified several biomarkers and paved the way for further

work in more complex and frequently contaminated samples such as sputum.

Sputum poses a greater challenge to the identification of mycobacteria than

culture because of interference caused by the high background of the sputum

matrix. Because of the low numbers of mycobacteria in a sputum sample,

the test must be able to detect the biomarker compounds in femtomole quan-

tities. Representative chromatograms of an MTB culture grown in MGIT

medium and a complex chromatogram of sputum from a TB-infected patient

are shown in Figures 2.1A and 2.1B, respectively.

2.4.1 Tuberculostearic acid as a biomarker

The cell wall of MTB consists of a great variety of lipids, including e.g.

mycolic acids and phospholipid (Figure 2.2). Tuberculostearic acid [10-

methyloctadecanoic acid] (TBSA) is a characteristic constituent of mycobac-

terial cell walls (present as a phospholipid) that was first isolated from the

lipid in the cell wall of MTB in 1929 and detected in mycobacteria by GC

in 1979 [29].
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Figure 2.1: THM-GC-MS chromatograms of MTB culture in MGIT
medium (A) and sputum of a TB-infected patient (B).

Tuberculostearic acid has been detected in CSF using GC-electron impact

ionization mass spectrometry with selected ion monitoring mode (SIM GC-

EI/MS) [31]. However, this technique requires extensive sample pretreat-

ment for serum and even CSF and well-trained staff. In addition, there are

problems with both the detection limit and the certainty of identification

of the compounds since only a weak molecular ion is obtained in SIM GC-

EI/MS for the TBSA methyl ester. Many attempts have been made to detect

TBSA in other body fluids as e.g. serum, pleural fluid or ascites to help di-

agnose pulmonary or extra-pulmonary TB. Brooks and colleagues developed

frequency pulsed electron capture-gas chromatography (FPEC-GC) for the

detection of non-bound TBSA in CSF or serum samples for the early diagno-

sis of tuberculous meningitis [32]. Analysis of 88 CSF samples from Egypt,

the United States and Canada showed that FPEC-GC gave a sensitivity of

95% and specificity of 92% for the early diagnosis of tuberculous meningitis

[32]. In a comparison with the SIM GC-EI/MS method reported by French

et al. [33], Brooks et al. found their FPEC-GC method performed better in
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Figure 2.2: A model of the cell envelope structure of MTB illus-
trating how trehalose esters interact with the mycolic acids of the
cell wall core and the hydrophilic capsule (from Jackson et al. 2007
[30] with permission from Elsevier publishing). Abbreviations used:
TMM, trehalose-6-monomycolates; TDM, trehalose-6,6′-dimycolates;
PAT, polyacyltrehalose; DAT,2,3-di-O-acyltrehalose; PDIM, phthio-
cerol dimycocerosates; sulfatide SL-I, 2,3,6,60-tetraacyl α-α′-trehalose-

20-sulfate.

the detection of TBSA in serum and CSF from 10 patients with culture con-

firmed TB [34]. In patients with suspected TB who are both microscopy- and

culture- negative it is necessary to verify the presence or absence of TBSA

by an independent technique. Chemical ionization GC-MS (GC-CI/MS) can

detect TBSA present in serum and CSF after derivatisation as trichloroethyl

ester at levels of between 15 and 20 fmol/2 mL of body fluid [34]. Brooks

and co-workers found 91% agreement between the results of FPEC-GC and

GC-CI/MS for the detection of TBSA in 21 specimens including CSF, serum,

ascites, pleural and pericardial fluids [34]. The detection limit and certainty

of identification of MS was significantly improved by using the chemical ion-

ization (CI) mode rather than the electron ionization (EI) mode because

the CI mode produced a strong molecular ion that was also the base peak

and clearly confirmed the presence of chlorine isotopes. In a further study

of 37 specimens from 33 TB patients, Brooks and co-workers showed that

FPEC-GC and GC-CI/MS are complementary techniques [35]. Although

FPEC-GC is a sensitive method for the identification of TBSA, no other

groups have published studies using this technique alone or in combination
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Figure 2.3: Structures of phthiocerol dimycocerosates from MTB. 
PDIM (phthiocerol dimycocerosates), the long-chain β-diol (phthiocerol 
moiety) is esterified with two mycocerosic acids; n=10–11; R =-CH2-

CH3 or -CH3.

with GC-CI/MS. If the results from Brooks’ group can be repeated and sup-

ported by other groups, this would be an important test for TB in children,

extra pulmonary TB and for those patients with pulmonary TB who cannot

give an adequate sputum sample. Serum is easily obtained from all patients.

At the moment these tests, GC–FPEC/MS, GC-CI/MS and GC-EI/MS are

cumbersome, but the technology exists to refine them to make them more

accessible and cheaper.

Detection of TBSA in sputum by stir bar sorptive extraction-thermal desorpt-
ion GC-MS has been described as a simple yet sensitive method [36]. 
However, TBSA is not unique to MTB and can be found in large 
amounts in some opportunistic NTM such as Mycobacterium avium, 
Mycobacterium intracel-lulare, Mycobacterium kansasii that can cause 
chronic lung infection [37]. In a recent study, we found TBSA in 29 strains 
of NTM isolated from cultures of Dutch patients with NTM infections [38]. 
The amount of TBSA varied considerably in different mycobacterial 
species. Therefore, the presence of TBSA in sputum specimens only indicates 
the presence of mycobacteria, not just MTB.
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2.4.2 Mycocerosic acids as biomarkers

Mycocerosic acids derived from phthiocerol dimycocerosate (Figures 2.2 and 
2.3) have been found in MTB and some NTM such as Mycobacterium kansasii, 
Mycobacterium marinum, Mycobacterium ulcerans and the non-

pathogenic Mycobacterium gastri [30, 39, 40]. C32 mycocerosic acid (2,4,6,8-
tetramethyloctacosanoic) is potentially a more specific marker for 
tuberculosis than TBSA since it is only found in the lipids of M. tuberculosis, 
Mycobacterium kansasii, Mycobacterium africanum and Mycobacterium bovis. 
Larsson and co-workers used SIM GC-EI/MS analysis of both C32 
mycocerosic acid and TBSA to detect MTB in the extracts of five-day cultures 
of sputum (rather than the sputum specimens themselves) and found C32 
mycocerosic acid in 4 of the 5 patients with MTB infection [37]. Sputum culture 
from one patient with Mycobacterium avium infection was negative for C32 
mycocerosic acid. Alugupalli and co-workers used negative-ion chemical 
ionization with selected ion monitoring mode GC-MS (SIM (NICI)-GC-MS) to 
detect the pentafluorobenzyl derivative of C29, C30, C31 and C32 mycocerosic 
acids at 2 picogram levels [41]. All four mycocerosic acids were detected 
directly in sputum samples from six patients with known pulmonary 
tuberculosis, and no mycocerosic acids were detected in any of the four culture-
negative sputum samples tested. In 2009, Redman and colleagues used SIM 
NICI-GC-MS to detect mycocerosic acids in archaeological material and 
showed that C29, C30 and C32 mycocerosic acids are valuable biomarkers for 
the diagnosis of ancient tuberculosis [40]. Recently, O’Sullivan and co-workers 
used SIM GC-EI/MS and a characteristic profile of C29, C30 and two isomers 
of C32 mycocerosic acids for the direct detection of MTB in sputum [42]. The 
initial study of 40 sputum samples from Zimbabwe, (20 microscopy- and 
culture-positive, 20 microscopy- and culture- negative), gave a sensitivity of 
94% and a specificity of 100% relative to culture. Disappointing results were 
found in a separate study of 395 sputum samples from patients from the same 
area: a sensitivity of only 65% and a specificity of 76% were obtained relative 
to culture. The authors explained that highly variable levels of background 
signals from individual sputum samples inhibited interpretation of the data 
leading to these much poorer results. We have also found that levels of 
mycocerosates vary considerably in different strains of MTB in culture [43]. 
Thus, low levels of mycocerosates in some MTB might give false-negative



Rapid diagnosis of TB using GC-MS and chemometrics 27

results and could be the reason for the poor results obtained by O’Sullivan

and co-workers. On the other hand, we have found that some NTM, e.g.

some Mycobacterium kansasii strains, have a profile for C29, C30 and C32

which is similar to the ’MTB profile’ used by O’Sullivan et al. [43]. This may

lead to false-positive results. Therefore, while mycocerosates are important

biomarkers for MTB, they alone are not specific enough for the identification

of MTB [43].

2.4.3 Hexacosanoic acid as a biomarker

Other cellular fatty acids in mycobacteria have been used for the rapid iden-

tification of different cultures of mycobacterial species using GC (Figure 2.2)

[19]. The C26:0 hexacosanoic acid obtained from thermal degradation of

mycolic acid for example is also an important marker of mycobacterial infec-

tion [18]. It is found in MTB and has also been found in most NTM such

as Mycobacterium kansasii, Mycobacterium avium, Mycobacterium gordonae,

Mycobacterium intracellulare. In addition, we have also found it in the ma-

trixes of some sputum samples. However, we found that the very low levels

of C26 hexacosanoic acid present in Mycobacterium kansasii can be used to

distinguish it from MTB[43]. Therefore, this marker is of very limited use

on its own, but can be highly relevant if combined with information on other

compounds.

In 2009 we developed a rapid, fully automated method followed by GC-MS

(THM-GC-MS), for the detection of MTB directly in sputum or in culture

based on thermally assisted hydrolysis and methylation GC-MS [18]. The

method uses a combination of C26 and TBSA as biomarkers for tuberculosis.

It has the dual advantage of requiring neither viable cells nor the complex

sample preparation that is a large part of the hands-on time for GC analysis

[19, 44, 45]. Evaporation of the solvent and the addition of reagent and py-

rolysis can all be performed automatically in the programmed temperature

vaporizing (PTV) injector of the GC-MS instrument (Figure 2.4).

In a pilot study of sputum samples from patients in Vietnam we found THM-

GC-MS detected six of nine patients with culture proven TB and two of two

culture-positive but microscopy-negative samples [18]. Any new test with a
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Figure 2.4. Thermally assisted hydrolysis and methylation 
procedure using programmed temperature vaporizing injector. The 

detailed procedure is described in Kaal et al. 2009 [18].

low detection limit such as the THM-GC-MS should be able to differentiate

between MTB and NTM in sputum even when there are only a few (< 1 x

104/mL) mycobacteria present. This poses a real challenge for the diagnosis

of TB. The biomarkers identified so far, such as TBSA and C26 even when

used in combination, are insufficiently specific and the matrix is still too

complex for the reliable detection of MTB in typical clinical sputum samples.

In the next paragraph, we will discuss how the problem might be solved by a

systematic approach to finding biomarkers to identify and differentiate MTB

from NTM.

2.5 Novel biomarkers for the diagnosis of tuber-

culosis

We will focus here on two particular areas where GC-MS can be used to

detect novel biomarkers. First, one can use GC-MS to look for compounds

shed by mycobacteria or by the infected host as volatile organic compounds

(VOCs) that are detectable in breath or in the headspace of serum or urine.
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In the case of host VOCs, one needs to be certain that the compound is re-

lated to active infection with MTB and does not simply reflect the systemic

upset experienced by ill patients or other sources such as food, TB medica-

tion, cigarette smoke, cosmetics or environmental air [46]. The other aspect

we will discuss is the use of GC-MS to identify novel biomarkers in sputum

via a metabolomic or lipidomic (analysis of lipids in the mycobacterial cell

wall) approach. Work looking at markers in serum with MALDI ToF/MS

that will distinguish latent TB from active disease, or surrogate markers for

other endpoints is beyond the scope of this chapter.

2.5.1 Analysis of VOCs

A useful initial approach in the search for VOCs characteristic of mycobac-

terial infection is to investigate the headspace of cultures to see what the

mycobacteria produce under optimal growth conditions. Table 2.1 summa-

rizes the published results of some analyses of headspace of mycobacteria

grown on the two most commonly used media, Löwenstein-Jensen [47, 48]

and Middlebrook 7H9 [10, 49]. A variety of techniques were used to de-

tect the VOCs. The findings are not consistent; the mycobacteria produce

different VOCs depending on the substrate. The studies indicate which com-

pounds might be sought in infected patients. However, the results serve to

warn investigators that the hunt for VOCs in human breath is likely to be

difficult if there are such variations even under controlled conditions. Syhre

and colleagues found a few markers unique for MTB using solid phase micro

extraction SPME-GC-MS/MS [47] (Table 2.1). In a later study they were

able to detect methyl nicotinate in the breath of TB patients (Table 2.2)

[50]. Unfortunately, smokers had to be excluded from that study, somewhat

limiting the value of their observations. In this study only a single VOC

(methyl nicotinate) was found in both the headspace of MTB under culture

conditions and in the breath of TB patients.

There have been several studies using various techniques to look for biomark-

ers in the breath that are distinctive for patients with active TB. Details of

the most significant studies are given in Table 2.2. The different statistical

tools used for the data analysis will be considered later. In an early pa-

per Phillips and colleagues reported on the analysis by GC-MS of VOCs in

the breath of 42 patients hospitalized for suspected pulmonary tuberculosis
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(of whom 23 were cultures positive for MTB) and in 59 healthy controls

[51]. Breath markers of oxidative stress were increased in all the hospitalized

patients (alkanes and alkane derivatives), enabling hospitalized patients to

be distinguished from healthy control with 100% sensitivity and specificity.

The pattern of VOCs from the 23 patients whose sputum cultures grew MTB

distinguished this group from the 19 other hospitalized patients without TB

with 96% sensitivity and 79% specificity. Their later studies exemplify a

typical finding in work with biomarkers: the initial promising results are of-

ten not sustained when the work is repeated with another group of patients:

there is a steady decrease in the sensitivity and specificity found by Phillips

and coworkers in the published results from 2007 to 2012 [51–53] (Tables 2.1

and 2.2).
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öw

en
st
ei
n-
Je
ns
en

so
lid

m
ed
iu
m

M
et
hy

l
ni
co
ti
na

te
;
M
et
hy

l
ph

en
yl
ac
et
at
e;

M
et
hy

l
p-
an

is
at
e
an

d
P
he
ny

la
ni
so
le

1
.

M
cN

er
ne
y
et

al
.,
20

12
[4
8]

M
.
bo

vi
s

B
C

G
L
öw
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We too found a drop in sensitivity in our studies of exhaled breath from

patients in South Africa. We derived a set of seven VOCs that discriminated

those with TB from other patients, but when this pattern was applied to a

separate group of patients for validation, it was less sensitive, although the

specificity was retained at 84% [10]. In our study the two control groups of

‘non-TB patients’ comprised two separate sets of very challenging patients

who were clinically suspected to have TB on the basis of similar symptoms

with cough for more than two weeks. Unlike the components identified by

Phillips et al., [51, 52] none of the seven compounds we identified in exhaled

breath were related to the VOCs identified by ourselves or others when MTB

was grown in Middlebrook 7H9 liquid medium (Table 2.1) [10]. Again it can

be seen in Table 2.2 that different scientists have used different techniques

for the detection of VOCs and have identified different markers. The most

promising results are from a study using headspace analysis of urine from

pulmonary TB patients [55], but unfortunately these authors used healthy

people as controls instead of the more realistic approach of TB suspects who

are microscopy- and culture-negative (Table 2.2). It remains to be seen if

the results from Banday and co-workers will be confirmed by other groups.

In Table 2.2 it can be seen that a number of different techniques have been

used to detect VOCs, leading to considerable variations in the biomarkers

that have been identified, even by the same group in serial studies. Miekisch

and colleagues have drawn attention to the difficulties of interpreting and

validating the results of breath analysis studies [56].

A rather different application of VOC analysis is its use in the diagnosis of

M. bovis infection in wild badgers [54] (Table 2.2). These animals carry M.

bovis and are a serious problem for farmers since they act as a reservoir for

the disease that can then spread to cattle. Spooner and co-workers used

selected ion flow tube mass spectrometry (SIFT-MS). SIFT-MS is a rapid,

quantitative gas analysis technique, with sample analysis times of as little

as a few seconds. The authors used the whole SIFT-MS data set without

trying to analyze individual compounds in the individual spectra and found

seven discriminating compounds, some of which are associated with the diet.

Their results, a sensitivity of 88% and a specificity of 62% are comparable

with those from human studies as shown in Table 2.2.

Some of the components associated with tuberculosis have a characteristic

odor and when large amounts of mycobacteria in liquid medium are cultured
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humans are able to identify the particular smell of the growing mycobacte-

ria. Animals can also learn to detect these VOCs, for instance African giant

pouched rats can be trained to smell the presence of MTB in sputum from

TB patients. Weetjens and coworkers found in a large study with over 3400

sputum samples that 18 of 20 trained rats were able to discriminate positive

from negative sputum samples with a sensitivity of 73% and a specificity of

90% compared to microscopy [57]. In a follow-up study with culture results

as the gold standard, rats detected 45 of the 56 culture-confirmed TB cases

and 63 false-positives among the 228 negative subjects resulting in a sensitiv-

ity of 80% and a specificity of 72%. The rats detected four of the 10 NTM

samples (only one of which was microscopy positive). Thus, the rats had

problems with false-positive identification of sputum [58]. We have explored

rather the more practical electronic nose technology to distinguish sputum

samples in patients from Tanzania. Using an electronic nose with 14 poly-

mer sensors we tested 80 TB-positive sputum samples (microscopy-positive

and MTB culture-positive) and 243 TB-negative sputum samples (culture-

negative) and found a sensitivity of 75%, a specificity of 67% and an accuracy

of 69% [59]. Bruins et al. have also used an electronic nose device but have

studied exhaled breath rather than sputum, using an instrument equipped

with 12 metal oxide sensors. They found a sensitivity of 76% and a speci-

ficity of 87% for discriminating between 34 patients with culture-confirmed

TB and 114 non-TB patients with a negative-culture [60]. It is interesting

to note the similarities in sensitivity and specificity in the Electronic nose

(Enose) studies of sputum or breath and the rat study. Clearly breath and

headspace analysis of sputum and serum by GC-MS are still in their infancy

but merit further work though they are not yet applicable to the routine

clinical situation. One should note that the encouraging results of many of

the early studies were fleeting and were rarely reproduced in later studies

with a larger number or a different group of patients. Some VOCs in ex-

haled breath may act as “true” breath biomarkers; however, others can come

from environmental sources or through smoking. Many questions remain

concerning areas such as the pre-preparation of the patient; for example,

is abstinence from alcohol, food or cigarettes for some hours before testing

required? Is adaptation to a room with controlled air required? What is

the optimal technique, for example, do we need more advanced multidimen-

sional GC-MS, should the VOCs of environmental air be subtracted from
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the patient’s breath, should we aim for the detection of MTB-specific VOCs

for diagnosis or just mycobacterial-specific VOCs for a screening test, and so

on? Furthermore, the patient’s biological background (e.g. cytochrome P450

make-up) might contribute to the range of potential biomarkers. Miekisch

and coworkers have highlighted the need to pay attention to study design,

sampling, storage and analytical procedure [56]. Appropriate data process-

ing and interpretation are also essential (see statistical section below). Once

a couple of breath markers for TB have been identified they could be rapidly

validated with SIFT-MS if at least the ionization step of this technique is

suitable for the analytes. Such knowledge could stimulate the development of

dedicated portable GC detectors based on micro-electro-mechanical systems

(MEMS)/Nano technology based sensors, portable MS devices or E-noses to

smell the breath print of suspected TB patients in one sniff.

2.5.2 Metabolomics and the search for new biomarkers for

TB

Loots and colleagues used a metabolomics approach to characterize and iden-

tify various Mycobacterium species after culture in Middlebrook 7H9 liquid

medium. They could discriminate between MTB, Mycobacterium kansasii,

Mycobacterium avium and Mycobacterium bovis using GC-MS through the

detection of 12 compounds obtained from these mycobacteria [19]. In a

later study they compared four methods for sputum preparation and pre-

extraction before identifying and characterizing MTB using comprehensive

2D GC×GC-ToF-MS [45]. They then tested sputum samples from six culture-

proven TB-positive and six culture-negative patients and a spiked sputum

sample. The best results were obtained with ethanol extraction (19 discrimi-

nating compounds, seven of which were only present in spiked sputum), com-

pared with sample preparation using N-actetyl-L-cysteine sodium hydroxide

followed by extraction with chloroform/methanol/water (20 discriminating

compounds of which 14 were only present in spiked sputum) [45]. In their

study, Schoeman et al. used a control sputum sample with a high spike of 1 x

108 MTB/mL sputum. This may be appropriate for establishing a method;

however, a more realistic spike concentration would be between 5 x 104 and

5 x 105, which corresponds with a microscopy score between 1+ and 3+. It

remains to be seen if their results can be repeated by others using sputum
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samples from typical TB patients.

As already mentioned, we have developed an automated procedure based on

THM-GC-MS and chemometrics to differentiate MTB from NTM [38]. We

used early cultures of 15 MTB and 29 NTM strains grown in Middlebrook

7H9 liquid medium. From the data, we identified 20 different compounds

and built a model (Table 2.3) (see below) that we used to distinguish the

two types of mycobacteria with 95% sensitivity and specificity [38]. All the

biomarkers have been chemically identified, some are compounds are not pre-

viously linked to TB, others such as TBSA, hexacosanoic acid and a number

of mycocerosic acids have previously been proposed as biomarkers. We have

validated this model with two independent sample sets, one consisting of 39

MTB and 17 NTM isolates from the Netherlands; the other comprising 103

isolates (91 MTB and 12 NTM) from South Africa [43]. The model gave a

sensitivity of 100% and a specificity of 94% for samples from The Nether-

lands. For the South African samples the model had a sensitivity of 88%

and specificity of 100%. The poorer performance of our model with South

African samples can be attributed to the very different geographical origin

of the samples used for the training set and the test set. The samples from

the training set came from The Netherlands whereas the samples from the

test set came from South Africa. We suggest that for optimum performance

the training set used to derive the model should consist of locally occurring

strains.

2.5.3 The use of chemometrics as an aid in the search for

biomarkers

Chemometrics is a well-established aid in the discovery of differences between

samples with many variables. We are interested here in lipidomics, probing

the lipid profile of mycobacteria to distinguish MTB from NTM as well as in

the broader field of metabolomics, for example probing the VOCs excreted

by the mycobacteria themselves or by the host in response to infection. GC

or LC combined with MS produces large complex data sets, which preclude

manual analysis and pose substantial difficulties for data interpretation. In

this section we will discuss data pre-processing and the powerful multivariate

statistical analysis techniques that can be used to process the GC-MS data
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Table 2.3: Compounds identified as relevant for distinguishing
MTB1 complex from NTM2 using THM-GC-MS3

No. Retention Name of compounds m/z Beta
time (min) -coefficients

1 25.01 Methyl tetradecanoate (C14) 74 3.305
2 29.07 9-Hexadecenoic acid, methyl ester 83 0.863
3 29.48 Hexadecanoic acid, methyl ester (C16) 87 1.634
4 30.75 1-Nonadecene 97 1.278
5 31.40 Heptadecanoic acid, methyl ester (C17) 74 -2.819
6 32.75 9-Octadecenoic acid (Z)-, methyl ester 69 1.153
7 33.33 Octadecanoic acid, methyl ester (C18) 298 -0.712
8 34.02 Octadecanoic acid, 10-methyl-, methyl ester(TBSA) 312 0.034
9 36.50 α-D-Glucopyranoside, 2,3,4,6-tetra-O- 71 -1.112

methyl-α-D-glucopyranosyl 2,3,4,6-tetra-O-methyl
10 40.17 Docosanoic acid, methyl ester (C22) 354 0.942
11 43.22 Tetracosanoic acid, methyl ester (C24) 382 3.563
12 43.94 Unknown fatty acid 88 -0.58
13 44.09 Tetracosanoic acid, 2,4,6-trimethyl-, methyl ester (C27) 101 2.966
14 44.23 Tetracosanoic acid, 2,4,6,8-tetramethyl-, methyl ester (C28) 101 2.961
15 44.70 Pentacosanoic acid, methyl ester (C25) 87 -0.965
16 46.12 Hexacosanoic acid, methyl ester (C26) 410 -6.948
17 46.88 Hexacosanoic acid, 2,4,6-trimethyl-, methyl ester (C29) 101 -2.025
18 47.01 Hexacosanoic acid, 2,4,6,8-tetramethyl-, methyl ester (C30) 101 -1.935
19 49.55 Octacosanoic acid, 2,4,6,8-tetramethyl-, methyl ester (A)4 (C32) 101 -0.899
20 49.66 Octacosanoic acid, 2,4,6,8-tetramethyl-, methyl ester (B)4 (C32) 101 -0.705
1 MTB complex, M. tuberculosis complex
2 NTM , Non-tuberculous mycobacteria
3 THM-GC-MS, Thermally assisted hydrolysis and methylation gas chromatography-mass spectrometry
4A and 4B C32 mycocerosates, Two isomers of C32 mycocerosates

[61]. These approaches allow the data to be visualized graphically so that

patterns that distinguish different groups of data can be revealed, thus in-

creasing the chances of discovering new biomarkers. It is worth noting that

Goodacre and colleagues have proposed minimum reporting standards for

data analysis in metabolomics [62]. It is worthwhile to bear these in mind

when reviewing published reports.

After GC-MS analysis, peak alignment is a prerequisite step in data pre-

processing. When working with large numbers of samples the retention

times may change because of dirt accumulating in the capillary columns.

Even small changes in the retention times of analytes can complicate data

processing and lead to misinterpretation. For this reason, all the peaks from

the raw chromatograms have to be aligned before submitting them to any

statistical analysis. In other words, any given compound has to be present

at exactly the same time point in all the chromatograms. Several software

packages are freely available and can be used for ‘noise’ reduction, to cor-

rect baseline imperfections and to align peaks e.g. XCMS [63], MZmine

[64], MetAlign [65], and MET-IDEA [66]. It should be noted that the se-

lection of the parameters for input into these software packages has to be

carefully optimized and peak alignment and peak matching should always
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Figure 2.5. Fisher ratio calculations based on the THM-GC-MS data
of 29 NTM and 15 MTB strains after alignment using the MetAlign
software. A set of 29 NTM and 15 MTB samples was analyzed [38] and
the data are presented as retention time-mass pairs in the rows of the
Table. The abundance of a peak at a certain retention time-mass pair
in the different samples is given. Fisher ratio calculations based on the
THM–GC–MS data after alignment using the MetAlign software are
shown in the columns. The insert in the Table shows the areas for the

most discriminating single biomarker, C26.

be double-checked to avoid any mistakes which can lead to false-positive or

false-negative results. Guidelines and a method for the selection of the input

parameters for peak alignment have been published by Peters et al. [67].

After alignment, the data need to be analyzed further by univariate and/or

multivariate statistical analysis techniques. Univariate analysis, e.g. by cal-

culating the so-called Fisher ratio for every individual feature, is generally

the starting point. Fisher ratios represent the variation between two classes

relative to the variability within the classes. Figure 2.5 illustrates the pro-

cess of Fisher ratio calculation based on the THM-GC-MS data after align-

ment using the MetAlign software [65] of 29 NTM and 15 MTB strains

from our previous study [38]. C26 was found to be the most discriminating

single biomarker. The average abundance of this compound is higher in the
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MTB groups; however, there is considerable variation in the amounts present

within the two groups. Therefore, Fisher ratio alone fails in the search for

better biomarkers for MTB. If univariate analysis fails, which will often be

the case, multivariate analysis is needed. Both unsupervised and supervised

approaches are commonly used. The unsupervised methods, such as hierar-

chical cluster analysis (HCA) and principal component analysis (PCA) are

used to visualize how similar a group of samples are to one another on the

basis of their metabolite profiles. Samples with similar metabolite profiles

will cluster together. This approach is a good starting point to visualize

the data, but it is often unable to identify the metabolites that discrim-

inate between the different groups. Therefore, unsupervised methods are

often followed by a supervised technique that can provide information about

sample classification, help to build a prediction model and yield a list of

features and eventually potential biomarkers that are statistically significant

and which distinguish the different sample groups. Classification can be done

using linear methods, such as Partial Least Squares (PLS) [68], Orthogonal

Projections to Latent Structures (O-PLS) [69] or non-linear methods such

as Neural Networks (NN) [70] and Support Vector Machines (SVM) [71].

Linear methods enable biomarkers to be identified directly from the model,

unlike non-linear methods.

Partial least square analysis discriminant analysis (PLSDA) is a well- estab-

lished chemometric approach for the supervised analysis of data. PLSDA

is preferred over principal component analysis (PCA) for sample discrimi-

nation because the dimension reduction provided by PLS is guided by the

variability among the groups. PCA can detect gross variability but is not

capable of distinguishing variabilities within groups [72]. In lipidomic and

metabolomic approaches a relatively low number of samples are usually sub-

jected to testing but these produce many hundreds to thousands of variables.

PLSDA is especially able to reduce the multidimensional space in which the

observations are present. In our recent report about the use of THM-GC-

MS and chemometrics to identify biomarkers in mycobacterial cultures, peak

alignment yielded a dataset containing approximately 45,700 features (reten-

tion time/mass pairs) for the 44 samples [38]. This dataset was submitted to

PLSDA to build a classification model. We could reduce the number of fea-

tures down to 250 without compromising the accuracy of the model. Twenty

compounds were found through mass spectral interpretation of these 250
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features. A potential pitfall of PLSDA and other multivariate approaches

is the possibility of overfitting leading to apparent class separation where

no real class difference exists [71]. Rigorous validation is necessary with an

independent dataset that was not used to build the model [10, 43]. Cross

validation and permutation testing are appropriate here [73].

In their initial study of volatile organic compounds (VOCs) in breath sam-

ples, Phillips and co-workers used two different multivariate analysis meth-

ods, fuzzy logic and pattern recognition analysis to interrogate the results

from 23 patients with TB, 19 other hospitalized patients and 59 healthy con-

trols [51]. Each method distinguished healthy controls from hospitalized pa-

tients with 100% sensitivity and specificity. Fuzzy logic analysis gave 96% of

sensitivity and 79% of specificity in distinguishing hospitalized patients with

positive sputum cultures from those with negative sputum cultures. Pat-

tern recognition analysis identified patients with positive sputum cultures

with 82.6% sensitivity and 100% specificity using 12 principal components

from 134 breath VOCs. In two later studies, Phillips and co-workers an-

alyzed breath VOCs for the diagnosis of TB collected from a total of 226

symptomatic high-risk patients from USA, UK and Philippines [52] and a

separate set of 130 patients with TB and 121 controls [53] from Philippines,

UK, and India using GC-MS and Monte Carlo simulations (Table 2.2). The

results were much poorer with approximately 71% sensitivity and 72% speci-

city for identifying active infection. In our study using GC-MS and breath

samples to distinguish challenging patients with TB (sputum microscopy-

negative but culture-positive) from those without TB (see above) [10], we

used support vector machines (SVM) to determine which compounds in the

databases would be useful for the classification of breath samples. [74, 75].

The results gave a sensitivity of 62%, a specificity of 84% and an accuracy of

77%. It is clear that different research groups have identified separate sets

of breath biomarkers with no biomarkers common to all studies (Table 2.2).

This means the correlations noted may reflect environmental contaminants

or ‘voodoo correlations’. The term ‘voodoo correlations’ was coined by Vul

and colleagues in studies in social neuroscience where “mysteriously high cor-

relations” appeared coincidentally in the vast number of measured variables

[76]. The chances of finding coincidental ‘voodoo correlations’ increase pro-

portionally as the number of measured variables overwhelms the number of

samples. In 2011 Fiedler showed that the problem of ‘voodoo correlations’
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is not limited to neuroscience [77]. Breath analysis is also afflicted with

‘voodoo correlations’ because large numbers of variables have been found in

small numbers of patients. It is necessary to separate true biomarkers from

spurious random correlations. Miekisch and colleagues showed voodoo corre-

lations in breath analysis occur when non-independent data are used for val-

idation of results [56]. To conclusively exclude voodoo correlations it is rec-

ommended that the proposed biomarkers are validated using an independent

data set, which has not been used in the statistical process. Unfortunately

this approach requires more measurements and is not free of risks. Hence,

Miekisch and coworkers suggest two additional strategies to eliminate voodoo

correlations: to implement cross-validation in the data mining process and

to carry out the voodoo test [56]. Additionally, a clear understanding of

the sources of voodoo correlations will help to facilitate the elimination of

voodoo correlations. More advanced statistical techniques such as decision

trees or the classification of regression trees (CLART) methodology [78] offer

the potential for further refining the data analysis to discover new, specific

biomarkers. Finally, whichever approach for biomarker discovery is used, a

biological validation should always be performed. This step addresses the

question whether it is logical that the compound found to be a biomarker is

indeed related to the disease studied.

2.5.4 Potential future approaches to the diagnosis of TB

in the clinical situation

The ideal test for the diagnosis of tuberculosis does not exist. The criteria

for such a test are demanding and include the following: the test should be

fast, sensitive, cheap, easy to use, require no specialist knowledge and only

minimal training, be useable at the point of care, with a sensitivity of 60-80%

in microscopy-negative, culture-confirmed cases and a specificity of 95% and

it should be applicable in areas of social, educational and economic depriva-

tion [79]. GC-MS currently has limited potential because it only meets two of

these criteria: it is fast and sensitive. However once appropriate biomarkers

have been identified, for instance markers that identify the presence of my-

cobacteria in the sputum, or identify MTB directly, or differentiate between

MTB and NTM, technology exists to develop a hand-held device such as a
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micro GC coupled with a portable sensitive detector. GC-MS offers a high

degree of sensitivity, permitting the identification of biomarkers present in

just femtomole quantities. Thus the immediate aim is the reliable detection

with GC-MS of suitable biomarkers that can then be employed in future

tests for use in resource-poor areas for the rapid diagnosis of TB.

In practice, however, the detection of biomarkers in clinical specimens is

hampered by interference from matrix compounds especially in case sputum

and serum are studied. To avoid this problem, a sample preparation step is

needed prior to the GC-MS analysis. Furthermore, derivatisation is required

to enable non-volatile biomarkers to be analyzed directly by GC-MS. These

steps are tedious and time-consuming. A fully automated THM-GC-MS sys-

tem for integrated derivatisation and analysis avoids these problems and we

have used it to identify MTB directly in patients’ sputum and to distinguish

between MTB and NTM in culture [18, 38]. Large volume injection in THM-

GC-MS has substantial advantages for sensitivity, but it easily causes system

contamination from non-volatile components in the sputum matrix, and the

resulting need to frequently change the liner leads to increased costs. Thus, a

simple and efficient pre-treatment of the sputum is needed before THM-GC-

MS analysis. Some groups have used liquid-liquid extraction. Olivier and

Loots used a modified Bligh-Dyer extraction method (water/methanol/chlo-

roform) to extract lipid components from cultures of MTB, Mycobacterium

kansasii, Mycobacterium avium and Mycobacterium bovis and to detect novel

biomarkers [19]. O’Sullivan and coworkers used methanol/petroleum ether

for extraction of mycocerosic acid (C29, C30 and C32) components of the

phthiocerol dimycocerosates family of lipids [42]. Neither studies mentioned

extraction recovery rates. Liquid-liquid extraction is slow, labor intensive

and requires large amounts of organic solvents. It is also relatively difficult

to automate. Therefore, new approaches for sample preparation need to be

discovered.

LC offers another approach to sample preparation prior to GC-MS analysis.

LC requires derivatisation of mycolic acids to UV adsorbing p-bromophenacyl

(PBPA) esters, which is time-consuming and tedious. Pyrolysis-GC-MS is

limited by system contamination caused by the accumulation of dirt from

the pyrolysis of complex samples, such as sputum. The combination of LC

with GC capitalizes on the advantages and reduces the drawbacks of each

technique. The combined approach does not require a derivatisation step to
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convert mycolic acids to active UV components because mycolic acids will be

pyrolyzed inside the GC injector. It also reduces the risk of system contami-

nation from non-volatile dirt. Initially, LC is used to separate the lipids and

the fractions are then collected and analyzed by GC-MS to reveal information

about the lipid composition of each fraction. Only the fractions containing

compounds of interest are collected and injected into the GC-MS system.

This approach can be extended into an automated online comprehensive 2D

LC×GC-MS. De Koning and coworkers have described the design of such

an instrument and demonstrated its application to the analysis of edible oil

and fats [80]. Although this approach is promising, further developments are

needed before it can be applied to clinical samples for the diagnosis of TB.

As another approach, besides the LC×GC-MS, multidimensional heart-cut

GC-MS method (MD-THM-GC/GC-MS) could be a promising approach for

the analysis of sputum and other biological specimens for the rapid diagno-

sis of TB [81]. A number of cuts can be made to transfer the compounds

of interest to a second GC column for further separation and MS detection

(Figure 2.6). By doing so, most dirt from the sputum matrix is eliminated

after the first dimension and only the selected compounds are transferred to

the second dimension. This method provides great advantages in terms of

resolution, detection limits and accuracy of compound identification. It also

reduces the risk of system contamination by the complex sputum matrix.

2.6 Future perspectives

More studies using multidimensional GC-MS and samples from large num-

bers of patients from different geographical regions are needed to define

biomarkers that identify active infection with MTB or that securely exclude

this diagnosis. Technological refinements will produce more sensitive instru-

ments capable of detecting compounds present at very low concentrations

in complex matrices such as sputum or serum. Once robust markers have

been found, then micro GC and detector devices will be developed using mi-

cro or nano-electromechanical systems. Multidimensional GC-MS will still

be the workhorse for rapid diagnosis of TB for the next decades. Improved

ionization and more sensitive MS instruments will be developed for trace

analysis. The choice of biomarker(s) will depend on the clinical situation
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Figure 2.6. The chromatograms of MD-THM-GC/GC-MS. The 1st

dimension flame ionization detector chromatogram of a sputum sample
in direct (no transfer) mode (pink) and in cut mode with 16 cut posi-
tions for 20 target compounds (black). The insert shows the full scan
chromatogram (extracted ion m/z 74) to highlight the (methylated)
fatty acids in the 2nd dimension of the cut mode with MS detection.

e.g. whether screening healthy contacts or proving the diagnosis where the

index of clinical suspicion is high. Once reliable biomarkers have been found,

micro GC and detector devices will be developed which will replace the labo-

ratory MS detector by miniaturized MS or specific detectors based on micro

or nano-electromechanical systems. We envisage devices that can be used in

a near-patient setting that are appropriate even in resource-poor conditions.

We think that for pulmonary tuberculosis a combination of breath analysis

and testing of serum will yield the most accurate results.

2.7 Conclusions

It is clear that there are a variety of approaches that use GC-MS for the

diagnosis of tuberculosis. To date, there is not a single, widely-accepted test

using GC-MS and much work needs to be done to refine current methods to

make them useful in the clinical situation where the diagnosis is often not

straightforward. Some flexibility is needed when determining the criteria for

a new test for TB. A different sensitivity and specificity is required for a
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screening test in areas where TB is endemic than for a test to be used when

latent TB is common, or the risk of active infection with NTM is high, or

when an accurate diagnostic test is required etc. To assess the utility of a

new approach with some degree of accuracy, the validation studies must be

done on groups of patients in clinical situations similar to those in which

it is envisaged the test could find its niche. These patients must be differ-

ent from those used to derive the biomarkers. At the moment GC-MS is

sophisticated and reasonably accurate, yet expensive. Breath analysis and

headspace analysis of urine or serum are still in their infancy. The statistical

techniques developed in recent years provide much more thorough methods

of both building and testing pattern recognition systems for all the “Omics”

approaches (genomics, proteomics, metabolomics, and lipidomics). Unfortu-

nately, it is not currently possible with these methods to diagnose TB reliably

using breath analysis or Enose technology. We need better quality data from

larger, well-designed experiments. THM-GC-MS has the most potential for

detecting biomarkers that could be used in a nanotechnology approach (such

as a portable GC with a detector based on micro-electromechanical systems)

with a portable device for the near bedside diagnosis of TB. It is clear that

further progress towards the goal of reliable diagnosis of tuberculosis using

methods which can be applied in resource-constrained settings will require

collaboration between analytical chemists, bioinformatics experts, clinicians

and epidemiologists. The ongoing refinements of current techniques, im-

provements in bioinformatics and progress in technological innovation all

give us cause to hope that it will be possible to develop an accurate, every-

day test for the rapid, accurate diagnosis of tuberculosis.
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Summary

Infections with non-tuberculous mycobacteria (NTM) are increasing, partic-

ularly among immune-compromised patients and those with damaged lungs.

Mycobacterium tuberculosis complex (MTB) strains, however, remain the

most common cause of mycobacterial infection. A rapid method of dis-

tinguishing MTB from NTM is required for correct diagnosis and tuber-

culosis management. We have developed an automated procedure based on

thermally-assisted hydrolysis and methylation followed by gas chromatography-

mass spectrometry (THM-GC-MS) and advanced chemometrics to differenti-

ate MTB from NTM. We used early cultures of mycobacteria in this first step

towards the direct identification of these bacteria in sputum using a hand-

held portable device. To build a classification model, we used 44 strains

including 15 MTB and 29 NTM. A matrix of the aligned dataset contain-

ing ∼ 45,700 features for the 44 observations was submitted to partial least

squares discriminant analysis (PLSDA). We could reduce the number of fea-

tures down to 250 without compromising the accuracy of the model. Twenty

compounds were found through mass spectral interpretation of these 250

features. Some of these compounds have not been linked to tuberculosis

before, others have been proposed previously as diagnostic biomarkers for

this disease. We have built a final model based on our proposed biomark-

ers that performed with 95% accuracy in distinguishing MTB from NTM in

early cultures. Since all these biomarkers have been chemically identified,

work can proceed towards the development of bed-side diagnostic tests to

differentiate MTB from NTM in sputum.
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3.1 Introduction

Tuberculosis (TB) remains endemic in many parts of the world, causing sig-

nificant morbidity and mortality, even though the disease is curable. In 2010,

one quarter of the 1.45 million deaths from TB occurred in HIV-positive

patients [1]. In these patients and other vulnerable groups such as the

immune-compromised and those with chronic lung damage, there is a need

to distinguish infection with a mycobacterium belonging to the Mycobac-

terium tuberculosis complex (MTB) from infection with a non-tuberculous

mycobacterium (NTM). This will allow prompt treatment and reduce the

risk of the spread of TB. Failure to diagnose NTM infection and treatment

of the patient as having TB may have serious consequences. Most NTM are

resistant to the commonly used anti-tuberculous drugs and failure to respond

to inappropriate treatment with these drugs may lead to the patient being

misdiagnosed as having drug-resistant TB and result in further exposure

to ineffective agents with serious side-effects. The number of patients with

infection by NTM is increasing and moreover there is strong geographical

variation in the responsible NTM species [2, 3].

The commonest method worldwide for diagnosing mycobacterial infection

remains direct identification of mycobacteria in sputum using Ziehl-Neelsen

staining and microscopy. This test has a variable sensitivity of between

30 and 70% compared with culture and it does not distinguish MTB from

NTM. The diagnosis of mycobacterial infection in HIV-positive patients is

even more difficult, since these patients have fewer mycobacteria in their spu-

tum than HIV-negative patients. Accurate diagnosis of TB usually requires

the culture of appropriate specimens from the patient. The WHO recom-

mends rapid culture systems using the Mycobacteria Growth Indicator Tube

and Microscopic Observation Drug Susceptibility assay that have been in-

troduced in many countries [4]. A positive result in these tests confirms

the presence of mycobacteria, but does not distinguish MTB from NTM.

The potential for confusion is shown in our recent results from Cape Town,

South Africa where approximately 28% of the culture-positive sputum sam-

ples were microscopy-negative, and of these samples 58 % were MTB strains

and 42% were NTM strains [5].

There are various methods available to distinguish MTB from NTM. The

conventional way is based on the growth of the bacteria in different culture
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media and on biochemical methods such as the niacin test, a process which 
can take several weeks [6]. Commercial tests based on the detection of the 
MTB specific protein MPT 64, have been introduced recently [7]. These tests 
are very simple but they are not suitable for direct identification of MTB in 
sputum. False-negative results may be caused by a mutation in the MPT 
64 gene [8]. Polymerase chain reaction (PCR) tests based on mycobacterial 
genotype have been developed [9–11] and are commercially available, but al-
though these are sensitive, they are labour intensive and require well-trained 
personnel and dedicated facilities.
The liquid chromatography (LC) or gas chromatography (GC) techniques 
introduced in the 1980’s and the commercial identification system based on 
mycolic acid (Midi Inc, Newark, DE, USA) need sample preparation, consid-
erable initial investment and a knowledgeable operator of the sophisticated 
equipment [12]. Also, these tests are only useful for the identification of 
cultivated mycobacterial species [13]. Raman spectroscopy, pyrolysis mass 
spectrometry and Fourier transform infrared spectroscopy metabolic finger-
printing methods are again only useful for cultivated mycobacteria and re-
quire specialized personnel and equipment [14–17] . Electronic nose technol-
ogy and African pouched rats have been used for the detection of MTB in 
sputum, but these tests require training of the detector and they are only 
moderately successful [18–20] .
In 2009 the fully automated procedure for the identification of MTB in spu-
tum and culture based on thermally-assisted hydrolysis and methylation, 
followed by gas chromatography -mass spectrometry (THM-GC-MS) was 
published [21]. This technique had the advantages that heat-inactivated 
bacteria were used and the only sample treatment needed was a simple spu-
tum decontamination step using NaOH. Evaporation of the solvent and the 
addition of reagent and pyrolysis could all be performed automatically in the 
programmed injector of the GC-MS instrument. This provides a significant 
advantage over LC and conventional GC where sample preparation is a large 
part of the hands on time [13, 22, 23]. We found the combination of tu-
berculostearic acid (TBSA) and hexacosanoic acid (C26) was insufficient to 
identify correctly the presence or absence of MTB in sputum samples from 
patients in Vietnam with suspected tuberculosis [21]. Mycocerosic acids have 
been used for the identification of MTB in early cultures of sputum [24]
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and for the direct detection of MTB in sputum [25] with unsatisfactory re-
sults when used for sputum, probably because certain mycocerosic acids are 
shared by MTB and NTM [26–28]. Loots and coworkers used GC-MS and 
a metabolomics approach for the identification of MTB, M. bovis, M. avium 
and M. kansasii in cultures [29].
The THM-GC-MS analysis yields very complex chromatograms for both 
MTB and NTM. Multivariate classification models offer the potential of find-
ing metabolites that can act as potential biomarkers to distinguish between 
the two types of mycobacteria. Partial Least Squares Discriminant Analysis 
(PLSDA) offers a well-established approach for supervised pattern recogni-
tion [30]. One possible pitfall of PLSDA as a tool for metabolite discovery is 
the possibility of overfitting, leading to over-optimistic model performance 
[31]. To avoid this problem, the double cross-validation strategy can be used 
[32]. Permutation tests can be used to check the significance of the model 
[31]. This ensures that the class separation that is obtained is not due to 
chance correlations. With all these tools, a multi-compound model can be 
constructed. One of the drawbacks of chromatographic data is their lack of 
inter-laboratory reproducibility of these data. If the potential biomarkers 
are chemically identified, then the model can be tested in other laboratories 
and adjusted for local conditions and strains of mycobacteria.

To date, there is no test incorporating a single biomarker or a combination 
of small numbers of biomarkers that will reliably differentiate MTB from 
NTM. A combination of larger numbers of biologically relevant biomarkers 
may yield more accurate results and that is what we study here using THM-

GC-MS and PLSDA. We used early cultures of mycobacteria in this first 
step towards the direct identification of these bacteria in sputum using a 
hand-held portable device.

3.2 Materials and Methods

3.2.1 Culture of mycobacteria

Mycobacterial strains were obtained from the TB National Reference Centre

(RIVM Bilthoven, The Netherlands) and the Biomedical Research depart-

ment of the Royal Tropical Institute (Amsterdam, The Netherlands). The
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strains were cultivated in 15 mL Middlebrook 7H9 medium supplemented

with OADC (oleic acid albumin dextrose and catalase, Becton Dickinson,

Detroit, MI, USA) and incubated between 35 and 37◦C in a gyratory shaker

at 100 rpm for 2-3 weeks. The mycobacteria were killed by heating for 20

min at 80◦C. The suspensions were centrifuged at 16,000 g for 20 min at 4◦C.

The bacterial pellet was washed twice with deionized water. Mycobacterial

suspension with a McFarland turbidity between 2 and 3, approximately equal

to 6 x 108 and 9 x 108 bacteria/mL, were made in water and once checked by

microscopy. We used 15 mycobacterial isolates belonging to the MTB and

29 NTM isolates (Table 3.1).

Table 3.1: Summary of studies in the headspace analysis of my-
cobacterial cultures

M. tuberculosis complex Non-tuberculous mycobacteria
M. tuberculosis 210 M. tuberculosis 215 M. avium 12 M. kansasii 1 M. gastrii 1
M. tuberculosis 211 M. tuberculosis 45 M. avium 1 M. kansasii 2 M. duvali 1
M. tuberculosis 212 M. tuberculosis 79 M. avium 2 M. marinum 3 M. lufu 2
M. tuberculosis 213 M. tuberculosis 1 M. gordonae 4 M. flavescens 1 M. terrae 1
M. tuberculosis 124 M. africanum 1 M. gordonae 6 M. chelonae 3 M. terrae 2
M. tuberculosis 132 M. bovis- BCG 1 M. intracellulare 1 M. fortuitum 1 M. ulcerans 1
M. tuberculosis 15 M. bovis 2 M. intracellulare 3 M. gadium 1 M. ulcerans 2
M. tuberculosis H37RV 2 M. malmoense 1 M. segmatis 1 M. vaccae 3

M. scrofulaceum 1 M. smegmatis 2 M. xenopi 1
M. nonchromogenicum 1 M. smegmatis 3

3.2.2 Standards and reagents

The 25% tetramethyl ammonium hydroxide (TMAH) solution in methanol

used in the thermally assisted hydrolysis and methylation experiments and

the tuberculostearic acid (TBSA) were obtained from Sigma–Aldrich (Zwijn-

drecht, The Netherlands). The TMAH solution was 10x diluted with deion-

ized water before use.

3.2.3 Instrumentation

All THM–GC–MS experiments were carried out on a Shimadzu GCMS-

QP2010 (Den Bosch, The Netherlands). The GC system was equipped with a

"Focus" XYZ robotic auto sampler (ATAS GL) and an Optic 3 programmed

temperature vaporizing (PTV) injector (ATAS GL, Eindhoven, The Nether-

lands). The PTV injector was equipped with an electronic gas control (EGC)
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unit to supply the carrier gas, septum purge and the split flow. The 
PTV injector contained a sintered-bed liner (ATAS GL) to allow large 
volume injection.

3.2.4 Automated THM-GC-MS procedure

The automated THM procedure was performed in the Optic 3-PTV injector.

Fifteen µL of each mycobacterial suspension containing approximately 6-9 x

108 bacteria/mL was injected into the PTV injector at 40◦C. The injector was

then quickly heated to 120◦C for 3 min to eliminate water while retaining

the sample in the sintered-bed liner inside the injector. After cooling the

injector to 40◦C, 20 µL of the 2.5% TMAH reagent was injected to cover

the whole bacterial sample. Subsequently, the injector was heated to 120◦C

for 2 min to remove the solvent and incubate the residue present in the

sintered-bed of the liner. The injector was then increased to 450◦C to perform

thermochemolysis. After 5 min the injector temperature was decreased to

320◦C where it was kept until the end of the GC run. During injection and

solvent elimination the column flow was set at 0.7 mL/min; the split flow

was set at 200 mL/min to prevent excessive volumes of water vapor from

entering the GC column. After incubation, the column flow was increased

to 1.2 mL/min and the split flow was reduced to 10 mL/min to transfer the

methylated compounds to the GC column.

All GC analyses were performed on a TC 5MS column (GL Sciences) of

30 m x 0.25 mm internal diameter, coated with 0.25 µm of a 5% phenyl-

methylpolysiloxane stationary phase. Helium was used as carrier gas. The

separation was performed by starting the GC oven at 40◦C for 3 min, followed

by a first ramp of 20◦C/min to 100◦C with a hold of 7 min, and then a second

ramp of 5◦C/min to 320◦C with a final hold of 6 min. The MS was operated

in the full scan mode collecting spectra at a rate of 5 Hz over the mass window

from 60 to 500 amu. The sensitivity of the MS detector was checked every

3 days using the TBSA standard. The ion source was cleaned if sensitivity

was found to be reduced by approx. 30% or more. The liner was replaced

every 30 runs. After each sample, a blank (Milli-Q water) was run to test

for carry over from the previous run.
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3.2.5 Software

Before data analysis, corresponding peaks, i.e. corresponding retention time/-

mass pairs from the raw chromatograms first had to be aligned. In other

words, any given compound had to be present at exactly the same time

point in all chromatograms. Alignment was done using the MetAlign soft-

ware [33]. Parameter selection for the MetAlign program was based on the

guidelines described by Peters and coworkers [34]. In the parameter selec-

tion, the maximum shift allowed for the window of the peak search was

regarded as most relevant. To minimize alignment issues, it was necessary to

keep retention times extremely stable and so all samples were run during a

short time period. Despite this, small time shifts caused by accumulated dirt

in the GC-MS system were difficult to avoid. Through the rather frequent

replacement of the injector liner variations could be kept at an acceptable

level, i.e. a level MetAlign could cope with.

The GC-MS chromatograms were exported to *.cdf format and submitted

to MetAlign for data pre-treatment (alignment and feature extraction). The

following parameters were used for the settings of MetAlign software: Peak

Slope Factor: 1; Peak Threshold factor: 2; Regions: 100/200; Alignment: It-

erative; Maximum shift per 100 scans: 35; Minimum Factor: 5/2; Minimum

number of masses: 10/5.

We used the ‘iterative’ strategy for the MetAlign software, which requires the

user to select input parameters for the calculation of the so-called chromato-

graphic shift profiles. By applying these settings, the outcome of MetAlign

was a table containing around 45,700 pairs of retention times and m/z values

with their abundances for the 44 mycobacterial strains. All aligned datasets

were then exported in ASCII-format for further processing (PLSDA mod-

eling and variable selection) in Matlab 7.1 (The Mathworks, Natick, MA,

USA).
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3.3 Results

3.3.1 Visual inspection of chromatograms obtained

A representative example of a few chromatograms is shown in Figure 3.1. The

THM-GC-MS chromatograms from the 15 MTB complex strains showed con-

siderable similarity in terms of the largest peaks present, but there was some

variation in the heights of the individual peaks as shown in Figures 3.1A

and 3.1B. Our method gave a relative standard deviation of <7% (n=5)

for compounds with high abundance. Compounds with a low abundance

gave a higher relative standard deviation in the range of 10% and 20 %.

We used 29 strains from 20 different NTM species. Figures 3.1C and 3.1D

show the total ion chromatogram (TIC) of M. avium 1 and M. kansasii 1,

two representative examples of the NTM group. Significant differences were

seen in the individual chromatograms within the NTM group. In contrast,

there was considerable similarity between some NTM and certain MTB chro-

matograms, for instance the NTM M. kansasii, M. gastri, M. avium 12 and

M. avium 1 had peak profiles similar to all MTB strains in the retention

time region from 37 min to 50 min.

3.3.2 PLSDA modeling and model performance estimation

In order to select the relevant metabolites, we initially tried principal com-

ponent analysis (PCA) and univariate methods. The classes are completely

overlapping in the PCA space. Among the univariate methods, the Fisher

ratios method was selected, which consists of a strategy for identifying com-

pounds or features that differ between two groups [35]. Based on the re-

sult from the Fisher ratio evaluation, TBSA and C26 were found to be

the most discriminative biomarkers for differentiation of MTB from NTM.

However, from the dataset it was clear that these compounds are not suffi-

ciently discriminatory to distinguish the two mycobacterium groups. More

advanced chemometric methods were clearly essential for correct classifica-

tion, so we moved to multivariate data analysis techniques. Among other

methods, Partial Least Squares Discriminant Analysis (PLSDA) constitutes
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Figure 3.1. Total ion chromatogram of cultures obtained by THM-
GC-MS of A: MTB 211, B: MTB 215, C: M. avium 1, D: M. kansasii

1
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a well-established approach for supervised pattern recognition [30] with mul-

tivariate analysis.

To set up our multivariate strategy, the aligned dataset, a matrix containing

∼45,700 features, (i.e. variables), and 44 samples (i.e. objects), was submit-

ted to PLSDA. The first step was to check for outliers. It was evident from

the scores of the model and the leave-one-out cross-validated results that two

samples (M. duvali 1, and MTB 212 ) were outliers, invalidating the whole

procedure. Dubious labeling and misalignment were the most likely causes

of this. These samples were then excluded from the PLSDA study but they

were retained in the final model using compounds, since that model was more

robust against misalignments.

Before the computations, the matrix was first row-normalized (the values of

each row were divided by the sum of all the values in that row). This was

done to minimize the effect of sample heterogeneity. Autoscaling was not

applied to avoid increasing the importance of noise in the chromatograms.

The matrix involving the remaining 42 samples was submitted to the PLSDA

method with double cross-validation. [32]. This was done to avoid overfit-

ting: a possible pitfall of PLSDA as a tool for metabolite discovery, leading

to over-optimistic model performance [31]. The significance of the model

can also be checked by doing permutation tests (see next subsection). This

ensures that the class separation obtained is not due to chance correlations.

With all these tools, a multi-compound model can be constructed. For the

double cross-validation methodology, we randomly selected a fraction (30%)

of the data set as test set (keeping the proportion of MTB to NTM the same

as in the original data set). The remaining data set (validation + calibra-

tion data set) was submitted to PLSDA with 10-fold cross-validation, using a

Monte-Carlo with 25 repetitions for the validation procedure. At each repeti-

tion, the optimal number of latent variables was automatically selected using

the procedure published elsewhere [36]. The model performance (the area

under the curve after a ROC analysis, AUROC) [37] was calculated using

the test set. By repeating this procedure 500 times, an average of the β-

coefficients was obtained, as well as an estimation of the model performance

(i.e., AUROC) and its distribution using an independent test set.
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3.3.3 Permutation tests

The significance of the classification model was checked using a permuta-

tion test. This was performed by randomly permuting the labels (MTB or

NTM) of the original data set, and performing all the operations described

in section 3.3.2. Labels were re-permuted each time step 1 was repeated (i.e.

permutations were performed 500 times). Figure 3.2 shows the values of AU-

ROC obtained with the non-permuted model (hatched histogram) and with

the permuted model (plain histogram). It is clear that the non-permuted

model yielded significantly higher values of AUROC compared with the per-

muted model. Also, the AUROC value of the permuted model was around

0.5 (which corresponds to a random model).

3.3.4 Feature selection

The feature selection was performed following the procedure applied by Quin-

tás and coworkers [38]. For each of the ∼45,700 variables, a univariate t-test

was performed to check the validity of the null hypothesis, H0: βnp = βn

against the alternative hypothesis, H1: βnp 6= βp, where βnp and βp are

the coefficients of the model in the non-permuted model (section 3.3.2) and

the permuted model (section 3.3.3), respectively. A first pre-selection of the

potential biomarkers was performed selecting half (∼24,000) of the origi-

nal number of variables that yield a lower p-value in the t-test. After this

pre-selection, the whole procedure (sections 3.3.2 and 3.3.3) was repeated,

keeping only the best 536 features. In each loop, the AUROC of the model

was checked against the AUROC of the permuted model, and it was found

that the non-permuted model was always significant vs. the permuted model.

When the model reached 536 features, the feature reduction was performed

with extra care. The reduction was performed withdrawing each time only

the less significant feature, (the one having the highest p-value in the t-test).

The model was fitted again, repeating each time the study performed in

sections 3.3.2 and 3.3.3. The variation in AUROC was monitored against

the number of features (see Figure 3.3). As can be seen, the model (Figure

3.3, solid line) was still stable (high values of AUROC) till around ∼250
features (Figure 3.3, arrow). Models with a lower number of features started
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Figure 3.2. Histograms of the AUC for both permuted and non-
permuted data with all the features. Clear bars correspond to permuted

labels, hatched bars correspond to non-permuted labels.

Figure 3.3. Decreasing of AUC as a function of the number of fea-
tures with the non-permuted model (solid line) and the permuted model

(dots).

to yield a decrease in performance. On the other hand, the permuted model

(Figure 3.3, dots) always yielded AUROC values around 0.5 (which is the

performance of a random model).
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Figure 3.4. Part A depicts the chromatogram of MTB 15, highlighting
the peaks corresponding to the 20-compounds model. The labels in
part A correspond to the labels in Table 3.2. Part B: values of the β-
coefficients of the PLSDA model for the 250-features model, together
with their standard deviation. Part C: zoom in of a certain region of
part B, with the values of the m/z values of the features overlaid. Note
the correspondence between the 250-features model (part B) and the

20-compound model (part A).

3.3.5 Transitioning from feature model to compound model

Figure 3.4B depicts the beta coefficients of our 250-features model, together

with their standard deviation obtained with the procedure explained in sec-

tion 3.3.4 (repeating the model fitting 500 times). One should note that

each feature refers to a retention time/mass pair. Several retention time/-

mass pairs can refer to the same compound, since the alignment procedure

is never a perfect process and the compounds can give multiple mass frag-

ments. This is more obvious on detailed inspection of the retention time

/mass pairs, see Figure 3.4C. In this panel, the m/z values for each feature
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inside the zoom-in region are overlaid. It is evident that the features labeled

‘p’ and ’q’ in Figure 3.4C that elute shortly after 40.16 min with marginally

different retention times, correspond to the same compound.

It is obvious that a model built only with these chromatographic features

would be unstable and subject to changes in laboratory/operator/instru-

mentation and variations over time. If such a model was used, any new

chromatogram would have to be aligned with the chromatograms used to

build the model as a reference. Misalignments performed in slightly different

way as "p" and "q" clusters (shown in Figure 3.4C) would have catastrophic

consequences. One way to circumvent this problem would be to identify

the compounds that point to the β-coefficients (Figure 3.4B), and build a

robust model using (known-) compound abundances. The compounds re-

sponsible for the specific features of interest would need to be identified.

We did this by library searching, manual interpretation of the spectra and

consideration of the elution characteristics. The list of 250 features was

studied and interpreted to produce the 20 potential biomarkers shown in

Table 3.2. Fatty acids predominate among these biomarkers and include

long chain multi-methylbranched fatty acids known as mycocerosic/myco-

ceranic acids. Their identities are somewhat tentative because the vari-

ous long chain fatty acids have very similar spectra making identification

difficult. A trehalose-containing sugar, [O-α-D-glucopyranosyl-(1→1)-α-D-

glucopyranoside was also found.

The 20 compounds finally considered are overlaid in Figure 3.4A, together

with a sample chromatogram of MTB 15. As can be seen, both lists (β-

coefficients and compounds) do not fully correspond. For example, some

significant features were found at the beginning of the chromatogram (at re-

tention times between 10 and 15 min). However, we decided not to consider

any biomarker in this region, because of the difficulties involved in finding

peaks in this region and identifying the compounds by their mass spectra.

This, together with the fact that many compounds gave multiple fragments,

resulted in significantly fewer real compounds than the number of retention

time/mass pairs.

The values of the β-coefficients are given in the Table 3.2. To classify an

unknown sample, the GC-MS chromatogram should be processed to get the

peak areas corresponding to our 20 compounds at a specific mass for each

compound. Then the areas should be normalized to have a total sum of 1,
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Figure 3.5. Part A: the AUROC for the non-permuted (hatched bars)
and permuted (clear bars) compound models. Part B depicts the ROC
curve for the compound model. The values of the threshold for the

classification model are overlaid. For details, see section 3.3.5.

Table 3.2: Compounds identified as relevant for distinguishing
MTB1 complex from NTM2 using THM-GC-MS3

No. Retention Name of compounds m/z Beta-
time (min) coefficients

1 25.01 Methyl tetradecanoate (C14) 74 3.305
2 29.07 9-Hexadecenoic acid, methyl ester 83 0.863
3 29.48 Hexadecanoic acid, methyl ester (C16) 87 1.634
4 30.75 1-Nonadecene 97 1.278
5 31.40 Heptadecanoic acid, methyl ester (C17) 74 -2.819
6 32.75 9-Octadecenoic acid (Z)-, methyl ester 69 1.153
7 33.33 Octadecanoic acid, methyl ester (C18) 298 -0.712
8 34.02 Octadecanoic acid, 10-methyl-, methyl ester(TBSA) 312 0.034
9 36.50 α-D-Glucopyranoside, 2,3,4,6-tetra-O-methyl- 71 -1.112

α-D-glucopyranosyl 2,3,4,6-tetra-O-methyl
10 40.17 Docosanoic acid, methyl ester (C22) 354 0.942
11 43.22 Tetracosanoic acid, methyl ester (C24) 382 3.563
12 43.94 Unknown fatty acid 88 -0.58
13 44.09 Tetracosanoic acid, 2,4,6-trimethyl-, methyl ester (C27) 101 2.966
14 44.23 Tetracosanoic acid, 2,4,6,8-tetramethyl-, methyl ester (C28) 101 2.961
15 44.70 Pentacosanoic acid, methyl ester (C25) 87 -0.965
16 37.12 Hexacosanoic acid, methyl ester (C26) 410 -6.948
17 37.88 Hexacosanoic acid, 2,4,6-trimethyl-, methyl ester (C29) 101 -2.025
18 47.01 Hexacosanoic acid, 2,4,6,8-tetramethyl-, methyl ester (C30) 101 -1.935
19 49.55 Octacosanoic acid, 2,4,6,8-tetramethyl-, methyl ester (A)4 (C32) 101 -0.899
20 49.66 Octacosanoic acid, 2,4,6,8-tetramethyl-, methyl ester (B)4 (C32) 101 -0.705
1MTB complex, M. tuberculosis complex
2NTM , Non-tuberculous mycobacteria
3THM-GC-MS, Thermally assisted hydrolysis and methylation gas chromatography-mass spectrometry
4A and 4B C32 mycocerosates, Two isomers of C32 mycocerosates

after which the following equation should be applied: V = Σ20
i=1βiai, where

βi are the coefficients provided in Table 3.2 and ai are the normalized areas

for the 20 compounds as measured from the target m/z fragment. The value

of V should be compared with the threshold values overlaid in Figure 3.5B.

To determine this threshold value, the user should decide a certain value of

the false positive rate (the percentage of NTM samples that will be wrongly
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classified as MTB) in the ROC curve depicted in Figure 3.5B. Note that

the ROC curve dictates a relationship between the false positive rate and

the true positive rate (the percentage of MTB samples correctly classified as

MTB). Therefore, a decision on the false positive rate implicitly establishes

a value for the true positive rate. Once the false positive rate has been set,

a threshold value is obtained (overlaid in Figure 3.5B). When the value of V

is below this threshold value, then the sample is classified as a MTB, if it is

above the threshold value, then the sample is classified as a NTM. For cases

where the sensitivity and specificity are equally important, the threshold

value for V is 0.55. The accuracy of the model (with validated results) then

turns to be 95%, both sensitivity and specificity are 95%.

3.3.6 Validation of the compound model

To test the performance of the (final) compound model, the raw chromatograms

for the 44 samples were re-considered and the normalized areas of the chro-

matographic peaks of the key 20 compounds (Table 3.2) were measured.

Then, a PLSDA model was built using the procedure described in sections

3.3.2 and 3.3.3, now using peak areas of the identified compounds as pre-

dictor variables, rather than the chromatographic features of the pre-treated

data. Figure 3.5 depicts the AUROC for the non-permuted and permuted

models (part A), as well as the ROC analysis for the non-permuted model

(part B). As can be seen, the results of the 20-compound model are even

more significant than those of the ∼45,700 features model (compare Figures

3.2 and 3.5A). The analysis of the ROC curve yields an accuracy (measuring

the total number of misclassifications over the total number of samples) of

95%.

3.4 Discussion

We have shown here using our THM-GC-MS method that a model consist-

ing of 20 compounds can be used to differentiate with an accuracy of 95%

between mycobacteria belonging to the MTB and NTM in early cultures.

From the previous work, we know that the method can be used to identify



72 Chapter 3

mycobacteria directly in sputum with a detection limit similar to microscopy 
of 1 x 104 bacteria/mL [21]. Before embarking on clinically relevant testing 
based on biomarkers in patients with suspected mycobacterial infections, it 
is necessary to have identified those biomarkers that differentiate the two 
types of mycobacteria. Initially we used PCA and Fisher ratio but we were 
unable to distinguish between MTB and NTM strains. Therefore we decided 
to search for biomarkers in an untargeted way. We have shown that a single 
compound or combination of only a few compounds is insufficient, but that 
a combination of 20 compounds is able to differentiate MTB from NTM. 
Our method for deriving biomarkers is comparable to that of Olivier and 
Loots who use GC-MS measurement of 12 metabolite markers [29]. The 
Olivier and Loots method uses a modified Bligh-Dyer extraction followed by 
methylation under basic conditions and hexane extraction. Our method has 
the advantage that no sample preparation is needed and the robotics deal 
with heat inactivation and suspension of the mycobacteria and their injection 
with the reagent, making the method user-friendly. The time needed to run 
one sample and the blank (deionized water) to control for carry over from 
the previous run is 2 hours. The samples can be run overnight. The operator 
time is limited to less than 5 minutes per sample for sample preparation and 
calculation of the peak areas of the 20 compounds. The relatively complex 
technology and sophisticated analysis is necessary at this stage to ensure that 
only biomarkers of relevance are reliably and reproducibly identified. Such 
biomarkers can then be used in the development of simpler, rapid tests for 
diagnostic purposes.
In the current study we included 15 strains belonging to MTB and 20 dif-
ferent species of NTM with more than one isolate from 5 common strains of 
NTM. Our work has provided new insights in the variation in the levels of 
relevant biomarkers and the importance of testing a variety of strains from 
different species. The strains of NTM vary depending on the geographical 
setting [3, 17, 39–41]. We have found there is considerable variation in the 
THM-GC-MS pattern within strains of MTB and NTM. Olivier and Loots in 
their work with GC-MS distinguished M. kansasii, M. avium, M. bovis and 
MTB from each other using pattern recognition and just one isolate from 
each species grown in culture [29]. There is a potential for misinterpreta-

tion or false confidence if only one strain is used to derive a biomarker. We 
show that the pattern of mycoerosates in M. kansasii can be very similar 
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to that in MTB (see Figure 3.1). Our findings could explain the low sensitiv-
ity and specificity found by O’Sullivan and coworkers using THM-GC-MS 
when only mycocerosates were used for the identification of MTB in sputum 
[25]. The geographical variation in mycobacterial composition means that 
multiple strains of both MTB and NTM from the setting where the test will 
ultimately be used should be included when building a model of relevant 
biomarkers. An important aspect of our work is that because we have identi-
fied each of the biomarkers, we can assess whether they are logical and likely 
to have biological relevance. The previous paper [21] showed that TBSA and 
hexacosanoic acid (C26) can be used for the direct identification of mycobac-

teria in sputum. These two biomarkers were again found in the present work. 
TBSA is a well-known biomarker for mycobacteria while C26 is formed as a 
thermal degradation product of mycolic acids present in the cell wall of MTB 
[42]. Mycocerosic acids have been found in MTB and some NTM such a M. 
kansasii, M. marinum, M. gastrii, M. ulcerans, [26–28, 43, 44]. The trimethyl- 
and tetramethyl-branched fatty acids detailed in Table 3.2 have been found to 
be abundant in the lipid fraction of MTB [45]. Compounds 17-20 (Table 3.2) 
have been found in MTBs with compounds 19 and 20 being especially 
informative [25, 43, 46]. These specific mycocerosic acids were also found in 
our PLSDA method as important markers for the differentiation of MTB and 
NTM. O’Sullivan and coworkers used the compounds designated 17-20 in 
Table 3.2 for the direct detection of MTB in sputum with a sensi-tivity of 65% 
and a specificity of 76% [25]. It is of interest that 4 of our com-pounds C17, 
TBSA and two isomers of C32 (see Table 3.2, compounds 5, 8, 19, 20) were 
also found to be relevant biomarkers by Loots and coworker [29], and that 
strengthens our findings. We also found the trehalose-containing sugar, [O-α-

D-glucopyranosyl-(1→1)-α-D-glucopyranoside] to be useful for distinguishing 
MTB from NTM. Trehalose is a component of toxic cell-wall glycolipids 
and it has been suggested that it is required for the maintenance of 
mycobacterial  cell integrity in response to external stresses [47].

In conclusion, our THM-GC-MS method provides a fast and reliable method 
for the differentiation of MTB and NTM bacteria after culture with an ac-
curacy of greater than 95%. The markers identified using advanced chemo-

metrics make sense from the biological point of view. Future studies will 
include the further validation of the model using MTB and NTM isolates in 
MGIT culture tubes from an endemic setting such as South Africa and the
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identification of MTB or NTM directly in sputum from patients suspected

of TB. Our method is not intended to match the simplicity and accuracy

of the lateral flow tests (Capilia, Bioline), nucleic acid amplification tests

(Hain, or Innolipa) and 16s rRNA sequencing test for the differentiation of

mycobacteria in culture into NTM and MTB, or even speciation in the case

of the amplification and sequencing tests. Instead, we have been able to

construct a list of 20 potential biomarkers that have been chemically identi-

fied. We can now proceed to the next step which is to develop a portable,

near-patient device incorporating miniaturized GC-MS for the separation of

patients suspected of TB into three groups: those with TB, those with an

NTM infection and those without a mycobacterial infection.

3.5 Conclusions

Our advanced chemometric approach together with our THM-GC-MS method

provides a fast and reliable method for the differentiation of MTB and NTM

bacteria after culture with an accuracy greater than 95%. The model is very

stable allowing to reduce the list of approximately 45,700 to 250 features and

eventually to 20 biomarkers without losing model accuracy. The biomarkers

identified make a lot of sense from the biological point of view. The capac-

ity to move from a feature-based model to a compound-based model holds

considerable advantages for its transfer to other laboratories. Most of the 20

compounds are available from commercial sources allowing highly accurate

quantitative analysis. A combination of these proposed biomarkers, rather

than single biomarkers, is able to differentiate MTB- from NTM strains. Fu-

ture studies should include the further validation of the model using MTB

and NTM strains from an endemic setting such as South Africa. The final

goal of this study is to develop a micro GC and detector to differentiate MTB

and NTM directly in sputum from TB patients with a detection limit better

than microscopy.
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Summary

Tuberculosis (TB) remains a major international health problem. Rapid 
dif-ferentiation of Mycobacterium tuberculosis complex (MTB) from non-
tuberculous mycobacteria (NTM) is critical for decisions regarding patient 
management and choice of therapeutic regimen. Recently we developed a 
20-compound model to distinguish between MTB and NTM. It is based 
on thermally-assisted hydrolysis and methylation gas chromatography-

mass spectrometry and partial least square discriminant analysis. Here we 
report the validation of this model with two independent sample sets, one 
consisting of 39 MTB and 17 NTM isolates from the Netherlands, the other 
comprising 103 isolates (91 MTB and 12 NTM) from Stellenbosch, Cape 
Town, South Africa. All the MTB strains in the 56 Dutch samples were 
correctly identified and the model had a sensitivity of 100% and a 
specificity of 94%. For the South African samples the model had a 
sensitivity of 88% and specificity of 100%. Based on our model, we have 
developed a new decision-tree that allows the differentiation of MTB from 
NTM with 100% accuracy. Encouraged by these findings we will proceed 
with the development of a simple, rapid, affordable, high-throughput test to 
identify MTB directly in sputum.
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4.1 Introduction

Tuberculosis (TB) remains a major international health threat, with 8.7 mil-

lion new cases and 1.4 million deaths in 2011 [1]. The global emergence of

both human immunodeficiency virus (HIV) infection and multidrug resis-

tant TB (MDR-TB) poses significant threats to TB control. An estimated

13% of new TB cases occur in those infected with HIV [1]. Up to 10% of

people with latent TB will develop active disease [2], but HIV co-infection

might increase this risk almost 40 fold [3–5]. Several methods are available

for the diagnosis of TB, but all have limitations [6–8]. Worldwide, direct

identification of mycobacteria in sputum using Ziehl-Neelsen staining and

microscopy is still the most commonly used method. However, the sensi-

tivity of the test varies considerably between 30 and 70% [8]. Furthermore

the Ziehl-Neelsen test cannot distinguish Mycobacterium tuberculosis complex

(MTB) from non-tuberculous mycobacteria (NTM). Rapid culture systems

have been developed, for example, the Mycobacteria Growth Indicator Tube

(MGIT) method [9] and the Microscopic Observation Drug Susceptibility

assay [10]. Again these tests do not differentiate between MTB and NTM.

This distinction, however, is essential to ensure the correct choice of therapy.

The diagnosis of TB is more complicated in HIV-positive persons because of a

higher frequency of negative and paucibacillary sputum smears (i.e. negative

Ziehl-Neelsen test) [11]. In a study in Khayelitsha, a district in Cape Town,

South Africa, 49% of HIV-positive patients on TB treatment had a negative

smear although the sputum culture was positive [12]. Thus time-consuming

culture is still necessary to confirm a diagnosis of TB in HIV positive patients

[13]. Since it can take up to three weeks to obtain results from culture using

the traditional phenotypic diagnostic techniques to distinguish MTB from

NTM [6], there is a great need for a rapid, affordable and sensitive method

for the early diagnosis of TB that will then allow appropriate and effective

therapy.

NTM are an increasing problem, particularly for those with HIV or chronic

lung diseases [14, 15]. In patients with suspected tuberculosis in Cape Town,

South Africa, NTM rather than MTB were grown from approximately 10%

of the culture-positive but smear-negative sputum samples [16]. Modern

nucleic acid amplification techniques rapidly distinguish MTB from NTM,

but these techniques are not widely available in resource-limited settings due
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to the high cost and lack of infrastructure and expertise. Diagnostic de-

lay contributes to ongoing transmission and poor clinical outcomes. There

are commercially available gas chromatography techniques for distinguishing

different types of mycobacteria. However, these do not lend themselves to

further development for use in resource-constrained countries.

Recently we described a new approach for the identification of biomarkers to

differentiate MTB from NTM in early cultures. We used thermally-assisted

hydrolysis and methylation followed by gas chromatography-mass spectrom-

etry (THM-GC-MS) and chemometrics [17]. Our aim is to develop an af-

fordable and practical test using these biomarkers for the direct identification

of mycobacteria in sputum and to apply this technology in a portable de-

vice. This would allow the rapid classification of patients with suspected

TB into three categories: those with MTB, those with NTM and those with

no mycobacteria in their sputum. Our model identified 20 compounds that

could distinguish 15 MTB from 29 NTM cultivated strains with 95% ac-

curacy. To further test the model we describe here its application to 56

well-characterized mycobacterial isolates from patients in the Netherlands

and 103 primary isolates from patients from Stellenbosch, Cape Town, South

Africa.

4.2 Materials and Methods

4.2.1 Culture of mycobacteria

Fifty-six mycobacterial strains were obtained from patients in the Nether-

lands, and identified at the National Institute for Public Health and the Envi-

ronment (RIVM) in the Netherlands (Table 4.1). These constitute Testset-1.

In the Netherlands all hospitals are required by law to send all mycobacterial

isolates, whether MTB or NTM, to the Dutch Mycobacteria Reference Lab-

oratory at the RIVM for species determination, drug susceptibility testing

and strain typing for contact investigations. The 56 strains were selected by

the RIVM to provide representative examples of the MTB and NTM strains

found in the Netherlands. The strains were cultured using the Mycobacte-

ria Growth Indicator Tube (MGIT) culture system (MGIT, BD Diagnostics,
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Detroit, MI, USA). The species was determined using the line probe assay

(GenoType Mycobacterium, Hain Life Science GmbH, Nehren, Germany).

Table 4.1: The 56 mycobacterial strains from The Netherlands
obtained via The National Institute for Public Health and the En-
vironment (RIVM).
33 strains M. tuberculosis 2 strains M. gordonae
2 strains M. africanum 2 strains M. kansasii type I
2 strains M. bovis spp bovis 2 strains M. malmoense
2 strains M. bovis BCG 1 strain M. abscessus
2 strains M. avium complex 1 strain M. haemophilum
2 strains M. chelonae complex 1 strain M. simiae
2 strains M. fortuitum complex 1 strain M. marinum
1 strain M. intracellulare

A separate set, Testset-2, consisting of 103 mycobacterial isolates was ob-

tained from patients with suspected pulmonary TB in Stellenbosch, Cape

Town, South Africa (Table 4.2). These strains were cultured from sputum

samples using the manual BACTEC MGIT reader. A positive MGIT result

was confirmed by the Bioline test SD TB Ag MPT64 (Standard Diagnostics

Inc, Kyonggi-do, South Korea) to discriminate between MTB and NTM and

the species was subsequently determined by 16S ribosomal RNA sequencing

(3730XL Genetic Analyzer, Applied Biosystems, Carlsbad, CA, USA). The

MGIT tubes were labelled with a code and later shipped to Amsterdam on

dry ice.

Table 4.2: 103 primary isolates from Stellenbosch, Cape Town,
South Africa.

2 strains M. avium91 strains M. tuberculosis 
2 strains M. intracellulare 1 strain M. lentiflavum

2 unknown NTM strains Bioline test Negative 2 strains M. gordonae
2 strains M. peregrinum/M. septicum 1 strain N. shimofusensis

4.2.2 Sample preparation for thermochemolysis GC-MS

All samples were tested blindly without foreknowledge of whether they con-

tained MTB or NTM. The pellets in the positive MGIT tubes were collected

by a sterile Pasteur pipette, and transferred to a 2 mL screw cap vial. The

mycobacteria were killed by heating for 20 min at 80◦C and the tube was

centrifuged at 12,000 x g for 10 min. The bacterial pellets were washed

with deionized water under the same conditions. The washed pellets were
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resuspended in deionized water to a concentration of approximately 6 x 108

bacteria/mL (Mc Farland turbidity 2). Fifteen microliters of the sample was

used for the THM-GC-MS analysis.

4.2.3 Reagents

A 25% tetramethyl ammonium hydroxide (TMAH) solution in methanol was

obtained from Sigma–Aldrich (Zwijndrecht, The Netherlands). Before use

the solution was diluted ten times with deionized water obtained from a Sar-

torius Arium 611 UV water purification device (Sartorius, Nieuwegein, The

Netherlands). The solution was stable for two weeks at room temperature.

4.2.4 Instrumentation

All THM–GC–MS experiments were carried out on a Shimadzu GCMS-

QP2010 (Shimadzu, Den Bosch, The Netherlands). The GC system was

equipped with a “Focus” XYZ robotic auto sampler and an Optic 3 Pro-

grammed Temperature Vaporizing (PTV) injector (ATAS GL, Eindhoven,

The Netherlands).

4.2.5 Automated THM-GC-MS procedure

The automated THM-GC-MS procedure has been described previously [18].

In brief, 15 µL of each mycobacterial suspension was first injected into the

PTV injector at 40◦C. The injector was then rapidly heated to 120◦C to

eliminate water while retaining the sample in the sintered-bed liner inside

the injector. After cooling the injector to 40◦C, 20 µL of the 2.5% TMAH

reagent was injected to cover the whole bacterial sample. Subsequently, the

injector was heated to 120◦C to remove the solvent and incubate the residue

present in the sintered-bed of the liner. The injector temperature was then

increased to 450◦C to perform thermochemolysis. After 5 min the injector

temperature was decreased and maintained at 320◦C until the end of the GC

run. All GC analyses were performed on a TC 5MS column (GL Sciences,

Tokyo, Japan) of 30 m x 0.25 mm internal diameter, coated with 0.25 µm

of a 5% phenyl-methylpolysiloxane stationary phase. Helium was used as
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the carrier gas. The separation was performed by starting the GC oven at

40◦C for 3 min, followed by a first ramp of 20◦C/min to 100◦C with a hold

of 7 min, and then a second ramp of 5◦C/min to 320◦C with a final hold of

6 min. The MS was operated in the full scan mode collecting spectra at a

rate of 5 Hz over the mass window from 60 to 500 amu. All samples were

randomly and blindly tested.

4.2.6 Chemometric method

The partial least square discriminant analysis (PLSDA) model we developed

to classify samples as NTM or MTB is based on the (relative) concentration

levels of 20 compounds in the THM-GC-MS chromatograms (Table 4.3) [17].

Briefly; to classify an unknown sample, a THM-GC-MS chromatogram is

recorded for the sample and the peak areas of the 20 target compounds are

integrated at specific mass channels. Then the areas are normalized to give a

total sum of 1 and the following equation is applied: V = Σ20
i=1βiai, where βi

are the coefficients provided in Table 4.3 and ai are the normalized areas for

the 20 compounds as measured from the target m/z fragment. The value of V

is then compared with the threshold value. The threshold value is determined

by the so-called cost function, i.e. by the importance of a false-positive versus

a false-negative classification. The user determines the value for the false-

positive rate (here defined as the percentage of NTM samples that will be

wrongly classified as MTB) in the Receiver Operating Characteristic (ROC)

curve [17]. The ROC curve describes the relationship between the false-

positive rate and the true-positive rate (the percentage of MTB samples

correctly classified as MTB). Therefore, a decision on the acceptable false-

positive rate implicitly establishes a value for the true-positive rate. Once

the false-positive rate (or the true-positive rate) has been set, a threshold

value is obtained. A value of V below the threshold indicates the presence

of an MTB, whereas a value of V above the threshold indicates the presence

of an NTM. Hence, compounds with negative values tend to be dominant in

the MTB complex group; while positive values indicate the compounds have

a higher probability of being found in the NTM group. For cases where the

sensitivity (true-positive rate) and specificity (true-negative rate) are equally

important, the threshold value for V is 0.55. In this case, both sensitivity

and specificity are 95%.
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Table 4.3: Compounds identified as relevant for distinguishing
MTB1 complex from NTM2 using THM-GC-MS3

No. Retention Name of compounds m/z Beta-
time (min) coefficients

1 25.01 Methyl tetradecanoate (C14) 74 3.305
2 29.07 9-Hexadecenoic acid, methyl ester 83 0.863
3 29.48 Hexadecanoic acid, methyl ester (C16) 87 1.634
4 30.75 1-Nonadecene 97 1.278
5 31.40 Heptadecanoic acid, methyl ester (C17) 74 -2.819
6 32.75 9-Octadecenoic acid (Z)-, methyl ester 69 1.153
7 33.33 Octadecanoic acid, methyl ester (C18) 298 -0.712
8 34.02 Octadecanoic acid, 10-methyl-, methyl ester(TBSA) 312 0.034
9 36.50 α-D-Glucopyranoside, 2,3,4,6-tetra- 71 -1.112

O-methyl-α-D-glucopyranosyl 2,3,4,6-tetra-O-methyl
10 40.17 Docosanoic acid, methyl ester (C22) 354 0.942
11 43.22 Tetracosanoic acid, methyl ester (C24) 382 3.563
12 43.94 Unknown fatty acid 88 -0.58
13 44.09 Tetracosanoic acid, 2,4,6-trimethyl-, methyl ester (C27) 101 2.966
14 44.23 Tetracosanoic acid, 2,4,6,8-tetramethyl-,methyl ester (C28) 101 2.961
15 44.70 Pentacosanoic acid, methyl ester (C25) 87 -0.965
16 46.12 Hexacosanoic acid, methyl ester (C26) 410 -6.948
17 46.88 Hexacosanoic acid,2,4,6-trimethyl-, methyl ester (C29) 101 -2.025
18 47.01 Hexacosanoic acid,2,4,6,8-tetramethyl-, methyl ester (C30) 101 -1.935
19 49.55
20 49.66

Octacosanoic acid, 2,4,6,8-tetramethyl-, methyl ester (A)4 (C32)  101 -0.899 
Octacosanoic acid, 2,4,6,8-tetramethyl-, methyl ester (B)4 (C32) 101 -0.705

1MTB complex, M. tuberculosis complex
2NTM , Non-tuberculous mycobacteria
3THM-GC-MS , Thermally assisted hydrolysis
and methylation gas chromatography-mass spectrometry
4A and 4B C32 mycocerosates, Two isomers of C32 mycocerosates

4.2.7 Ethical approval

This study was approved by the Health Research Ethics Committee at Stel-

lenbosch University, South Africa (reference number N06/09/186).

4.3 Results and Discussion

The 56 samples from the Netherlands (Testset-1) consisted of 39 MTB com-

plex strains and 17 opportunistic NTM strains (Table 4.1). The demograph-

ics and clinical characteristics of the population of origin for these samples

were not collected, but the strains were representative of those found in the

Netherlands. The 56 strains were tested blindly using our THM-GC-MS

method. The results using the 20-compound model at the threshold value of

0.55 are summarized in Table 4.4.
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Table 4.4: Results of the analysis of 56 mycobacterial strains
from patients in the Netherlands using THM-GC-MS1 and the
20-compound model.
Mycobacterial species/strain Classification by THM-GC-MS

using the 20- compound model
33 strains M. tuberculosis 33 MTB2 complex
2 strains M. africanum 2 MTB complex
2 strains M. bovis spp bovis 2 MTB complex
2 strains M. bovis BCG 2 MTB complex
2 strains M. avium complex 2 NTM3

2 strains M. chelonae complex 2 NTM
2 strains M. fortuitum complex 2 NTM
2 strains M. gordonae 2 NTM
2 strains M. malmoense 2 NTM
2 strains M. kansasii type I 1 NTM/1 MTB complex
1 strain M. abscessus 1 NTM
1 strain M. haemophilum 1 NTM
1 strain M. marinum 1 NTM
1 strain M. simiae 1 NTM
1 strain M. intracellulare 1 NTM
1THM-GC-MS = Thermally-assisted hydrolysis and methylation gas
chromatography- mass spectrometry
2MTB complex = M. tuberculosis complex
3NTM = Non-tuberculous mycobacteria

Fingerprint patterns of the normalized areas of the 20 compounds for some 
representative strains are given in Figure 4.1. The THM-GC-MS patterns 
of MTB strains differed notably from those of most NTM strains. We 
have shown in Figure 4.2 representative examples of the THM-GC-MS chro-
matograms for A: MTB, B: M. avium, C: M. marinum, D: M. kansasii. 
Clearly MTB strains contained the mycocerosate markers (compounds 17-20 in 
Table 4.3). The mycocerosates, breakdown products of phthiocerol dimy-

cocerosates (PDIM), were the most useful for distinguishing between NTM 
and MTB, since most NTM lack these markers. However, we identified a 
group of opportunistic NTM mycobacteria e.g. M. kansasii that have a pat-
tern of mycocerosate markers very similar to that of the MTB complex. The 
identification of these NTM strains posed a challenge to our model. There-
fore, we could split the NTM strains into two subsets, one with a pattern for 
the 20 target compounds which clearly differed from MTB complex strains 
(Figures 4.1B and 1C compared with 4.1A), and another subset which had a 
pattern that was rather similar to the MTB complex (Figures 4.1D and
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4.1E compared with 4.1A). In Figure 4.1C, the fingerprint pattern of the

normalized areas of the 20 compounds is given for M. marinum. High levels

of mycocerosate markers 13 and 14 and low levels of markers 16 and 17 were

observed compared to the MTB strains; markers 19 and 20 were not detected.

These features enabled correct classification of M. marinum as NTM by our

model. Testset-1 contained two M. kansasii type 1 strains (Figures 4.1D and

4.1E). These strains showed a marker pattern similar to the MTB strains,

especially for the mycocerosates (markers 13, 14 and 17-20). Compounds

17-20 are important markers for MTB since they have negative beta coeffi-

cients (see Table 4.3). One M. kansasii type I strain was correctly classified

as NTM (Figure 4.1D) but the other strain (Figure 4.1E) was misclassified

as MTB by our model. When the level of any of the marker compounds

17-20 is higher than a certain threshold (normalized areas of markers 17-18

> 10% and normalized areas of markers 19-20 > 3% as seen in Figure 4.1E),

the strain is wrongly classified as MTB complex. As a result, for Testset-1,

all 39 strains belonging to the MTB complex (including M. tuberculosis, M.

africanum, M. bovis and M. bovis BCG) were correctly classified, as well

as all but one (M. kansasii) of the 16 strains of NTM. With these strains

from the Netherlands, the model had 100% sensitivity (the percentage of cor-

rectly identified MTB strains) and 94% specificity (the percentage correctly

identified NTM strains). The accuracy was thus 98%.

In the samples from South Africa (Testset-2), using THM-GC-MS and our

20-compound model, all 12 NTM isolates were correctly identified (see Table

4.5). Eighty of the 91 MTB (88%) isolates were classified correctly. The

remaining 11 isolates (identified by the Bioline test and 16S rRNA sequencing

as belonging to the MTB complex) were misclassified as NTM by our model.

For Testset-2, the sensitivity was 88%, specificity was 100% and accuracy

was 90%. The poorer performance of our model with these samples can be

attributed to the very different geographical origin of the samples used for

the training set and the test set. The samples from the training set came

from the Netherlands whereas the samples from the test set came from South

Africa.

The fingerprint patterns of the normalized areas of the 20 compounds are

given for some representative strains from South Africa in Figure 4.3. In

Figures 4.3A and 4.3B, two different MTB strains are shown and the pattern
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Figure 4.1. Fingerprint patterns of the normalized areas of the 20
markers in samples from the Netherlands. The graph shows the fin-
gerprint patterns of the normalized areas of 20 marker compounds in
different mycobacteria from the Netherlands with (A) M. tuberculosis,
(B) M. gordonae, (C) M. marinum, and (D) and (E) two M. kansasii
type I strains. Case (A) belongs to the MTB group; cases (B-E) belong

to the NTM group. Compounds 1-20 are identified in Table 4.3.

of an NTM is shown in Figure 4.3C. All three were correctly classified in

our model. Five of the 11 misclassified MTB isolates are shown in Figures

4.3D-H. These strains were rich in compound 3 with concentrations ≥ 60%.

The concentrations of the mycocerosate marker compounds 17-20 were very

low. The β-coefficient values of the 20 compounds in Table 4.3 show that

hexacosanoic acid (compound 16) and the mycocerosate markers (17-20) are

important markers for the MTB complex. In the strains shown in Figures

4.3D-H the low levels of these markers resulted in their misclassification

as NTM strains. It is relevant to note that our model uses information

about all 20 compounds. However, the most important compounds for the

identification of MTB are compounds 16-20. If these are present in an MTB

strain at very low levels or are below the detection limit, the model will

misclassify the MTB as NTM.
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Figure 4.2. Representative examples of the THM-GC-MS chro-
matograms. Chromatograms are shown for A: M. tuberculosis, B: M.

avium, C: M. marinum, D: M. kansasii.

The mycocerosate markers 13, 14, 17-20 (Table 4.3) have also been found by

other researchers to be relevant MTB markers [19, 20]. However, we have

found some of these markers are also present in some other pathogenic and

opportunistic mycobacteria such as M. kansasii, M. marinum, M. gastri, M.

ulcerans and M. leprae. Mycocerosates are multimethyl branched fatty acids

present in phthiocerol dimycocerosates (PDIMs), diacyltrehaloses (DATs),

polyacyltrehaloses (PATs) and phenolphthiocerol dimycocerosates (PGLs)

[21] and are released by the THM treatment [18]. The PDIMs are highly

stable waxes, composed of mixtures of long-chain mycocerosic acids esteri-

fied to the phthiocerols, long-chain C34 and C36 diols [20]. The differences

in the amount of PDIMs in various M. tuberculosis strains and the fact that

PDIMs are also present in a few strains of NTM may potentially give rise
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Table 4.5: Results of the analysis of 103 primary isolates from
patients from Stellenbosch, South Africa using THM-GC-MS and
the 20-compound model.
Mycobacterial species/strain Classification by THM-GC-MS1

and the 20- compound model
80 strains M. tuberculosis 80 strains MTB complex2

11 strains M. tuberculosis 11 NTM3

2 strains M. intracellulare 2 strains NTM
2 unknown strains Bioline test Negative 2 strains NTM
2 strains M. peregrinum/M. septicum 2 strains NTM
2 strains M. avium 2 strains NTM
1 strain M. lentiflavum 1 strain NTM
2 strains M. gordonae 2 strains NTM
1 strain N. shimofusensis 1 strain NTM
1THM-GC-MS = Thermally-assisted hydrolysis and methylation gas
chromatography-mass spectrometry
2MTB complex = M. tuberculosis complex
3NTM = Non-tuberculous mycobacteria

to confusion if PDIMs alone are used as the feature to distinguish MTB 
from NTM. Recently, O’Sullivan and coworkers used THM-GC-MS to look 
for mycocerosates (with markers corresponding with our compounds 17-20) in 
sputum [22]. Their method had a sensitivity of only 61% with a specificity 
of 71% to detect MTB in 395 sputum samples from Zimbabwe [22]. Our 
own study suggests that this rather poor sensitivity may be due to the very 
low levels of mycocerosates found in some MTB strains. On the other hand, 
as noted by O’Sullivan and coworkers, the presence of high levels of matrix 
compounds from sputum which elute at similar retention times can easily 
result in false-positive and false-negative results, and hence a low specificity 
and sensitivity [22]. With sputum, overloading of the GC-MS is a potential 
problem and the inherent lack of robustness of GC-MS may render the ap-
proach, as it stands, unsuitable for routine use in diagnostic laboratories. The 
performance of our model for the Dutch testset-1 was similar to that 
achieved previously when measured with the Dutch training and validation 
set [17]. In the present study the results for the South African samples were 
slightly less accurate, most likely because the training set used to estab-
lish the model lacked strains from South Africa. For optimum performance 
the training set used to derive the model should consist of locally occur-
ring strains and should include an adequate number of NTMs (preferably 
approximately 50%). However, in our model development only 12 NTM 
strains were available from South Africa, which precluded us from building
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Figure 4.3. Fingerprint patterns of the normalized areas of the 20
markers in samples from South Africa. The graph shows the fingerprint
patterns of the normalized areas of 20 marker compounds in different
mycobacteria from South Africa with two representative M. tuberculosis
strains (A & B), one representative NTM strain M. intracellulare (C),
five misclassified M. tuberculosis strains (D-H). Note the high value of
compound 3 and the low values of compound 17-20. Compounds 1-20

are identified in Table 4.3.

a more location-specific model. In a recent study Olivier and Loots found 
that GC-MS and multivariate statistical analysis could be used to distinguish 
M. kansasii, M. avium, M. tuberculosis and M. bovis from each other using 
12 metabolite markers [23]. They used a modified Bligh-Dyer extraction, 
methylation under basic conditions, followed by hexane extraction. Three of 
their markers (C17, TBSA and C32 mycocerosates were the same ones we 
found using THM-GC-MS. Our method has the advantage over theirs that 
it needs no sample treatment since suspensions of heat inactivated mycobac-

teria can be analyzed directly. Also, our fully-automated procedure makes 
the method robust and easy to perform. O’Sullivan and coworkers used a 
methanol/petroleum-ether extraction method [22]. We have run a petroleum 
ether extract of mycobacteria through the THM-GC-MS and compared the 
results with those obtained using our simple extraction method (data not 
shown). The patterns were the same, confirming that the efficiency of our
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approach is the same as that for petroleum ether extraction.

To improve the sensitivity of the model for South African strains whilst main-

taining a high specificity, we built a decision tree using chemical intuition

and experience. The method is based on normalized areas of the 20 target

compounds, ranking them in order of importance with regard to distinguish-

ing MTB and NTM strains. The tree diagram obtained this way is given in

Figure 4.4. The algorithm uses the normalized areas of four mycocerosates

(compounds 17-20), hexacosanoic acid (compound 16), tuberculostearic acid

(compound 8), palmitic acid (compound 3) and the disaccharide (compound

9). The decision tree was built using all 103 samples in Testset-2 from South

Africa. We applied the algorithm to the 100 samples from the Netherlands

consisting of the 56 samples of Testset-1 and 44 samples from the training

set [17]. The performance of the newly developed decision tree model was

excellent. All the samples were correctly classified when this algorithm was

used. In addition to the visual tree model we have explored an alternative

method for obtaining a decision-tree type model based on a CART (Clas-

sification And Regression Trees) method. CART is a simple but powerful

method for multivariate classification and regression based on a series of sub-

sequent binary partitions using multivariate data [24]. This method creates

an algorithm from a decision-tree strategy constructed in a systematic way,

rather than by intuition, as described in the previous paragraph. As different

classification trees may be constructed, the “best” tree model is optimised

and further “pruned” using a cross-validation strategy. To perform the opti-

mization based on a cross-validation is crucial, since tree methods are prone

to over-fitting. Also, care should be taken to avoid over-optimistic models.
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We fitted two CART models. For the first model we considered the data set

consisting of 15 MTB complex strains and 29 NTM strains from the Nether-

lands used in our previous study [17]. We used this data set for calibration

and cross-validation. The optimised tree model (after cross-validation) is

shown in Figure 4.5A. The model is extremely simple: it only uses two com-

pounds, ]16 and ]1, which, as expected, have one of the lowest and highest

β-coefficients respectively (Table 4.3). The model yielded an overall accuracy

(cross-validated) of 95% (similar to the method based on the β-coefficients,

Table 4.3). When applied to Testset-1 the accuracy was 96%. Indeed a good

accuracy is expected, since the Testset-1 consists of samples from the same

geographical region. As with our other models, when this model was applied

to Testset-2, the accuracy decreased to 90%.

Figure 4.5B depicts the CART model using the data sets derived from all 203

samples together as training and validation sets. The model has been opti-

mised by cross-validation, yielding an accuracy of 99.5% (cross-validated). It

follows that, in agreement with the model shown in Figure 4.4, it is possible to

construct a classification model with nearly 100% accuracy. Furthermore, as

this model has been fitted using data from different geographical origins, the

high degree of accuracy suggests that it is possible to create a global model

which is applicable to different geographical regions. The CART model from

Figure 4.5B makes use particularly of compounds ]16 and ]18 and is also

very simple. Compound ]16 was a crucial element in the manual decision

tree proposed in Figure 4.4. Compounds ]17-20 were also used in that model.

As these compounds are normally correlated, the CART model finds it opti-

mal to use only one of them as a classifier, confirming the usefulness of the

algorithm depicted in Figure 4.4. Moreover, as the accuracy of the CART

model was determined after cross-validation, there is more certainty that our

high accuracy is not over-optimistic. The fact that the degree of accuracy

obtained by cross-validation in Figure 4.5A is similar to the one obtained

with the Testset-1 can also be considered as an indirect proof that the accu-

racy of the model depicted in Figure 4.5B is not over-optimistic.

The use of a subset of the 20 compounds (as suggested with the manual

decision tree model and with the CART models) does not mean that the

peak areas of the compounds not participating in those models are not rel-

evant. This is because the tree models make use of normalized peak areas,

i.e. the areas of every compound are normalized to make the sum of the 20
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Figure 4.5. CART models derived using chemometrics. (A) used 44
samples from the Netherlands as training and validation sets and 159
samples as test sets (Testset-1, 56 Dutch samples and Testset-2, 103
samples from South Africa); (B) used all 203 samples as training and

validation sets.

compound areas equal to 1. Hence, in practice, the user should still measure

experimentally the peak area of the 20 compounds, in order to normalize the

values correctly. In principle, it could be possible to fit a tree model using

information from the two compounds participating in the model only (nor-

malization within the two compounds). From an experimental perspective,

this would be highly attractive, since then the experimental measurement

of the remaining 18 compounds could be skipped. However, when the tree

model was fitted in this way, its performance was significantly reduced (from

99% to 86.5%).

We plan to explore if the combination of our 20-compound model, the de-

cision tree and CART models can be applied to identify and classify MTB

and NTM strains directly in sputum. If so it would pave the way to the



Validate biomarkers for distinguishing MTB and NTM 99

development of a much simpler, high-throughput test to identify MTB or

NTM directly in sputum. This panel of 20 compounds offers the possibility

of further developments which could result in a simple test for field use in

resource-constrained countries.

4.4 Conclusions

Conventional methods for the differentiation of MTB from NTM still suffer

from the limitations of speed, sensitivity and specificity. Our fully automated

THM-GC-MS approach with the 20-compound model is a promising tool to

differentiate MTB and NTM. Excellent results can be obtained when the

training and validation sets originate from the same geographical settings.

If the sample set is obtained from a different area the results may not be as

good, although our method still achieved a sensitivity of 88% and specificity

of 100%. We have derived two types of tree models to solve this problem.

One algorithm was constructed using manual inspection of the data, which

enabled correct classification of all 103 samples from South Africa and 100

samples from the Netherlands, i.e. 100% sensitivity and specificity. Another

tree was fitted using a CART model. This last model was extremely simple

(only two compounds included), yet highly accurate (99.5% accuracy) when

the accuracy was tested using cross-validation. Although promising, these

findings were derived from strains from The Netherlands and South Africa

only. Future studies using strains from different areas are needed to corrob-

orate these findings. Our final goal is to develop a micro GC and portable

detector to detect and differentiate MTB and NTM directly in sputum.
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Summary

Tuberculosis (TB) remains a major public health problem. Delayed diagnosis

has serious consequences both for the prognosis of the patient and the con-

trol of this disease. The poor performance of current diagnostic tests at the

point of care too often results in a failure to detect new TB cases. Recently

thermally-assisted hydrolysis and methylation followed by gas chromatogra-

phy–mass spectrometry (THM-GC-MS) in combination with chemometrics

was used to develop a 20-compound model for fast differentiation of My-

cobacterium tuberculosis (MTB) from Non-tuberculous mycobacteria (NTM)

in bacterial cultures. This model provides better than 95% accuracy. In the

current study we developed a new sample pretreatment method that uses

hexane/methanol/water extraction followed by solid phase extraction as a

clean-up procedure prior to THM-GC-MS (SPE-THM-GC-MS) to identify

these 20 markers for detection of MTB directly in sputum. Based on the

mycocerosate markers, the detection limit of the method was approximately

1 x 104 bacteria/mL sputum. This detection limit is lower than that of

microscopy and therefore sufficient for early detection of MTB directly in

sputum. Finally, sputum samples from 32 patients suspected of having TB

from South Africa were blindly tested using the method developed. The

results from our method show an excellent agreement with those obtained

from Ziehl-Neelsen (ZN) and culturing. More samples need to be tested to

further evaluate the sensitivity and specificity of our new method. The pos-

sibility of fully automating the entire procedure means that a point of care

test is a viable option for the future, even in limited-resource settings. The

work therefore currently proceeds towards the development of a miniaturized

GC-based device for detection of MTB at the point of care.
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5.1 Introduction

Tuberculosis (TB) remains a major threat for public health. One third of

the world population is infected with TB [1]. Delayed diagnosis has serious

consequences for the prognosis of the patients and for control of the disease

[2]. Despite all the efforts over the last 125 years, a simple tool for the

reliable diagnosis of TB at the point of care is still lacking [3]. The low sen-

sitivity and specificity of current diagnostic tests for TB limit their utility

[4]. The commonest method for the direct identification of mycobacteria in

clinical specimens is still sputum-smear microscopy [5]. It is rapid, inexpen-

sive and simple to perform, but sensitivity can vary between 30% and 70%

and strongly depends on the skill of the operator [6]. Furthermore, micro-

scopic methods (usually using Ziehl-Neelsen (ZN) staining) fail to distinguish

Mycobacterium tuberculosis complex (MTB) from non-tuberculous mycobac-

teria (NTM). It can be difficult to distinguish infection with MTB from NTM

since the symptoms and signs of infection are similar. For instance, patients

from Cape Town, South Africa who were suspected to have TB on clini-

cal grounds and whose sputum was ZN-positive were found in 10% of cases

to have infections caused by NTM [7]. Correct identification of NTM aids

clinical decisions, reduces overtreatment and avoids the troublesome side ef-

fects of therapy. Nucleic acid amplification techniques allow differentiation

of MTB from NTM with high sensitivity and specificity; unfortunately these

techniques are not widely available in resource-limited settings due to the

high cost and lack of infrastructure and expertise [8].

In 2009 a fully automated gas chromatography-mass spectrometry method

was developed for the detection of TB directly in sputum. The method

is based on thermally-assisted hydrolysis and methylation (THM-GC-MS)

and uses a combination of two biomarkers, tuberculostearic acid and hexa-

cosanoic acid [9]. Unfortunately these markers are not specific enough for

MTB because they also occur in several NTM, such as M. kansasii, M. avium

and M. gordonae [10, 11]. Recently we developed a classification model that

uses information of 20 markers for differentiation of MTB and NTM in early

cultures (Table 5.1). The model uses THM-GC-MS to identify and measure

the amounts of the markers and advanced chemometrics for data process-

ing. It enables differentiation of MTB from NTM in cultures with more
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than 95% accuracy [10]. The 20-compound model performed well in a val-
idation test with two independent sample sets consisting of 56 representa-
tive mycobacterial strains from the Netherlands cultivated in mycobacteria 
growth indicator tubes (MGIT) and 103 isolates from Stellenbosch, South 
Africa from sputum grown in MGIT tubes [11]. The mycocerosates predom-

inate in our group of 20 markers. In 2012, O’Sullivan and coworkers used 
THM-GC-MS to detect MTB directly in sputum, focusing particularly on 
the mycocerosate pattern. Petroleum ether/ methanol/water extracts of the 
sputum where prepared in an attempt to remove non-informative interfering 
compounds [12]. O’Sullivan and coworkers reported a sensitivity of 61% and 
specificity of 71% to detect MTB in 395 sputum samples from Zimbabwe. 
Like us, these authors noted the presence of high levels of matrix compounds 
in sputum which elute close to the mycocerosate markers of interest. This 
can easily result in false-positive or false-negative classifications, and there-
fore in low specificity and sensitivity. We found that the very low levels of 
mycocerosates in some MTB strains, such as Beijing MTB strains could also 
yield false-negative results. In contrast, we also found false-positive results, 
for instance with some M. kansasii strains (an NTM) which contain a my-

cocerosate pattern very similar to that of MTB strains.
In the present study we have developed a new method for the detection of 
MTB directly in sputum based on our 20 proposed markers. We used liquid 
extraction followed by solid phase extraction as a sample clean-up method 
prior to THM-GC-MS (SPE-THM-GC-MS). Sputum samples spiked with 
MTB, M. kansasii and M. avium strains at levels of 1 x 104 to 1 x 107 

bacteria/mL were used to optimize the SPE-THM-GC-MS procedure and 
determine the detection limit of the method. We then analyzed 32 sputum 
samples from patients in South Africa with suspected TB using our new 
SPE-THM-GC-MS procedure. The results were compared with those ob-
tained with microscopy, culture and analysis using the Polymerase Chain 
Reaction (PCR) method.
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Table 5.1: Compounds identified as relevant for distinguishing
MTB1 complex from NTM2 using THM-GC-MS3

No. Retention time (min) Name of compounds m/z Beta-
coefficients

1 25.01 Methyl tetradecanoate (C14) 74 3.305
2 29.07 9-Hexadecenoic acid, methyl ester 83 0.863
3 29.48 Hexadecanoic acid, methyl ester (C16) 87 1.634
4 30.75 1-Nonadecene 97 1.278
5 31.40 Heptadecanoic acid, methyl ester (C17) 74 -2.819
6 32.75 9-Octadecenoic acid (Z)-, methyl ester 69 1.153
7 33.33 Octadecanoic acid, methyl ester (C18) 298 -0.712
8 34.02 Octadecanoic acid, 10-methyl-, methyl ester(TBSA) 312 0.034
9 36.50 α-D-Glucopyranoside, 2,3,4,6-tetra-O- 71 -1.112

methyl-α-D-glucopyranosyl 2,3,4,6-tetra-O-methyl
10 40.17 Docosanoic acid, methyl ester (C22) 354 0.942
11 43.22 Tetracosanoic acid, methyl ester (C24) 382 3.563
12 43.94 Unknown fatty acid 88 -0.58
13 44.09 Tetracosanoic acid, 2,4,6-trimethyl-, methyl ester (C27) 101 2.966
14 44.23 Tetracosanoic acid, 2,4,6,8-tetramethyl-, methyl ester (C28) 101 2.961
15 44.70 Pentacosanoic acid, methyl ester (C25) 87 -0.965
16 46.12 Hexacosanoic acid, methyl ester (C26) 410 -6.948
17 46.88 Hexacosanoic acid, 2,4,6-trimethyl-, methyl ester (C29) 101 -2.025
18 47.01 Hexacosanoic acid, 2,4,6,8-tetramethyl-, methyl ester (C30) 101 -1.935
19 49.55 Octacosanoic acid, 2,4,6,8-tetramethyl-, methyl ester (A)4 (C32) 101 -0.899
20 49.66 Octacosanoic acid, 2,4,6,8-tetramethyl-, methyl ester (B)4 (C32) 101 -0.705
1 MTB complex, M. tuberculosis complex
2 NTM , Non-tuberculous mycobacteria
3 THM-GC-MS, Thermally assisted hydrolysis and methylation gas chromatography-mass spectrometry
4A and 4B C32 mycocerosates, Two isomers of C32 mycocerosates

5.2 Materials and Methods

5.2.1 Culture of mycobacteria

Mycobacterial strains used in spiking experiments in both THM- multidi-

mensional (heart-cut) GC/GC-MS and one dimensional SPE-THM-GC-MS

analyses were obtained from the National Institute for Public Health and

the Environment (RIVM) in the Netherlands. All strains were cultured us-

ing the Mycobacteria Growth Indicator Tube (MGIT) culture system (BD

Diagnostics, Detroit, MI, USA).

5.2.2 Sputum samples

For spiking experiments, blank sputum samples (sputum from patients with-

out TB) were obtained from patients with lung infection, but free of TB

attending the Academic Medical Centre, University of Amsterdam, The

Netherlands. Patients with suspected pulmonary TB attending the Desmond

Tutu TB centre, Stellenbosch University, Cape Town, South Africa provided

sputum samples. To reduce viscosity, these samples were treated with Mast
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Sputagest according to the recommended procedure of SV40 Sputagest Se-

lectavial (MAST, Merseyside, United Kingdom), and divided in aliquots and

shipped to the University of Amsterdam on dry ice.

5.2.3 Standards and reagents

The 25% Tetramethylammonium hydroxide (TMAH) solution in methanol

used for THM-GC-MS was obtained from Sigma–Aldrich (Zwijndrecht, The

Netherlands). The water used for dissolving the reagent was deionized before

use using a Satorius Arium 611 UV instrument (Satorius, Nieuwegein, The

Netherlands). Organic solvents (hexane, diethyl ether, methanol and chlo-

roform) were purchased from Biosolve (Valkenswaard, The Netherlands).

5.2.4 Sample preparation for sputum specimens

5.2.4.1 Decontamination of sputum specimens

Sputum samples of 0.7 to 1.5 mL were decontaminated in 15 mL polypropy-

lene tubes (Greiner, Nürtingen, Germany) with an equal volume of 0.5 M

NaOH + 0.05 M Na-citrate and 5 mg N-acetyl-l-cysteine (NALC)/mL. The

samples were shaken for approximately 15 min and neutralized with seven

volumes of 0.15 M phosphate pH 4.0 and diluted with demi water to an end

volume of 15 mL. The decontaminated sputum samples were centrifuged for

45 min at 4000 rpm (2700 x g) using a Hettich Universal 16 centrifuge (Het-

tich, Tuttlingen, Germany). The supernatant was removed and the pellet

was transferred by twice resuspending the material in 0.75 mL demineral-

ized water with transfer to a 10 mL disposable Corning Pyrex glass tube

(Corning B.V. Life Sciences, Amsterdam, The Netherlands), which had been

cleaned by heating overnight at 300 ◦C to remove traces of lipids. The tube

was then capped with a Teflon faced rubber liner cap and centrifuged for 30

min at 4000 rpm. The supernatant was removed with a disposable Pasteur

pipette so that the end volume of pellet was 50-100 µL. The endvolume was

adjusted by adding deionized water till 200 µL.
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5.2.4.2 Hexane extraction of decontaminated sputum specimens

To each 200 µL of decontaminated sputum 1 mL methanol and 1 mL hexane

was added. The mixture was placed in a sonicating water bath for 10 min and

shaken overnight in a horizontal position on a Vortex shaker. Subsequently

the mixture was centrifuged for 30 min at 4000 rpm, the hexane phase (upper

layer) was harvested with a disposable glass Pasteur pipette and another 1

mL of hexane was added for a second extraction. Both hexane extracts were

combined and evaporated to dryness using a stream of air and the heat of

a warm hair dryer. The material was re-dissolved in 500 µL hexane and

subjected to the solid phase extraction (SPE) procedure.

5.2.4.3 Normal phase solid phase extraction

The SPE experiment used 100 mg silica, 1 mL cartridges purchased from

Phenomenex (Utrecht, The Netherlands). The washing solution, sample and

eluting solvents, were passed through the SPE cartridge by gravity. Each

cartridge was preconditioned by two washings with 2 mL hexane. Then 0.5

mL of the hexane extract from the sputum sample was applied onto the SPE

cartridge, followed by 1 mL of pure hexane. The pass-through solution was

collected in a 1.5 mL auto-sampler vial. The cartridge was subsequently

eluted with 1 mL 20% diethyl ether in hexane, followed by 1 mL 50% di-

ethyl ether in hexane, then 1 mL methanol and finally 1 mL chloroform/

methanol/water mixture ( 1: 2 : 0.8). All four eluates were collected sepa-

rately in auto-sampler vials. All five samples were then evaporated to dryness

using a stream of air and the heat of a warm hair dryer. All dry residues

were dissolved in 60 µL hexane and transferred to a 200 µL insert placed

in the original auto-sampler vial. Twenty microliters of each fraction was

injected for the THM-GC-MS analysis.

5.2.4.4 Instrumentation

In the experimental study two GC instruments were used. All one dimen-

sional GC analyses (THM-GC-MS) were carried out on a Shimadzu GC–MS

QP2010 Plus (Shimadzu, Den Bosch, The Netherlands). The GC system
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was equipped with a “Focus” XYZ robotic auto sampler and an Optic 3 Pro-

grammed Temperature Vaporizing (PTV) injector (ATAS GL, Eindhoven,

The Netherlands). A non-polar 30 m x 0.25 mm I.D. TC 5MS column (5%

phenyl-methylpolysiloxane) with a film thickness of 0.25 µm (ATAS GL) was

used in these GC experiments.

Multidimensional (heart-cut) GC analyses (MD-THM-GC/GC-MS) were done

on a dual-oven Shimadzu MDGC/GC–MS QP 2010 Plus system incorporat-

ing multi-Deans switching. The GC system was equipped with a “Focus”

XYZ robotic auto sampler and an Optic 4 PTV injector (ATAS GL). A

low bleed arylene stabilized stationary phase equivalent to 5% phenyl/95%

dimethylpolysiloxane column (VF5-ms; 30 m x 0.25 mm I.D. x 0.25 µm film

thickness, Agilent, Middelburg, The Netherlands) was used as the first di-

mension column in the heart-cut system. The second dimension column was a
non-polar 30 m x 0.25 mm I.D. TC 5MS column (5% phenyl-methylpolysiloxane) 
with a film thickness of 0.25 µm (ATAS GL). The 1st dimension column was 
coupled with a monitor flame ionization detector (FID), the 2nd dimension 
column with a mass spectrometer (MS) detector.

5.2.5 Mycobacterial suspensions for spiking experiments

5.2.5.1 Spiking experiment for MD-THM-GC/GC-MS

Twenty-one strains of MTB were used in a spiking experiment with MD-

THM-GC/GC-MS analysis. Bacterial suspensions containing 1 x 108 my-

cobacteria/mL were placed in individual 3 mL glass tubes. The mycobac-

teria were killed by heating the samples for 20 min at 80◦C. The number

of bacteria in the suspension was determined by counting the mycobacteria

under the microscope after staining by Ziehl Neelsen. Ten microliters of each

bacterial suspension of 1 x 108 mycobacteria/mL was added to 90 µL of the

decontaminated sputum samples.

5.2.5.2 Spiking experiment for SPE-THM-GC-MS

The mycobacteria used for spiking in the experiments with SPE clean-up

were killed by heating the strains for 20 min at 80◦C. The suspension was
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vortexed for 5 min with 25 glass beads (diameter 4 mm) and filtered through

a 5 µm filter to eliminate clumps. The absorbance of the suspension was

measured at 420 nm and adjusted to 0.225, which corresponds to 1.5 x 108

mycobacteria/mL [13]. Serial dilutions of 1.5 x 108 – 1.5 x 107 – 1.5 x

106 – 1.5 x 105 – 1.5 x 104 mycobacteria/mL were prepared using 0.05%

bovine serum albumin in water for dilution. The spiking experiments were

performed in two different ways: by adding the mycobacterial suspensions to

the sputum samples either after or before the sputum decontamination step.

Seven microliters of the heat-killed mycobacterial suspensions at different

concentrations (1.5 x 108 –1.5 x 107 – 1.5 x 106 – 1.5 x 105 – 1.5 x 104

mycobacteria/mL) were added to 100 µL decontaminated sputum to give

respectively 1 x 106 – 1 x 105 – 1 x 104 – 1 x 103 mycobacteria in 100 µL of

10x concentrated sputum after decontamination. In a second set of spiking

experiments 100 µL of the heat-killed mycobacterial suspension at different

concentrations (1 x 107 – 1 x 106 – 1 x 105 – 1 x 104 mycobacteria/mL) were

added to 1 mL of sputum prior to decontamination resulting in 1 x 106 – 1

x 105 – 1 x 104 – 1 x 103 mycobacteria/1 mL sputum.

5.2.6 Automated THM-GC-MS and MD-THM-GC/GC-

MS

Fully automated (one dimensional) THM-GC-MS was performed inside the

liner of the Optic 3 PTV injector. Detailed descriptions of the operating

conditions are presented elsewhere [10]. In short, 20 µL of a bacterial sus-

pension, a spiked sputum sample or a fraction of an SPE run was injected

into the PTV injector at a temperature well below the boiling point of the

solvent. The solvent was then evaporated, THM reagent was injected, and

the injector was heated to 450◦C to effect pyrolysis with in-situ methylation.

Helium was used as the carrier gas. The MS was operated in the full scan

mode collecting spectra at a rate of 5 Hz over the mass window from 60 to

500 amu. All samples were randomly and blindly tested.

Fully automated MD-THM-GC/GC-MS was performed inside the liner of an

Optic 4 PTV injector. Now 40 µL of decontaminated blank or spiked spu-

tum from patients without MTB were injected into the PTV injector. The

details of the THM procedure were similar to those in the fully automated

one dimensional THM-GC-MS experiment mentioned above. On the MDGC
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instrument first a run without transfer of the analytes from the 1st dimen-

sion to the 2nd dimension was performed. This way the time windows for

transfer of the 20 target compounds could be determined. Later runs with

heart cutting were carried out to transfer the 20 target compounds from the

1st GC dimension to the 2nd dimension. 16 cuts were made to do so.

5.2.7 Ethical approval

This study was approved by the Health Research Ethics Committee at Stel-

lenbosch University (reference number N06/09/186).

5.3 Results and discussion

In our previous work we successfully used THM-GC-MS for the classification 
of bacterial cultures into MTB or NTM. The matrix of bacterial cultures 
is relatively clean in comparison to sputum. Classification of mycobacteria 
present in sputum is much more challenging due to the presence of high levels 
of other interferences in the sputum. Figure 5.1 shows the total ion current 
(TIC) THM-GC-MS chromatograms of a decontaminated sputum sample 
from a patient with pulmonary tuberculosis (black line) and of a bacterial 
suspension (of approximately 1 x 108 bacteria/mL) of an MTB strain 
(MTB 124) grown in MGIT medium (pink line).

Clearly the chromatogram of sputum is much more complex. This shows

that the detection of biomarkers for MTB in sputum from suspected pa-

tients remains a challenge. We have previously described our attempt to

use THM-GC-MS to detect MTB directly in sputum using a combination of

TBSA and C26 as target biomarkers [9]. Unfortunately, these biomarkers

are not specific enough for MTB since TBSA and C26 are also present in

most mycobacteria [11]. Moreover, we also found C26 in sputum samples

free of MTB or NTM.

In 2012 O’Sullivan and coworkers proposed the analysis of mycocerosates as

markers in sputum from patients with suspected TB [12]. For the analysis

these authors applied petroleum ether/methanol/water extraction followed

by THM-GC-MS analysis. In practical use, however, this approach suffered
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Figure 5.1. Total ion current (TIC) chromatograms of direct THM-
GC-MS of a bacterial suspension of cultured MTB 124 (pink curve)
and a decontaminated sputum sample from a patient with pulmonary

tuberculosis (black curve).

from a low sensitivity and specificity because of the poor detectability of 
these markers in the complex sputum matrix.

Recently we combined THM-GC-MS and advanced chemometrics to derive a 
model that uses levels of 20 marker compounds to classify cultured my-

cobacteria as MTB or NTM. With this model we were able to differentiate 
between MTB and NTM in early cultures with more than 95% accuracy 
[10]. However, interferences by the matrix compounds present in sputum 
adversely affect the detection limit of this direct THM-GC-MS procedure. 
Only very high levels of the markers can be detected reliably. We and others 
found that mycocerosates are key compounds for distinguishing MTB from 
NTM in sputum. It is clear from our work that the levels of these most 
important biomarkers in the 20-compounds list vary widely among different 
MTB strains. Some Beijing MTB strains for example contain very low levels of 
mycocerosates in comparison with other MTB strains [11]. Thus a very 
sensitive analytical procedure is required to detect these low mycocerosates 
containing MTB strains. Additionally the method should provide a very high 
separation power in order to be able to quantify the mycoserosates in the
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presence of high levels of interfering compounds from the sputum matrix. 
To achieve this we used a multi-dimensional heart-cut THM-GC/GC-MS 
(MD-THM-GC/GC-MS) method. The 20 target compounds were cut out 
in 16 selected time windows with the help of the known retention times and 
the use of the monitor FID signal. The 16 cuts were collected at the inlet 
of the second dimension column. After the last fraction had been collected 
the actual 2nd dimension analysis was started by starting the temperature 
program. MS detection was applied to obtain additional selectivity and max-

imize sensitivity. Figure 5.2A shows the 1st dimensional FID chromatograms 
of decontaminated sputum spiked with MTB 124 in the direct analysis mode 
(pink curve) and the heart-cut mode (black curve). The total ion current 
chromatogram from the MD-THM-GC/GC-MS is shown in Figure 5.2B.

Clearly, the much cleaner chromatogram obtained with MD-THM-GC/GC-

MS provides great advantages in terms of sensitivity, selectivity and resolu-

tion. Most compounds from the sputum matrix are eliminated after the first

dimension and only the compounds eluting in the 16 selected time windows

are transferred to the second dimension column. The results of the analy-

sis of blank sputum samples using MD-THM-GC/GC-MS show that 10 of

the 20 markers from our model are present in the sputum matrix in large

amounts, including the compounds 1-7, 10-11 and 15. This means only the

10 remaining compounds can be used as biomarkers for the detection of MTB

directly in sputum. Fortunately, these include the most important markers,

the mycocerosates.

In a second series of experiments we spiked sputum samples from different

patients with lung infections other than TB (blank sputum) with 21 dif-

ferent MTB and 16 NTM strains and analyzed the resulting samples with

MD-THM-GC/GC-MS in the heart cut mode for the 20 biomarkers. All

MTB and NTM strains were spiked at the same absolute amount of 1 x 106

mycobacteria in 100 µL final volume of 10x concentrated sputum after de-

contamination. Because the injection volume was 40 µL of spiked sputum

(spiked with 1 x 106 mycobacteria/100 µL of 10x concentrated sputum af-

ter decontamination), the absolute amount of bacteria introduced into the

MD-THM-GC/GC-MS analysis was 4.0 x 105 bacteria. Figure 5.3 shows

a representative example of the chromatograms (extracted ion m/z 101 for

mycocerosates) in MD-THM-GC/GC-MS of non-spiked blank sputum (blue
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Figure 5.2. The 1st dimension FID chromatogram of a sputum sample
in direct (no transfer) mode (pink curve) and in cut mode with 16 cut
positions for 20 target compounds (black curve). The total ion current
chromatogram of the (methylated) fatty acids in the 2nd dimension of
the heart cutting mode with MS detection is shown in Figure 5.2B.

curve), blank sputum spiked with MTB 162 strain (pink curve) and blank

sputum spiked with MTB 178 strain (black curve).

The two characteristic doublets for mycocerosates at m/z 101 were only

detected in sputum spiked with MTB 178. Direct MD-THM-GC/GC-MS

analysis of cultures of MTB 178 and MTB 162 shows that the levels of my-

cocerosates in MTB 178 are approximately five times higher than in MTB

162. The direct MD-THM-GC/GC-MS analysis of the 20 MTB cultures
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Figure 5.3. MS chromatogram of the second dimension of the multidi-
mensional GC-MS (extract m/z fragment 101) is shown. This fragment 
is specific for mycocerosates; decontaminated non-spiked blank sputum 
(blue curve), blank sputum spiked with MTB 162 strain (pink curve) 
and blank sputum spiked with MTB 178 strain (black curve). MTB 162 
and MTB 178 cultures were spiked at a level of 1 x 106 mycobacteria/100 
µL of 10x concentrated sputum after decontamination.

used in the spiking experiments again confirmed that the mycocerosate lev-

els can vary by as much as 20-fold among the different MTB strains (data not

shown). The spiking results indicate that MD-THM-GC/GC-MS can only

detect the mycocerosates in sputum if the levels of mycocerosates are suffi-

ciently high. Most MTB strains with moderate amounts of mycocerosates

were very hard to detect in spiked sputum, while MTB strains containing low

levels of mycocerosates were not detected. Despite the fact that the heart

cutting-mode was applied, some matrix compounds still interfered with the

detection of mycocerosates in MTB strains, further complicating the analysis

of strains with moderate to low levels of mycocerosates.

Using direct MD-THM-GC/GC-MS analysis, mycocerosates were also found

in the cultures of 2 M. kansasii strains (NTM strains). However, myco-

cerosates were not detected in any of the sputa spiked these M. kansasii
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strains. The high background of related interfering compounds in the spu-

tum matrix prevents direct MD-THM-GC/GC-MS from the detection of my-

cocrosates when these compounds are present at low levels. Since we cannot

detect mycoserosates in the MTB spiked sputum samples with moderate to

low levels of mycocerosates, we are unable to differentiate between a blank

sputum, a sputum spiked with MTB or an NTM or special NTM, such as M.

kansasii (containing mycocerosates like MTB) spiked sputum. As a result,

the detection limit and selectivity from the direct MD-THM-GC/GC-MS

was not good enough to detect the mycocerosates in very complex matrix

from sputum. To improve the performance of the method, further removal

of interfering sputum compounds and enrichment of the mycobacterial lipids
is needed.

The first route investigated to improve the isolation of mycobacterial lipids 
from decontaminated sputum consisted of an extraction with chloroform/

methanol/(1.0:2.0:0.8 /v,v,v), a standardized procedure developed by Bligh and 
Dyer several decades ago [14]. In these experiments twenty microliters of the 
chloroform phase and the methanol/water phase were analyzed using THM-GC-
MS. The chloroform layer contains all the lipids and the non-polar lipid precursors 
whereas the methanolic layer contains all the highly polar com-pounds. In these 
experiments we found that our target biomarkers for MTB, the mycoserosates and/
or their precursors, were extracted by the chloroform. Unfortunately, this phase 
not only contains the mycobacterial lipids, but also the lipids from the sputum 
matrix. Apparently the interfering compounds from the sputum matrix are 
extracted together with the target biomarkers. This shows a lack of selectivity of the 
Bligh and Dyer extraction method for extraction of the mycobacterial lipids and 
precursors from sputum. In other words, no improvement of the detection limit for 
the analysis of our target biomarkers was obtained by using this extraction method. 
We tested other extraction procedures to extract only the mycobacterial lipids and 
not the sputum lipids. Better results were obtained with hexane/methanol/water 
extraction than with chloroform/methanol/water extraction. The target biomarkers 
were found in the hexane phase. The lower number of peaks and their lower 
intensity in the hexane extract of decontaminated sputum (shown in Figure 5.4B) 
show that hexane provides a slightly more selective extraction of mycobacterial 
lipids when compared with the chloroform extraction (Figure 5.4A). The 
methanol/water phase from the hexane extraction was also
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Figure 5.4. Representative examples of total ion current (TIC) chro-
matograms of THM-GC-MS of chloroform extract of a decontaminated
sputum with chloroform/methanol/water extraction (A) and of hexane

extract with hexane/methanol/water extraction (B).

directly analyzed by THM-GC-MS. It gave an almost empty chromatogram

with a few peaks only that were found to belong mainly to sugar compound

(data not shown, Biomarker 9, Table 5.1). Therefore, hexane/methanol/wa-

ter extraction was preferred over chloroform/methanol/water extraction for

the extraction of mycobacterial lipids from sputum. Additionally, hexane

has the advantage of more favorable regarding safety aspects and is easier to

combine with normal phase SPE procedures.

Hexane/methanol/water extraction gave a better result with less interference

by sputum matrix compounds than chloroform/methanol/water extraction.

However, unsatisfactory results were obtained when low levels of mycobac-

teria were present in the sputum. The detection limit was estimated was to

be approximately 1 x 105 bacteria/mL sputum before decontamination.
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Interference from high background levels of similar lipids from sputum ma-

trix prevented accurate analysis of our 20 marker compounds. We then

introduced normal phase solid phase extraction (SPE) as an additional clean-

up step after the hexane/methanol/water extraction. Ideally the SPE step

would allow further removal of interfering lipids from sputum and allow more

accurate and sensitive detection of mycobacterial lipids. Figures 5.5A, B, C

and D show the chromatograms of four SPE fractions from decontaminated

sputum with MTB using SPE-THM-GC-MS. Clearly the THM-GC-MS chro-

matograms of these extracts with SPE clean-up are much less complex com-

pared to those of direct sputum THM-GC-MS. The THM-GC-MS analyses

of the SPE fractions show that fraction 2, the fraction eluted with 20%

diethyl ether in hexane, is the most important fraction. It contains the my-

cocerosates, our most important markers for MTB from the 20-compound

list (the insert in Figure 5.5A). In addition, this fraction contains some of

the other target biomarkers as e.g. TBSA and hexacosanoic acid.

Figure 5.6 shows the extracted ion chromatograms (extracted ion m/z 101

for mycocerosates) of three different sputum samples pretreated using differ-

ent sample preparation procedures. The first sample was the hexane phase

of a direct hexane/methanol/water extraction, with no additional clean-up

using SPE. The two MTB infected sputum samples from patients in South

Africa were pretreated using hexane/methanol/water extraction followed by

the SPE clean-up procedure. In the SPE-THM-GC-MS chromatograms only

the fraction eluted with 20% diethyl ether in hexane is shown in Figure 5.6

because this fraction contains the mycocerosates, the most important mark-

ers for MTB in sputum. The zoom-in picture of the full chromatograms in the

insert of Figure 5.6 shows that the background and the background instabil-

ity in the direct hexane extract (black chromatogram) was higher than those

in the SPE fractions (blue and pink chromatograms). This shows that the

SPE clean-up procedure is more sufficient than only hexane/methanol/water

extraction to reduce the level of instrument contamination and background

from interfering components from the sputum. Clearly the signal of the

mycoserosates in the SPE extract of ZN 1+ sputum (blue chromatogram)

was much lower than the background noise level in the direct hexane extract

(black chromatogram). As a result, if only using the direct hexane extraction

method we cannot detect mycocerosates in ZN 1+ sputum because of the
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Figure 5.5. Total ion current (TIC) chromatograms of a decontam-
inated sputum from a patient with tuberculosis using SPE-THM-GC-
MS with fractions of A: 20% Diethyl ether in hexane; B: 50% Diethyl
ether in hexane; C: 100% Methanol; D: Chloroform/methanol/water.
The insert in Figure 5.5A shows the chromatogram of ion m/z 101

characteristic for mycocerosates.
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Figure 5.6. Extracted ion chromatograms (extracted ion m/z 101 for
mycocerosates) from three different sputum samples pretreated using
different sample preparation procedures. Black curve: hexane phase of
direct hexane/methanol/water extraction with no additional clean-up
of a blank sputum spiked with MTB 124 at a level of 1 x 106 bacte-
ria/mL. Pink curve: 20% diethyl ether in hexane SPE fraction using
SPE-THM-GC-MS of sputum from a patient with tuberculosis from
South Africa with ZN 3+. Blue curve: 20% diethyl ether SPE fraction
using SPE-THM-GC-MS of sputum from patient with tuberculosis from
South Africa with ZN 1+. The insert shows a zoom-in picture of the

full chromatogram.

high and instable background signal. In contrast, very low levels of back-

ground found for the SPE fractions (blue chromatograms) allow us to detect

very low amounts of mycocerosates in the ZN 1+ sputum. Therefore the SPE

clean-up step significantly improves the detection limit of the method for de-

tection of mycocerosates directly in sputum. Moreover these results indicate

that our hexane/methanol/water extraction followed by SPE-THM-GC-MS

procedure allows us to perform an efficient clean-up and isolate selectively

the mycobacterial lipids from sputum samples with a sufficiently high selec-

tivity.

It is clear that our new method has the potential to be used for the detec-

tion of mycocerosates in sputum of patients with suspected pulmonary TB.

MTB detection directly in sputum is crucial for adequate diagnosis of TB

in case of suspected patients. A set of C29 and C30 mycocerosates as well

as two isomers of C32 mycocerosate (shown in Table 5.1) were reported as
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good biomarkers for tuberculosis in previous studies [12, 15]. In our own

20 compound classification model we recently developed for differentiating

MTB from NTM (shown in Table 5.1), these mycocerosates play a key role

[10]. Unfortunately, we found that the pattern of mycocerosates in some

M. kansasii strains resembles that in MTB [10, 11]. Thus if only the four

above mentioned mycocerosates are used as biomarkers for the detection of

TB, false-positive results will be obtained if M. kansasii is present. In our

20-compound model hexacosanoic acid (C26) has a strongly negative Beta-

coefficient (Table 5.1), meaning that this compound is much more abundant

in MTB compared with NTM. Therefore, this compound could be a good

candidate for distinguishing M. kansasii from MTB. In Chapter 4 of this the-

sis we introduced a decision tree model based on 9 compounds to distinguish

MTB from NTM in bacterial cultures [11]. Unfortunately, hexadecanoic acid

(compound ]3 in Table 5.1) cannot be used as a marker because it is present

in considerable amounts in the sputum matrix. To develop a decision tree

model for distinguishing MTB from NTM directly in sputum, a series of spik-

ing experiments in which sputum was spiked with M. kansasii, M. avium and

MTB were performed. In these experiments absolute amounts between 1.0

x 104 and 1.0 x 107 M. kansasii and 1 x 103 and 1 x 106 M. avium and MTB

211 were spiked in 1 mL of three different blank sputum samples after de-

contamination. No mycocerosates were detected in any of the SPE fractions

of the sputum samples spiked with M. avium. As expected, a similar pattern

of mycocerosates was obtained in the 20% diethyl ether in hexane fraction

(fraction 2) of sputum samples spiked with M. kansasii and with MTB 211.

Fortunately, we found that the ratios of C26 to each of the four last myco-

cerosates in fraction 2 of the SPE procedure are different between sputum

samples spiked with the NTM M. kansasii and with MTB 211. This allows

differentiating between these two types of mycobacteria. Finally, we built a

decision tree to enable clinical samples to be classified as sputum without

mycobacteria, sputum with MTB infection or sputum with NTM infection.

The method is based on peak areas of TBSA, C26 and the four last myco-

cerosates (compounds ] 17-20) from the 20-compound model summarized in

Table 5.1. The tree diagram derived in this way is given in Figure 5.7.

Next, a series of experiments were performed to evaluate the robustness of our

novel SPE-THM-GC-MS method and establish the detection limits of this

procedure. To do so, three different sputum samples were decontaminated
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Figure 5.7. Decision tree to enable differentiation between sputa
containing no mycobacteria, MTB or NTM using SPE-THM-GC-MS.

and then spiked with MTB 211 at levels ranging from 1 x 104 to 1 x 107 bacte-

ria. These spiked sputum samples were subjected to hexane/methanol/water

extraction followed by SPE-THM-GC-MS method. Also three decontami-

nated blank sputum samples and MTB culture used for spiking experiments

were applied to the same sample preparation procedure and analyzed. For

these experiments the MS was operated in full scan mode to provide whole

mass spectra of each compound and obtain better insight into any impuri-

ties still present after sample preparation. Despite the significant reduction

of background issues in the analysis of the sputum samples thanks to the

novel clean-up procedure we developed, in the identification of the target

biomarkers a careful assessment of the chromatograms remains crucial. This

is, especially so for the last four mycocerosates (compounds 17-20 in Table

5.1), our most important biomarkers for detection of MTB in sputum. Incor-

rect chromatographic peak assignments can cause an increase of both false

positive and false negative incidents. In this study we applied strict criteria

for the detection of these mycocerosates to minimize misclassifications when

these compounds were present at levels close to the detection limit of the

method. A peak was only positively identified as a mycocerosate if all of the

following criteria were met: i) the presence of the characteristic double peaks
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Figure 5.8. Total ion chromatograms of sputum spiked with different
amounts of MTB 211.

for both m/z 101 and m/z 88 at the retention times for the last four my-

cocerosates in our 20-compound list; ii) a rigorous match in retention times

for the two characteristic doublets at m/z 101 and m/z 88 in the sputum

samples and in MTB culture; iii) a match in peak shape and relative size of

the two characteristic doublets and finally iiii) the correct intensity ratio for

the ions m/z 101 and m/z 88 in the two C32 mycocerosates, i.e. within 30%

of the ratio determined from culture. If one of these features was not met,

the peaks were not identified as mycocerosates, and the sample was deemed

not to contain MTB.

The mycocerosates are the most important markers for the detection of MTB

directly in sputum; therefore we used the levels of mycocerosates to deter-

mine the detection limit of our method. In a previous study we found a

significant variation in the amount of mycocerosates in different strains of

MTB [11]. Thus, for our spiking experiments we used MTB 211, a Bei-

jing strain that contains moderate levels of mycocerosates. Blank sputum

samples were decontaminated then spiked with different levels of MTB 211.

Figure 5.8 shows a detailed view of the full scan chromatograms (extracted

ion m/z 101) obtained for a sputum sample spiked at different levels.

The results clearly show a non-linear correlation between the amounts of bac-

teria spiked and the peak areas of the marker compounds. It is most likely
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that this reflects variations in the quantity of mycobacteria. The mycobac-

teria tend to clump together, making it difficult to obtain the exact amount 
required. Based on the mycocerosates, the detection limit of our method is 
approximately 1 x 104 bacteria spiked into 100 µL of 10x concentrated spu-
tum after decontamination (Figure 5.8). This detection limit is lower than 
that of microscopy and is sufficient for early detection of MTB directly in 
sputum. To investigate if the detection limit of our method varies accord-
ing to the method of spiking, MTB 211 was spiked either “before” or “after” 
decontamination. Spiking the sputum samples with bacteria before the de-
contamination better mimics the situation in the analysis of real sputum 
samples. Three different sputum samples were used for this spiking experi-
ment. Two different blank sputum samples were spiked with MTB 211 before 
decontamination and another blank sputum was spiked with MTB 211 after 
decontamination. The spiking levels of MTB 211 ranged between 1 x 103 

and 1 x 106 bacteria/mL sputum. After spiking, the three spiked sputum 
samples were subjected to hexane/methanol/water extraction followed by 
SPE-THM-GC-MS procedure. Based on the mycocerosates, we could detect 
MTB 211 at levels of 1 x 104 bacteria/mL in all three spiked sputum. We 
could not detect MTB 211 at the lower level of 1 x 103 bacteria/mL. The 
detection limit of our method is therefore approximately 1 x 104 bacteria/
mL.

In a final series of experiments sputum samples from 32 patients from South 
Africa with suspected TB were blindly tested using the newly developed 
SPE-THM-GC-MS procedure. The results are summarized in Table 5.2. 
Separate portions of the samples were analyzed by microscopy after Ziehl-
Neelsen (ZN) staining and were cultured in the Desmond Tutu laboratory 
in South Africa. Figure 5.9 shows the SPE-THM-GC-MS chromatogram 
of fraction 2 (20% diethyl ether in hexane) from the SPE procedure of the 
sputum samples from two patients, one with, one without TB. This fraction 
contained all the mycocerosates and part of the TBSA and C26 markers. The 
results show that the method developed can correctly detect the presence of 
MTB in all ZN-positive and MTB culture-positive sputum samples. Even 
the ZN-scanty but MTB culture-positive samples could be classified cor-
rectly with our SPE-THM-GC-MS method. All sputum samples that were 
ZN-negative and culture-negative were also correctly identified as negative
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in THM-GC-MS. One ZN-negative sputum sample that was positive in cul-

ture for MTB could not be correctly classified with THM-GC-MS. We have

tested this sample in the selected ion monitoring mode (SIM) to see if we

could detect the presence of mycocerosates in this more sensitive detection

mode. But even in this (SIM) experiment it was still negative. At this point

it should be emphasized that the amount of sputum we received from this

patient was effectively only 330 µL, since the sputum samples were diluted

with Sputagest. We speculate the MTB strain in this sputum probably con-

tained very low levels of mycocerosates which, together with the low number

of bacteria and the volume of sputum for our SPE-THM-GC-MS method,

resulted in the issues with the detection limit. Overall, our results show this

new SPE-THM-GC-MS method to be promising. The test sensitivity is bet-

ter than that of microscopy (microscopy 1 x 104 mycobacteria/mL) and the

detection limit is between that of culture (10 – 100 mycobacteria/mL). More

samples need to be tested to evaluate the sensitivity and specificity of the

method, particularly with regard to the reliability of the classification rules

developed here.
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Figure 5.9. Total ion chromatograms of sputum samples from a pa-
tient with TB (Top chromatogram) and a patient without TB (Bottom
chromatogram) from South African obtained using SPE-THM-GC-MS.
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Table 5.2: Solid phase extraction THM -GC-MS results of 32 spu-
tum samples from patients suspected of tuberculosis compared
with the Ziehl-Neelsen and MTB confirmed Culture results in
South Africa

Amount of ZN results in Culture SPE-THM-GC-MS
Date of SPE GC-MS code Sputum code sputum for SPE South results in results in
Amsterdam Amsterdam1 South Africa2 THM-GC-MS3 Africa4 South Africa5 Amsterdam6

13-02-2014 1 207436 1.01 negative negative No MTB
13-02-2014 2 207245 0.93 negative negative No MTB
13-02-2014 3 207289 0.44 negative negative No MTB
13-02-2014 4 207293 0.27 negative negative No MTB
13-02-2014 5 207296 0.43 negative negative No MTB
13-02-2014 6 207401 0.57 ZN 3+ positive MTB
13-02-2014 7 207415 0.48 negative negative No MTB
13-02-2014 8 207560 0.84 ZN 1+ positive MTB
13-02-2014 9 207250 0.35 negative negative No MTB
13-02-2014 10 207261 0.51 scanty positive MTB
13-02-2014 11 207290 0.45 ZN 3+ positive MTB
13-02-2014 12 207297 0.41 negative negative No MTB
13-02-2014 13 207409 0.78 negative negative No MTB
13-02-2014 14 207418 0.53 negative negative No MTB
13-02-2014 15 207431 0.62 negative negative No MTB
13-02-2014 16 207547 0.62 negative negative No MTB
15-02-2014 1 207294 0.49 negative negative No MTB
15-02-2014 2 207416 0.48 ZN 1+ positive MTB
15-02-2014 3 207253 0.39 negative negative No MTB
15-02-2014 4 207402 0.60 negative negative No MTB
15-02-2014 5 207410 0.50 negative negative No MTB
15-02-2014 6 207269 0.24 ZN3+ positive MTB
15-02-2014 7 207421 0.46 negative negative No MTB
15-02-2014 8 207557 0.97 negative negative No MTB
15-02-2014 9 207551 1.10 ZN 1+ positive MTB
15-02-2014 10 207549 0.96 negative positive No MTB
15-02-2014 11 207556 0.91 negative negative No MTB
15-02-2014 12 207592 0.88 negative negative No MTB
15-02-2014 13 207562 0.79 negative negative No MTB
15-02-2014 14 207295 0.49 negative negative No MTB
15-02-2014 15 207249 0.59 negative negative No MTB
15-02-2014 16 618113 1.20 ZN 2+ positive MTB
1Code of sputum sample given in Amsterdam
2Code of sputum given in South Africa by barcode
3Amount of sputum used for SPE sputum was 2 times diluted in South Africa
4Ziehl Neelsen result of direct smear in South Africa before dilution
5Culture results in South Africa in MGIT medium M. tuberculosis was confirmed by positive 
Bioline test
6Solid phase THM-GC-MS results in Amsterdam. Samples were blindly tested.
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5.4 Conclusions

We have successfully developed a procedure based on liquid extraction and

solid phase clean-up followed by THM-GC-MS (SPE-THM-GC-MS) for the

detection of biomarkers of MTB directly in sputum. The decision tree devel-

oped here based on only six biomarkers provides a simple approach for the

classification of sputum samples into three different groups: no mycobac-

terial infection, infection with MTB and infection with NTM. The results

from the analysis of sputum samples from 32 patients with suspected TB

from South Africa show that this procedure holds potential for detection of

MTB directly in sputum. The possibility of fully automating the procedure

using our biomarkers means that a point of care test is a viable option for

the future, even in limited-resource settings.
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Summary

Biomarker discovery using gas chromatography-mass spectrometry (GC-MS)

shows great potential for the development of reliable tuberculosis point of

care (POC) tests in developing countries. This chapter focuses on the devel-

opment of a miniaturized GC-based device for detection of biomarkers for

tuberculosis in the field. The device consists of a small GC inlet equipped

with a Programmed Temperature Vaporizing (PTV) injector that is con-

nected to a heated micro-GC column cartridge. Because of the lack of a

miniaturized MS detector, the proto-type GC device is connected to a flame

ionization detector (FID) for recording the chromatograms obtained. The

device showed a good performance in the separation of low boiling com-

ponents such as the volatile alkanes C6 to C14 or fatty acid methyl esters

(FAMEs) in the range from FAMEs C6 to C10; unfortunately however, severe

peak splitting, the so-called “Christmas tree effect”, was observed for higher

boiling components such as the higher alkanes or higher FAMEs (e.g. from

C16 and C18 onwards). The peak splitting is caused by a non-uniform oven

temperature along the length of the column. Clearly further improvements

to the device are needed to allow separation of the high-boiling components

on our target list of 20 marker compounds.
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6.1 Introduction

According to the World Health Organization (WHO), tuberculosis (TB) is

still a major problem in public health [1]. Although tuberculosis deaths

fell in 2012, three million cases of TB were still undiagnosed and untreated

around the world, especially in low- or middle-income countries where there

is a limited access to health services [1]. Early treatment of TB is hindered

by the lack of rapid, accurate diagnostic tests that can be used at the point of

care (POC) in resource-limited settings [2]. Serology-based POC tests can be

performed on-site without laboratory equipment in such resource-constrained

settings. However, the commercially available serological tests so far provided

inconsistent and imprecise results [3]. Therefore, the WHO strongly recom-

mends that these tests are not be used to diagnose TB. Another TB POC

test is the Determiner TB-LAM test (Alere, Inc., Waltham, Massachusetts,

USA) that is based on the detection of lipoarabinomannan (LAM) in urine

collected from TB patients. This test is simple to use, rapid, inexpensive and

could in principle be suitable for on-site detection of TB; but it gives a very

low sensitivity ranging from only 39% to 67% [4]. Sputum-smear microscopy

is still the commonest diagnostic test; however this method suffers from poor

sensitivity and specificity. The GenoTyper MTBDRplus assay (Hain Life-

science GmbH, Nehren, Germany) is commercially available and allows si-

multaneous molecular identification of tuberculosis and multidrug-resistant

tuberculosis (MDR-TB) directly from smear-positive sputum samples [5].

This test gives a high sensitivity, but is expensive and skillful personnel are

required. Recently, the GeneXpert MTB/RIFr assay (Cepheid Inc., Sunny-

vale, California, USA), based on a cartridge-based nucleic-acid amplification

test (NAAT), has been introduced. This method is fully-automated, rapid

and sensitive; but unfortunately again expensive and limited in use at the

point of care (POC) [6]. We are still searching for an accurate diagnostic test

that is field-friendly, allowing POC use with improved sensitivity, miniatur-

ized device design, reduced cost and high-throughput multiplex detection.

The POC aspects are very important, as POC diagnostics bring tests closer

to the site of patient care resulting in reduced turnaround times and enabling

quick clinical management decisions.

Nowadays the emerging fields of nanotechnology and microfluidics have made

a valuable contribution to provide new tools for diagnosis of TB at the
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point of care. A variety of biosensors have been developed in recent years for 
detection of TB. TB biosensors that are based on detecting antibody-antigen 
interactions and whole mycobacteria or nucleic acid hybridization were 
reported in several studies. He and Zhang for example coated a styrene-
butadiene-styrene copolymer as a membrane-mimicking layer to immobilize 
anti-MTB antibodies onto a silver-coated piezoelectric quartz-crystal sensor 
[7]. The detection limit is 1.0 x 105 colony-forming unit/mL (CFU/mL). This 
method is rapid and simple; but it is not reliable because the accuracy varies 
significantly depending on a number of factors such as density, viscos-ity or 
electrical conductivity of sputum samples. In another study, Ren and 
coworkers used a multi-channel piezoelectric quartz crystal sensor system to 
detect volatile metabolic products which are produced during the MTB 
growth (e.g. NH3 and CO2) [8]. This method provided very good detection 
limits of 10 CFU/mL and had a wide linear range from 1.0 x 102 to 1.0 x 107 

CFU/mL, but the method required careful sample pretreatment to eliminate 
interferences from other bacteria. This limits the use of the sensor for POC 
testing. In 2010 McNerney and colleagues proposed to use breathalyzer flu-
orometry (Rapid Biosensor Sytems, Cambridge, UK) to detect native MTB 
antigen (e.g. Ag85B) in aerosols and particles coughed out by suspected 
patients [9]. This biosensor gave a sensitivity of 74% and a specificity of 79% 
in the analysis of 60 samples. The device is fast; but sensitivity and specificity 
need to be improved and the use of fluorescent-labeled antibod-ies limited its 
use in remote settings. A new, chip-based nuclear magnetic resonance (NMR) 
biosensor was reported by Chun for detection of MTB as low as 20 CFU/mL 
in unprocessed sputum samples within 30 min [10]. The NMR component 
costs less than $200 and can be re-used. The disposable microchip costs less 
than $1 which makes this sensor suitable for POC test-ing. Unfortunately, 
there is no further result reported for evaluation of the performance of this 
device in the field. Recently, a new enzymatic sensor detecting a natural BlaC 
enzyme from the class A β-lactamase family as a marker for MTB detection 
was reported [11]. This method can detect as low as 100 bacteria spiked in 
unprocessed sputum in less than 10 min. It could be an excellent opportunity 
for diagnosis of TB in the field; but the device needs to be further evaluated at 
the POC level and compared to existing diagnostic tests for TB.

Although a variety of new POC diagnostic tests for TB has been introduced
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during the past two decades, none of these are ready for reliable field use.

Testing real sputum is still a great challenge because sputum is very likely

to contain other bacteria that can interfere with the detection of MTB. Fur-

thermore, antibodies often not only bind to MTB but also to other species

in sputum resulting in an increase of false positives in antibody-based tests.

Capturing only MTB remains the biggest hurdle in new technologies. There-

fore, development of a simple POC test is still challenging in the current

pipeline of TB diagnosis. Breakthroughs in biomarker discovery will be cru-

cial for the development of reliable TB POC tests which can be widely applied

in remote settings, particularly in developing countries. The use of a single

biomarker showed insufficient for accurate diagnosis of TB in several studies

[12, 13]. In contrast, the use of multiple biomarkers demonstrated an im-

proved accuracy for reliable identification of MTB or differentiation of MTB

from non-tuberculous mycobacteria (NTM) as was outlined in Chapter 3 of

this thesis.

In previous chapters of this thesis we have introduced a new approach for

identifying novel biomarkers for MTB using a fully automated gas chromatography-

mass spectrometry method based on thermally-assisted hydrolysis and methy-

lation (THM-GC-MS) in combination with chemometrics. A combination of

multiple biomarkers allowed us to differentiate MTB from NTM with more

than 95% accuracy in early culture of mycobacteria from The Netherlands

and South Africa (Chapters 3 and 4 of this thesis). The new method also

allowed direct detection of MTB in South African sputum samples (Chapter

5). This chapter is our ultimate goal to develop a miniaturized, GC-based

prototype instrument for detection of the set of 20 biomarkers for tubercu-

losis proposed in the previous chapters of the thesis.

6.2 Material and Methods

6.2.1 Standards and reagents

Standards of fatty acid methyl esters (FAMEs) containing the C6, C10,

C14 and C18 FAMEs were obtained from Sigma-Aldrich (Zwijndrecht, The

Netherlands). The pure solvents hexane, heptane, chloroform as well as an

alkane mixture were also purchased from Sigma–Aldrich.
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Figure 6.1. Schematic set up of the GC cartridge.

6.2.2 Experimental section

6.2.2.1 Design of a miniaturized GC cartridge

In gas chromatography the column is normally placed in a bulky hot air

oven. The size and design of the oven is such that a very uniform column

temperature profile and fast temperature ramping are achieved. For a POC

application a more compact GC design is preferable. The GC module pre-

sented is much more compact and based upon direct column heating. Figure

6.1 shows the system set-up of the GC module. The column is winded into

an envelope build up using a ceramic heater on one side and a heat spreader

on the other. The column assembly is hinged on a small suspension to a

frame which is mounted in the housing. Figure 6.2 shows a picture of the

GC module. On top of the module a miniaturized PTV injector is placed

(see §6.2.2.2). The output of the column is led through a heated output line

to an external FID.

The ceramic heater consists of a ceramic carrier with on one side metal resis-

tive heater tracks and on the other side integrated temperature sensors. The

resistive heater was driven by a controllable current source which is connected

to the current terminals as shown in Figure 6.1. In these initial experiments

the integrated temperature sensors are not used. Instead the heater’s elec-

trical resistance, being temperature depended is used as a reference for the

average heater temperature. A LabVIEW (National Instruments, Woerden,

The Netherlands) control module is developed with which the heater tem-

perature can be programmed (both isothermal and temperature ramp).
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Figure 6.2. Micro GC Module.

A detailed characterization of the temperature profile of the heater is per-

formed. The electrical current enters the heater at the left terminal at the

bottom (Figure 6.2) and travels around to the right terminal. The heater

is divided into 8 sections and a measurement terminal is placed between

each section. To determine the temperature distribution over the heater, the

temperature dependence of each section is first calibrated (room tempera-

ture resistance and thermal coefficient). After calibration the temperature

distribution is measured during normal operation of the heater.

6.2.2.2 Design of a miniaturized PTV injector

ATAS GL has developed a small GC inlet port, which allows to introduce up

to 50 µL of a liquid sample into a portable micro-GC. The inlet also acts as

chemical reactor unit and provides accurate and rapid heating and cooling in

the temperature range between ambient and 600◦C with programming rates

up to 60◦C/sec.

The inlet port normally operates at elevated temperature to ensure that the

sample is vaporized and transferred into the gas phase prior to separation in

the chromatographic column. To assist this vaporization, a disposable liner

made of an inert glass is placed within the inlet port. To facilitate manual

or automated liner exchange, ATAS GL has developed a quick-close/open

inlet head. To make this possible, all the gas line connections were moved

to the inlet base and a new o-ring sealing mechanism was designed. Besides

the base bayonet socket with the o-rings, this mechanism also includes a

top boss assembly and a bayonet locking nut. The socket and the nut, when
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Figure 6.3. Miniaturized GC Inlet.

locked together, provide stable compression of the o-ring seals and allow quick

opening or closing of the head (Figure 6.3). The heating part of the small

inlet is based on the ATAS GL OPTIC multimode inlet with its patented

two heaters technology. This technology ensures rapid heating ramp rates

and an excellent axial temperature profile for the transfer to the GC column

of high boiling compounds.

The inlet temperature is controlled using a powerful pulse-width-modulation

controller. This controller is capable of accurate and rapid temperature

control. Calibration of the inlet thermocouple can be done via the controller’s

firmware. The fast heating overshoot can be filtered out using the correct

parameters.

6.2.2.3 Coupling of inlet and transfer line to GC cartridge

The inlet is mounted on a small rotating platform on a top of the micro-GC

chassis. The platform with the inlet can be easily turned aside providing free

access to the inlet bottom nut for the GC column connection. When a column

is connected, the inlet is turned back into its working, vertical position. This
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Figure 6.4. Pre-prototype of the portable device.

position is chosen carefully, to ensure that the inlet bottom nut is placed

exactly in-between the GC heater cartridges. This is to eliminate possible

cold spots, which can cause re-condensation of a sample on its way from the

inlet to the GC column. The transfer line is mounted at the opposite end of

the micro-GC (as viewed from the inlet). It is rigidly fixed to the GC chassis.

One end of the transfer line is placed in-between the GC heater cartridges to

get rid of a possible cold spot. The column outlet is extended through the

transfer line during the column installation.

6.2.2.4 Experimental evaluation of a prototype

Figure 6.4 shows the connections of the portable device system. For the ex-

perimental testing the GC prototype was coupled with a PTV injector and a

Flame ionization detector (FID). The oven temperature of the GC cartridge

was controlled by Qmicro software while the temperatures of the PTV injec-

tor and the transfer line connected to the FID detector were controlled by

ATAS GL software. The FID signal was recorded and data processing was

carried out using Clarity software from DataApex (Prague, Czech Republic).
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6.3 Results and Discussion

6.3.1 GC Inlet design

Despite the small size, the new inlet has an excellent performance. The device

is capable of handling different sample injection modes like Large Volume

Injection (LVI), Thermal Desorption (TD), Pyrolysis etc. The inlet also

provides accurate and rapid heating and cooling in the temperature range

between -180 ◦C and 600 ◦C with programming rates up to 60 ◦C/sec. The

inlet injection volume is determined by the liner internal volume. Although

the liner is small, its large internal diameter (3.4 mm) still allows injection

of samples with volumes up to 50 µL. The inlet has also an excellent axial

temperature profile, which is important for a reliable sample transfer into a

GC column.

6.3.1.1 Heating Ramp Rate Effect

A series of model experiments was performed to study the heating behavior

of the new injector. Because the device is much smaller, it should be possible

to obtain higher heating rates. This might be attractive from the perspective

of signal to noise ratios. At higher heating rates pyrolysis of the same mass of

material would occur in a shorter time. This in turn would result in narrower

and higher peaks. This effect was indeed seen in model experiments with the

pyrolysis of the polycarbonates. It is clear from Figure 6.5 that the heating

ramp rate has a beneficial effect on the peak intensity.

It was also found that this effect is much more pronounced for the higher

molecular weight components. Figure 6.6 shows the relative peak intensity

(I60/I30) for four compounds with different molecular weights.

6.3.1.2 Inlet Temperature Profile

It is very well known that the axial temperature profile is a very important

performance feature of a GC inlet. The temperature difference along the

liner can significantly affect chromatography for the heaviest compounds. In
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Figure 6.5. Effect of inlet heating ramp rate on p-isopropenyl phenol
peak intensity.

Figure 6.6. Effect of heating ramp rate on peak intensity for com-
pounds with different molecular weights.
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Figure 6.7. Inlet temperature profile.

some cases, a cold inlet bottom can almost completely eliminate the transfer

of the heavier compounds to the column. The inlet temperature profile

of the new minaturised inlet is shown in the Figure 6.7. It is seen that

the temperature profile is flat over a large part the liner length, with the

temperature difference between center and bottom of the liner being less

than only 50◦C. Taking into account that the bottom thermal mass is very

low, this difference cannot impede the transfer of high boiler compounds onto

the column.

In order to couple the micro-GC column with a mass spectrometer detector,

a heated transfer line has been developed. The column is extended from

the small oven through the transfer line so that the eluting compounds are

carried rapidly to the detector, without compromising the chromatographic

separation. During the transfer of the effluent from the GC column oven

to the ion source, it is necessary to maintain a uniform temperature along

the column extension. If a significant temperature gradient exists and tem-

perature varies at different points along the column extension, cold spots
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Figure 6.8. Transfer line temperature profile.

may occur to cause condensation so that the heavier sample constituents

will either not be passed through to the MS, or will exhibit excessive chro-

matographic peak broadening or peak tailing.

The transfer line design is based on the same two heater technology as used

for designing the miniaturised inlet. This technology ensures a uniform tem-

perature profile along the column extension. It also allows using a similar

type of temperature controller as for the inlet. The temperature profile for

the transfer line is shown in Figure 6.8.

6.3.2 Separation performance of the miniaturized GC de-

vice

In a series of initial tests, the miniaturized GC device was coupled to FID

detector and its performance for the separation of low-boiling organic sol-

vents was evaluated. Figure 6.9 shows the FID chromatogram of a hexane

injection. The chromatogram shows an acceptable symmetrical peak. Fig-

ure 6.10 shows the chromatogram obtained in the separation of an alkane

mixture containing alkanes in the range from C10 to C40. The result in-

dicates that the device shows a good performance for low molecular weight

alkanes, such as C10, C12 and C14. Unfortunately severe peak splitting,
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Figure 6.9. FID chromatogram of hexane solvent recorded at an
isothermal oven temperature of 200◦C.

the so-called “Christmas tree effect”, was found for alkanes with higher boil-

ing points (>200◦C). This was caused by a non-uniform temperature along

the column length in the GC cartridge. Temperature differences strongly

influence the peak shape of high-boiling compounds because of the presence

of local cold spots along the capillary column. We measured the tempera-

ture along the capillary column during a temperature ramp of the oven from

100◦C to 320◦C. These measurements show a significant fluctuation in oven

temperature for temperatures above 200◦C. This causes the Christmas tree

effect for the high boiling-point compounds. From these results it is evident

that the temperature control of the device needs to be improved to get a uni-

form temperature in all of parts of the capillary GC column. The separation

performance of the miniaturized GC device was also tested for a mixture of

fatty acid methyl esters including the FAMEs C6, C10, C14 and C18. The

FID chromatogram of a mixture of C6, C10 and C14 FAME is shown in

Figure 6.11. The figure shows a good separation of the mixture. Clearly,

symmetrical peaks are found for the lower-boiling FAMEs (C6 and C10),

whereas again peak splitting is obtained for the higher boiling C14 FAME.

The “Christmas tree” effect was even more pronounced for the heaviest C18

FAME as is shown in Figure 6.12.

The heater is divided into eight sections and a measurement terminal is

placed between each section. Figure 6.13 gives the temperature deviation of

each section at an average heater temperature of 200◦C. The temperature

distribution is far from ideal therefore it is clear that the heater needs further

improvement.
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Figure 6.10. FID chromatogram of the alkane mixture. The concen-
tration of the individual compounds was 50 µg/mL. Temperature was 

programmed from 40◦C to 320◦C at 10◦C/min.

Figure 6.11. FID chromatogram of a standard mixture of pure
FAMEs (C6, C10 and C14) at an isothermal oven temperature of 200◦C.

Figure 6.12. FID chromatogram of pure FAME C18 at an isothermal 
oven temperature of 200◦C.
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Figure 6.13. Temperature Micro GC Module

6.4 Risk analysis and technology assessment∗

Innovative technologies such as field portable analyzers significantly grow

and show very promising especially for the medical area. Clearly, there are

always gaps between the actual applications/uptake in society and the in-

novation value chains. Therefore, a detailed assessment of the potential im-

pacts of new technologies on the economy and society is important. This is

to help the technology developer with more knowledge about relevant tools

and insights as well as to allow further improvement of the innovation by

identifying and eliminating the gaps and barriers in the present situation.

Since our main goal is to develop a handheld, (trans)portable device based

on micro-GC technology that provides an affordable, accurate and easy test

for TB, we will only focus on the future impacts of the devices that we have

developed.

In the first section we will perform a chemical risk assessment related to our

diagnostic test. Assessment of the toxicology of the chemicals used could
∗As a part of NanoNext NL programme, Risk Analysis and Technology Assessment

are compulsory to assess environmental and health risks and address public commu-
nication, entrepreneurship, and ethics of the GC portable device developed before its
introduction into society
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help to determine the appropriate level of exposure-control needed to pro-

tect future users and provide useful information needed for decision making

in risk management. All chemicals that we are dealing with are well-known

compounds. Most of them are organic solvents that are used in the extrac-

tion procedure; e.g. hexane, methanol, chloroform. The hazard data for

these chemicals are readily available in safety databases. We have not intro-

duced any new compounds in our method. Therefore, we believe that the

chemical assessment process is not complex. Moreover, our ultimate diag-

nostic test should be a fully-automated procedure which can largely avoid

exposures of staff or (suspected) patients to hazardous substances. In the

second part of this assessment, we will focus on the technology assessment

of our diagnostic test device. The device is based on existing GC techniques.

Despite of persistent efforts over the last 125 years to develop simple tools

for the diagnosis of TB, the ideal method has proven elusive. The current

methods suffer from a number of drawbacks, such as a low sensitivity and

specificity, time consuming measurements, high costs, need for a complex

infrastructure etc. These disadvantages all limit their use. Hence, there is a

strong desire for a new diagnostic test for TB that provides a high accuracy

at affordable cost and which can be used in the field. Our diagnostic test is

expected to be a fully automated procedure which shows a lot of advantages,

such as high speed, good repeatability, cost reduction and safety. However, a

big gap always exists between the laboratory and the clinic on the one hand

and the market on the other. Tuberculosis is readily transmitted by inhal-

ing aerosol containing MTB. Hence, the diagnostic test is required to have

a high sensitivity to minimize the number of false-negative cases which in-

crease the chance of spread of tuberculosis in a community. Moreover, a low

specificity results in a large number of false-positive cases which also has sig-

nificant consequences, such as increased expense for unnecessary-tuberculosis

treatment, potential for drug toxicity, disruption of daily life, and social os-

tracism. Therefore, it is crucial that the diagnostic method for tuberculosis

should be as accurate as possible. Some techniques introduced recently on

the market (e.g. the Xpert MTB/RIFr assay) provide a high accuracy but

these tests unfortunately have limited utility due to their cost and need for

a complex infrastructure. The basic principle of our method is based on the

detection of a number of specific biomarkers for M. tuberculosis. A method

for searching these biomarkers was discussed in detail in previous chapters.
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Here we only note that the method developed was based on a number of

representative bacterial strains from hospitals in the Netherlands and was

validated by samples from South Africa. The validation results show that

the performance of our method is less for samples from South Africa. Thus,

a first potential risk for our method is a reduced performance for samples

from other geographical areas then those used to build the model. The best

performance of our method is obtained when the strains in the training set

come from the same geographical area as those in the validation and test

sets. In the case there is a difficulty to collect samples in different areas for

inclusion in the training set, one should be aware that the performance of

the method could be reduced. Cost is a critical factor that we need to take

into account at an early stage. This includes the cost of purchase of the own

device and the cost per sample with all consumables inclusive. The device

was developed based on the basic requirements of a high accuracy, good fea-

sibility, full automation and the absence of a need for specialist operations.

The last three requirements contribute to a reduction of the cost per test.

However, more parameters are involved in the cost effectiveness, including

for example maintenance of the device, lifetime of the device, economy of

the countries, salary for the operator, etc. An economy evaluation needs

to be performed in an appropriate way before the device is made commer-

cially available. Discussing societal aspects of the novel device is important

even when it is not commercially available yet. We have realized that the

general public lacks awareness and understanding of micro- and nanotech-

nology. Suppliers and customers always need time to adjust themselves to

new devices. Introduction of a new product can fail by public resistance.

In conclusion, the micro GC device developed in the current project shows

promise for fast and simple diagnosis of tuberculosis. However, a detailed

evaluation of the risks and benefits of this device before commercialization is

crucial to ensure that the device can do better compared with the competing

technologies that exist.
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6.5 Future strategies

The miniaturized GC device holds great potential for detection of specific

biomarkers for M. tuberculosis. However, the GC cartridge needs to be fur-

ther improved to obtain a more uniform high temperature allowing a better

separation for high-boiling components. Moreover, a search for a cheaper,

portable and sensitive detector that can replace mass spectrometry should

be performed. Finally, the device would need to be tested using real sam-

ples, such as sputum collected from suspected patients with MTB and its

performance should be compared to the existing diagnostic tests, such as

sputum-smear microscopy, and sputum culture results or polymerase chain

reaction based assays.
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Summary

Paratuberculosis (Johne’s disease) is a widely distributed disease in livestock

with a significant economic impact. Mycobacterium avium subspecies paratu-

berculosis (MAP) is recognized as the causative agent of paratuberculosis.

The currently available diagnostic methods do not allow a rapid and reliable

detection of MAP in livestock in preclinical stages of infection needed for an

adequate control of this disease on the farm. Recently we developed a fully-

automated method for the fast detection of M. tuberculosis in early cultures

with an accuracy of more than 95%. This method is based on detection

of a combination of 20 biomarkers originating from the lipid fraction in the

cell wall of M. tuberculosis using thermally-assisted hydrolysis and methy-

lation gas chromatography-mass spectrometry (THM-GC-MS). Encouraged

by these findings, we evaluated the use of this THM-GC-MS procedure for

detecting biomarker(s) of MAP in cow manure samples. Ten compounds

including tuberculostearic acid, tetracosanoic acid, hexacosanoic acid and

N,N-dimethyldodecanamide isomers at seven retention times were proposed

as potential biomarkers for MAP using manual chromatographic inspection

and univariate analysis. Based on these proposed biomarkers, we have de-

veloped an algorithm that allows the differentiation of infected cows and

non-infected cows with a sensitivity of 76% and a specificity of 80% for a

sample set including 16 infected cows and 15 non-infected cows. This result

looks promising; but more work needs to be done to improve accuracy of the

diagnostic test.
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7.1 Introduction

Mycobacterium avium subspecies paratuberculosis (MAP) causes paratuber-

culosis (or Johne’s disease, a chronic wasting diarrheal intestinal disease in

cattle and other ruminants) and is a major concern in dairy industry [1].

Paratuberculosis causes early culling of infected cattle, reduced milk yield,

weight loss and eventual death of cattle. This contagious, infectious disease

is primarily transmitted via the fecal-oral route, because large numbers of

organisms are being shed in the feces of infected animals [2]. Young calves

were recognized as the most susceptible animals to MAP infection [1]. MAP

can be easily introduced into a herd by the purchase of infected animals and

is very difficult to eradicate, resulting in significant economic losses [3, 4].

Numerous control programs have been introduced in the past decades, orig-

inally to eradicate the disease from infected farms, but currently the aim

is more realistic and the goal is to reduce the within herd paratuberculosis

prevalence. Moreover, all feasible programs require a long term investments

by the farmer and the introduction of a complex of management changes on

the farm [2]. In all these programs, a reduction of costs and a rapid detection

of MAP are crucial. However, currently available methods to do so are slow

and/or expensive and not always reliable.

Culture of MAP from feces has been the gold standard for diagnosis of

paratuberculosis for many years; nevertheless the extremely slow growth

of the organism after initial isolation results in a minimum of 6 weeks, but

often up to 16 weeks, before culture results are available [5]. More recently

improved culture media for stimulating MAP growth [6] and molecular di-

agnostic methods for the detection of MAP have become available [7]. Un-

fortunately, these methods suffer from their own limitations, hindering a

successful implementation on the farm [8]. Therefore, a rapid and affordable

method for monitoring whether a cow has been infected and is shedding MAP

is still lacking. Ideally such a method would be noninvasive and suitable for

onsite use with a short "time to results", or use in a diagnostic laboratory

for animal diseases. From the perspective of sampling fecal samples are eas-

ily obtained and the detection of MAP provides reliable information on the

infection status of the animal. From the analytical perspective the detection

of biomarkers for the presence of MAP from feces is not straightforward.

Levels are low and the matrix is complex.
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Recently we have successfully developed a reliable, fully automated method

for the detection of M. tuberculosis in humans using Thermally assisted Hy-

drolysis and Methylation (THM) followed by Gas Chromatography-Mass

Spectrometry (GC-MS) in combination with chemometrics [9–11]. This

method allows detecting M. tuberculosis in early cultures with better than

95% accuracy based on a combination of 20 specific biomarkers. The detec-

tion limit of our THM-GC-MS method for M. tuberculosis in early cultures

is approximately 1 x 104 mycobacteria/mL. In the current work the method

will be extended for detection of biomarkers of MAP in cultures. We also

describe a new sample treatment procedure for the detection of MAP in cow

feces samples using THM-GC-MS.

7.2 Materials and Methods

7.2.1 Culture of mycobacteria

Seven MAP strains grown in the Mycobacteria Growth Indicator Tube (MGIT)

culture system (MGIT, BD Diagnostics, Detroit, MI, USA) were obtained

from NIZO food research in Ede, The Netherlands (Table 7.1). A selec-

tion of 20 mycobacterial strains found in dairy farms (named "surrounding

mycobacteria") were obtained from the National Institute for Public Health

and the Environment (RIVM) in The Netherlands (Table 7.1). These strains

were cultured on Löwenstein-Jensen medium. Six MAP strains grown in dif-

ferent media were obtained from Central Veterinary Institute (Lelystad, The

Netherlands) (Table 7.2). Furthermore this study also included five other

MAP strains cultured in Watson-Reid medium [6] then freeze dried at the

Central Veterinary Institute (Table 7.3 see below).
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Table 7.1: Mycobacterial cultures used for THM-GC-MS analysis
including 7 M. avium ssp. paratuberculosis isolates and 20 "sur-
rounding mycobacteria"samples

M. avium ssp. paratuberculosis
(MAP) Surrounding mycbacteria

M. avium ssp. paratuberculosis 1 M. abcessus 1-1 M. celatum 1-1
M. avium ssp. paratuberculosis 2 M. abcessus 2-1 M. celatum 2-1
M. avium ssp. paratuberculosis 3 M. abcessus 3-1 M. intracellulare 2-1
M. avium ssp. paratuberculosis 4 M. asiaticum 1-1 M. kansasii 3-1
M. avium ssp. paratuberculosis 5 M. asiaticum 2-1 M. scrofulaceum 2-1
M. avium ssp. paratuberculosis 9 M. avium sp avium 1-1 M. scrofulaceum 3-1
M. avium ssp. paratuberculosis 10 M. avium sp avium 2-1 M. mucogenicum 1-1

M. avium sp avium 3-1 M. mucogenicum 2-1
M. bovis 2-1 M. mucogenicum 1-1
M. bovis 3-1 M. nonchromogenium 2-1

M. avium ssp paratuberculosis 1, NIZO Niebuell strain
M. avium ssp paratuberculosis 2, NIZO Isolate cow 1355
M. avium ssp paratuberculosis 3, NIZO NCTC 8578 strain
M. avium ssp paratuberculosis 4, NIZO code 6
M. avium ssp paratuberculosis 5, NIZO Isolate cow 1363
M. avium ssp paratuberculosis 9, NIZO strain B2962
M. avium ss paratuberculosis 10, NIZO Isolate cow 1364



160 Chapter 7

Table 7.2: Growth of six MAP in different media obtained from
Central Veterinary Institute.
Strain nr Shaking / Film Culture Start Culture Harvest day Culture days Medium
441449 Shaking 5-11-2004 16-2-2005 103 Sauton
441449 Shaking 5-11-2004 16-2-2005 103 W+R + Myc pH..
441449 Shaking 5-11-2004 16-2-2005 103 Sauton + Myc
441449 Shaking 5-11-2004 16-2-2005 103 DH + Myc
441449 Shaking 5-11-2004 16-2-2005 103 W+R pH..
441449 Shaking 5-11-2004 16-2-2005 103 DH
441449 Shaking 5-11-2004 16-2-2005 103 W+R pH 5.5
441449 Film 26-6-2013 W+R pH..
2148 Shaking 5-11-2004 16-2-2005 103 DH
2148 Shaking 5-11-2004 16-2-2005 103 W+R + Myc pH..
2148 Shaking 5-11-2004 16-2-2005 103 W+R pH 5.5
2148 Shaking 5-11-2004 16-2-2005 103 DH + Myc
2148 Shaking 5-11-2004 16-2-2005 103 W+R pH..
2148 Shaking 5-11-2004 16-2-2005 103 Sauton + Myc
2148 Shaking 5-11-2004 16-2-2005 103 Sauton
2148 Film 26-6-2013 W+R pH..
8579 Shaking 5-11-2004 16-2-2005 103 W+R + Myc pH..
8579 Shaking 5-11-2004 16-2-2005 103 W+R pH..
8579 Shaking 5-11-2004 16-2-2005 103 DH + Myc
8579 Shaking 5-11-2004 16-2-2005 103 DH
8579 Shaking 5-11-2004 16-2-2005 103 W+R pH 5.5
8579 Shaking 5-11-2004 16-2-2005 103 Sauton
8579 Film 26-6-2013 W+R pH..
3869 Shaking 5-11-2004 16-2-2005 103 Sauton
3869 Shaking 5-11-2004 16-2-2005 103 DH + Myc
3869 Shaking 5-11-2004 16-2-2005 103 W+R pH..
3869 Shaking 5-11-2004 16-2-2005 103 Sauton + Myc
3869 Shaking 5-11-2004 16-2-2005 103 W+R + Myc pH..
3869 Shaking 5-11-2004 16-2-2005 103 DH
3869 Shaking 5-11-2004 16-2-2005 103 W+R pH 5.5
3869 Film 26-6-2013 W+R pH..
403359 Shaking 5-11-2004 16-2-2005 103 W+R + Myc pH..
403359 Shaking 5-11-2004 16-2-2005 103 DH
403359 Shaking 5-11-2004 16-2-2005 103 Sauton + Myc
403359 Shaking 5-11-2004 16-2-2005 103 Sauton + Myc
403359 Shaking 5-11-2004 16-2-2005 103 Sauton
403359 Shaking 5-11-2004 16-2-2005 103 DH + Myc
403359 Shaking 5-11-2004 16-2-2005 103 W+R pH..
403359 Shaking 5-11-2004 16-2-2005 103 W+R pH 5.5
D4 4) Shaking 6-6-2013 W+R pH..
D4 4) Shaking 30-7-2013 Sauton
D4 4) Film 30-7-2013 W+R pH..
D4 4) Film 13-8-2013 Sauton
D4 Film
AN5 Film

20-5-2013  30-7-2013        71 
30-5-2013  5-8-2013        67

freeze dried
freeze dried

Abbreviation used: W+R, Watson Reid medium; Myc, Mycobactin J; Sauton, Sauton medium [12].
231) freeze dried 0.5 g; 441) and 451) freeze dried
692) same as number 17
753) same as number 31. This is extra, because the amount of 31 was less
D44) These bacteria (Nr 36, 37, 38 and 39. Not 71) are killed 30 min 105◦C
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7.2.2 Bovine fecal samples

A convenience sample of nine Dutch dairy herds with at least two milk-

ELISA positive cattle in the last herd screen of the Milk Quality Assurance

Programme for paratuberculosis was selected [13, 14]. From each herd, one

or two cattle were randomly selected from the list of milk-ELISA positive

cattle. Furthermore, seven or eight cattle were randomly selected from each

of two Dutch dairy herds that were certified as ’MAP-free’ in the Intensive

Paratuberculosis Programme [15].

From each selected animal, a rectal fecal sample of at least 120 gram was

collected into a plastic container. No lubricant was used at rectal sampling.

Furthermore, a milk sample of at least 100 mL was collected manually from

a single quarter of the udder after thorough cleaning and disinfection of the

teat.

All samples were refrigerated during transport to the laboratory and pro-

cessed at the laboratory within 48h after collection. Each fecal sample was

thoroughly mixed in a Stomacher bag, and divided into three aliquots. A

first aliquot was tested by PCR assay as previously described [16]. A second

aliquot was stored at -18◦C for up to 7 weeks and, after thawing, cultured

on Löwenstein Jensen (LJ) medium using a modified Jørgensen method [17].

In short, for each sample, four culture tubes were inoculated and inspected

for MAP colonies and contamination at 4, 8, 12, and 16 weeks of incubation.

Natamycine (1.18 g/L) was added to the LJ-culture media to reduce the risk

of fungal contamination. Suspect colonies were examined by PCR. A sample

was regarded positive if one or more MAP colonies were detected. A sample

was regarded contaminated if three or more tubes were contaminated at 8

weeks of incubation or earlier. A sample was regarded negative if it was

neither regarded positive nor regarded contaminated.

7.2.3 Reagents and Standards

A 25% tetramethyl ammonium hydroxide (TMAH) solution in methanol was

obtained from Sigma–Aldrich (Zwijndrecht, The Netherlands). Before use

the solution was diluted ten times with deionized water obtained from a Sar-

torius Arium 611 UV water purification device (Sartorius, Nieuwegein, The

Netherlands). The solution was stable for two weeks at room temperature.
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Tuberculostearic acid (TBSA) and galactocerobroside from bovine brain were

obtained from Sigma–Aldrich. The galactocerobroside from bovine brain

standard was dissolved in chloroform/methanol, (2.0/1.0, v/v). Methanol,

chloroform, diethyl ether, hexane and dichloromethane were purchased from

Biosolve (Valkenswaard, The Netherlands).

7.2.4 Sample preparation for thermochemolysis GC-MS

7.2.4.1 Sample preparation for bacterial cultures

The pellets in the liquid culture media were collected using a sterile Pasteur

pipette, and transferred to a 2 mL Sarstedt screw cap vial. The mycobacteria

were killed by heating for 20 min at 80oC and the tube was centrifuged at

12,000 x g for 10 min. The bacterial pellets were washed with deionized

water under the same conditions. The washed pellets were resuspended in

deionized water to a concentration of approximately 1 x 108 bacteria/mL [9].

Fifteen microliters of the sample were used for the THM-GC-MS analysis (see

below).

7.2.4.2 Hexane/methanol/water extraction of freeze dried MAP

Forty mg of each freeze dried MAP strain (dry weight) was weighed in a 15

mL glass vial with Teflon-lined screw cap. Next 400 µL of methanol, 500

µL hexane and 100 µL deionized water were added to the sample for ex-

traction. The mixture was shaken overnight. Subsequently the mixture was

centrifuged for 10 min at 2,700 x g, the hexane phase (upper layer) was har-

vested and another 500 µL of hexane was added to the methanol/water phase

for a second extraction. Both hexane extracts were combined, evaporated to

dryness and re-dissolved in 1 mL hexane. The concentrated hexane extract

was subjected to a solid phase extraction (SPE) procedure (See 7.2.4.4).
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7.2.4.3 Preparation of bovine fecal samples

Three grams of the bovine fecal sample were diluted with 12 mL phosphate

buffered saline (PBS) and shaken on a horizontal Vortex shaker for 5 min-

utes and sonicated in a water bath for 10 min. The suspension was filtered

through an Adiagen filter (Adiagene, a bioMérieux company, l’Etoile, France)

by placing the filter on a perforated cap of a 50 mL Greiner tube and sub-

sequently centrifuged for 10 min at 180 x g. The retentate was resuspended

in 5 mL PBS and filtered again by centrifugation for 5 min at 180 x g. The

filtrates were combined and centrifuged 1h at 4000 rpm in a Universal 16

Centrifuge (Hettich, Tuttlingen, Germany) to precipitate the mycobacteria

and the supernatant was removed. The amount of pellet (between 0.8-1.5 g)

was calculated by subtracting the weight of the empty tube.

The pellet was resuspended using a Vortex shaker till a volume of 1 mL then

5 mL each of methanol and hexane was added. The mixture was transferred

to a 50 mL disposable Pyrex centrifugation tube (Corning B.V. Life Sciences,

Amsterdam, The Netherlands), which had been cleaned by heating overnight

at 300 ◦C to remove traces of lipids. This mixture was shaken overnight on

a horizontal Vortex shaker. The mixture was then centrifuged in a Servall

SS 34 rotor for 10 min at 3000 rpm. The upper hexane phase was collected

without taking the interphase. The hexane extract was evaporated to dry-

ness using a stream of air and the heat of a warm hair dryer and re-dissolved

in 2.5 mL hexane.

7.2.4.4 Normal phase solid phase extraction

Normal phase SPE cartridges Strata Si-1 were purchased from Phenomenex

(Utrecht, The Netherlands). Cartridges with a volume of 6 mL containing

1 g silica were used. Washing solution, sample and eluting solvents, were

passed through the SPE cartridge by gravity. The pass-through solution was

collected (fraction 1). Each cartridge was preconditioned by two washings

with 2.5 mL of hexane. Then 2.5 mL of the hexane extract sample was

applied onto the SPE cartridge. The cartridge was then washed with 2.5

mL of hexane. The first eluate (fraction 2) containing the non-polar lipids

was collected as two 2.5 mL portions of elution solvent 2 (diethyl ether,

hexane mixture, 50/50, v/v). The second eluate (fraction 3) containing
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the slightly polar-lipids was obtained by passing two 2.5 mL portions of

elution solvent 3 (100% methanol) through the cartridge. The last eluate

(fraction 4) containing the highly polar lipids was obtained by passing two 2.5

mL portions of elution solvent 4 (chloroform/methanol/water, 1.0/2.0/0.8,

v/v/v) through the cartridge. All samples were concentrated by a stream

of air to a volume of 100-200 µL. Twenty microliters of each fraction was

injected for the THM-GC-MS analysis.

7.2.5 Instrumentation

All THM–GC–MS experiments were carried out on a Shimadzu GCMS-

QP2010 Plus (Shimadzu, Den Bosch, The Netherlands). The GC system

was equipped with a "Focus" XYZ robotic auto sampler and an Optic 3 Pro-

grammed Temperature Vaporizing (PTV) injector (ATAS GL, Eindhoven,

The Netherlands).

7.2.6 Automated THM-GC-MS procedure

The automated THM-GC-MS procedure has been described previously [9,

10]. Briefly, 15 µL of each mycobacterial suspension or 20 µL of each extract

fraction was first injected into the PTV injector at 40◦C. The injector was

then rapidly heated to 120◦C to eliminate water while retaining the sam-

ple in the sintered-bed liner inside the injector. After cooling the injector

to 40◦C, 20 µL (if 15 µL of sample was injected) or 25 µL (if 20 µL of

sample was injected) of the 2.5% TMAH reagent was injected to cover the

whole bacterial/extract sample. Next the injector was heated to 120◦C to

remove the solvent and incubate the residue present in the sintered-bed of

the liner. The injector temperature was then increased to 450◦C to perform

thermochemolysis. After 5 min the injector temperature was decreased and

maintained at 320◦C until the end of the GC run. All GC analyses were per-

formed on a TC 5MS column (GL Sciences, Tokyo, Japan) of 30 m x 0.25 mm

internal diameter, coated with 0.25 µm of a 5% phenyl-methylpolysiloxane

stationary phase. Helium was used as the carrier gas. The separation was

performed by starting the GC oven at 40◦C for 3 min, followed by a first

ramp of 20◦C/min to 100◦C with a hold of 7 min, and then a second ramp
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of 5◦C/min to 320◦C with a final hold of 6 min. The MS was operated in

the full scan mode collecting spectra at a rate of 5 Hz over the mass window

from 60 to 500 amu. All samples were randomly and blindly tested.

7.2.7 Data analysis

The data set contained 27 THM-GC-MS chromatograms including 7 cultured

MAP strains and 20 "surrounding mycobacteria" strains. Using manual

chromatographic evaluation, the biomarkers for distinguishing MAP from

other mycobacteria were detected by overlaying chromatograms of these two

mycobacterial groups. Next we used the univariate data analysis method

described by Fisher to find the compounds that best discriminated MAP

from "surrounding mycobacteria" [10].

Before univariate data analysis could be performed, corresponding retention

time/mass pairs from the raw chromatograms had to be aligned. To do so

the GC-MS chromatograms were exported to *.cdf format and submitted

to MetAlign for data pretreatment (alignment and feature extraction) [18].

Parameter selection for the MetAlign software was based on the guidelines

described by Peters and coworkers [19]. The outcome of MetAlign was a

table containing 32,010 pairs of retention times and m/z values with their

abundances for the 27 mycobacterial strains. The intensities were finally

transferred into percentages using row normalisation (values of each cell were

divided by the sum of all values in the row). For the calculation of the Fisher

ratio (F value) the following equation was used:

F =
MeanMAP −Meansurroundingmycobacteria

0.5(SDMAP + SDsurroundingmycobacteria

(7.1)

Where:

• MeanMAP=Mean percentage retention time/mass pair abundances for

MAP

• Meansurroundingmycobacteria =Mean percentage retention time/mass pair

abundances for "surrounding mycobacteria"

)
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• SDMAP , SDsurroundingmycobacteria = Standard deviations of MAP and

the "surrounding mycobacteria", respectively, for that retention time

m/z combination

We chose 250 retention time/mass pairs giving the highest positive Fisher

ratios (potential biomarkers for MAP) and 250 retention time/mass pairs giv-

ing the highest negative Fisher ratios (potential biomarkers for "surrounding

mycobacteria"). The compounds corresponding to these 500 retention time/-

mass pairs were identified by going back to the GC-MS chromatograms and

performing an MS library search.

7.3 Results and Discussion

Total ion current chromatograms (TIC) of 27 strains of mycobacterial cul-

tures representing 7 MAP strains and 20 "surrounding mycobacteria" strains,

were recorded. The seven MAP strains shared similar THM-GC-MS pat-

terns, but differed notably from those of all the "surrounding mycobacteria"

strains. The THM-GC-MS patterns of different species of "surrounding my-

cobacteria" were different from each other. Figure 7.1 shows a number of

representative examples of the THM-GC-MS chromatograms for (A): M.

avium ssp. paratuberculosis 2, (B): M. avium ssp. paratuberculosis 3, (C):

M. avium ssp. avium 1 and (D): M. avium ssp. avium 2. The two M.

avium strains resemble each other more closely than the two paratubercu-

losis strains resemble each other and there are clear differences between the

species.

Initially, using manual chromatographic evaluation and overlaying the chro-

matograms of MAP strains and the different "surrounding mycobacteria",

we found compounds at three different retention times (39.02 min, 42.23

min and 45.22 min) that could be potential biomarkers for MAP strains.

These compounds were only present in the MAP strains. A search of the MS

library and spectrum evaluation suggested that these potential biomarkers

were all N, N dimethyldodecanamides (NNDMD). The exact origin of these

compounds is unclear, but we speculate they could be formed from cell wall

ceramides. There is scant literature on the ceramide compounds in the lipids

of MAP/mycobacteria. It could be possible that these NNDMD eluting at
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different retention times belong to a homologous series of ceramide derived

analogous or they could originate from different ceramides but give very sim-

ilar fragmentation products in the THM-GC-MS procedure.

To evaluate the applicability of our approach we have looked at the influ-

ence of the growth medium on the THM-GC-MS patterns, for 9 strains

of surrounding mycobacteria (3 M. avium ss avium, 2 M. intracellulare,

1 M. kansasii and 3 M. mucogenicum). These nine mycobacterial strains

originally grown in the Löwenstein-Jensen medium were isolated and sub-

cultured in Middlebrook (M7H9-OADC) medium. In eight of the strains the

THM-GC-MS chromatograms were similar, although there was a slight vari-

ation in the THM-GC-MS intensities of the compounds depending on the

medium. No NNDMD peaks were detected in these eight strains. We have

tested six strains of MAP grown in eight different growth media (Table 7.2).

Three NNDMD markers were found in three MAP strains grown in all eight

conditions, while the first and last eluting peaks were missing in the three

remaining MAP strains in all growth media. This result shows that even

though the growth media influence the amount of the NNDMD compounds,

the concentrations of these compounds vary much more significantly among

different strains than between different growth conditions. This leads us

to conclude that the lipid patterns of mycobacteria vary depending on the

growth medium. The exact trend is complex, unpredictable and needs to be

examined further in more MAP strains.

Our previous work on the identification of biomarkers for M. tuberculo-

sis showed that a number of biomarkers were needed to derive an accu-
rate diagnostic assay; no single biomarker provided sufficient sensitivity and 
specificity. Therefore, in our search for new biomarkers for MAP we used 
univariate data analysis [10]. Mass interpretation of 500 selected retention 
time/mass pairs using the GC-MS library provided four markers consisting 
of three MAP markers and one "surrounding mycobacteria" marker. The 
MAP biomarkers were tetracosanoic acid (C24), and two structurally very 
similar compounds that we also found in the manual interpretation and that 
were tentatively identified as N,N-dimethyldodecanamide (NNDMD) at re-
tention times of 39.02 min and 42.22 min. Moreover, based on our previous 
study [10], hexacosanoic acid (C26) and tuberculostearic acid (TBSA) are 
the known markers for mycobacteria. These markers are of very limited use
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Figure 7.1. Representative examples of the THM-GC-MS chro-
matograms for (A): MAP 2, (B): MAP 3, (C): M. avium ss avium

1 and (D): M. avium ssp avium 2.
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on their own, but can be highly relevant if combined with information on other 
compounds. Thus we have six biomarkers that can differentiate cultures of 
MAP from "surrounding mycobacteria": TBSA, C26, C24 and three NNDMD 
compounds. 
The high levels of high molecular weight material and solids in the complex 
fecal matrix hamper the search for biomarkers directly in bovine fecal samples. 
We analyzed by THM-GC-MS the supernatant obtained by dilut-ing the feces 
three times with phosphate buffered saline (PBS) followed by filtration 
through a metal sieve and a double hairnet filter, but the parti-cles in the 
sample frequently blocked the injection needle. We tested fecal samples from 
one cow with paratuberculosis infection and one non-infected cow for the 
presence of the six proposed biomarkers. We found that C24 and C26 markers 
were present in both fecal samples but no N,N-dimethyl dodecanamide could 
be detected. In an attempt to obtain a cleaner sam-ple, we have used magnetic 
beads (Microsense Medtech, London, UK) to enrich mycobacteria from the 
feces, without success. Dirt from the manure matrix as well as the 
mycobacteria were captured by the beads, giving low sensitivity and 
selectivity. The simple method described by Kaal and co-workers [9] using 
decontamination and centrifugation could not be used: the chromatogram was 
completely overloaded and the sintered glass liner was contaminated after just 
a few injections. No NNDMD could be detected in the feces of a heavily 
infected cow. A comparison of a chromatogram of 10 x diluted infected bovine 
feces with that of a MAP culture is shown in Figure 7.2. These results pose a 
question: is NNDMD indeed absent from the feces of infected cows or is it 
present at such low levels that it cannot be detected with this THM-GC-MS 
method?

As a step towards improved fecal sample preparation and enrichment for

the proposed markers for MAP, we started work with MAP strains directly

rather than complex bovine fecal samples. We used five MAP strains cultured

at the Central Veterinary Institute extracted with hexane/methanol/water

and fractionated by solid phase extraction. Different strengths of eluting

solvents were used to extract the mycobacterial lipids from the normal phase

SPE cartridge. A total of seven potential markers were found as shown in

Table 7.3. These included the six potential compounds mentioned above and

one new NNDMD isomer. For most strains the 50% diethyl ether in hexane

extract contained the TBSA, C24 and C26 first three markers whereas the
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Figure 7.2. The THM-GC-MS chromatograms of a MAP 2 culture
[10] (Figure 7.2A) and a fecal sample from a cow infected with MAP
(Figure 7.2B). The feces were diluted 3x and filtered through a metal
sieve and a double hairnet. The 1 x g supernatant was tested after 10

times dilution and 15 µL was injected.

methanol fraction contained the four NNDMD markers. In the extraction 
experiments the MAP strain 441449 showed a different behavior where it 
seems that all the compounds were eluted one solvent fraction later. This 
result was confirmed by repeating the extraction of this strain. The results 
suggest that the lipid composition of this strain is different from that of the 
other strains.
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Table 7.3: Distribution of 7 biomarkers over the SPE fractions
from 5 MAP cultured in Watson-Reid medium then freeze dried.

Sample 2.5 ml 2.5 ml
2.5 ml and 50% 50% 2.5 ml 2.5 ml 2.5 ml 2.5 ml
hexane hexane 2.5 ml 2.5 ml DEE in DEE in 100% 100% C:M:H= C:M:H=
wash of till 2.5 hexane hexane hexane hexane methanol methanol 1:2:0.8 1:2:0.8

Compund cartridge ml wash wash elution elution elution elution elution elution
M. avium ssp paratuberculosis 316F

1 0 0 0 0 11 84 4 1 0 0
2 0 0 0 0 18 81 1 0 0 0
3 0 0 0 0 7 92 1 0 0 0
4 0 0 0 0 0 0 100 0 0 0
5 0 0 0 0 0 0 94 6 0 0
6 0 0 0 0 0 0 84 16 0 0
7 0 0 0 0 0 0 100 0 0 0

M. avium ssp paratuberculosis 14854
1 0 0 0 0 7 74 16 2 1 0
2 0 0 0 0 20 64 4 0 12 0
3 0 0 0 0 13 87 0 0 0 0
4 0 0 0 0 0 0 96 4 0 0
5 0 0 0 0 0 0 94 6 0 0
6 0 0 0 0 0 0 94 6 0 0
7 0 0 0 0 0 0 94 6 0 0

M. avium ssp paratuberculosis 441449
1 0 0 0 0 2 4 46 18 31 0
2 0 0 0 0 14 39 2 0 45 0
3 0 0 0 0 0 43 0 0 57 0
4 0 0 0 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0 0 0 0
6 0 0 0 0 0 0 69 0 31 0
7 0 0 0 0 0 0 0 0 100 0

M. avium ssp paratuberculosis 403359
1 0 0 0 0 8 66 19 3 5 0
2 0 0 0 0 11 82 1 0 4 1
3 0 0 0 0 19 81 0 0 0 0
4 0 0 0 0 0 0 96 4 0 0
5 0 0 0 0 0 0 95 5 0 0
6 0 0 0 0 0 12 84 4 0 0
7 0 0 0 0 0 5 91 5 0 0

M. avium ssp paratuberculosis 24148
1 0 0 0 0 12 66 9 3 9 1
2 0 0 0 0 43 56 0 0 0 1
3 0 0 0 0 38 62 0 0 0 0
4 0 0 0 0 100 0 0 0 0 0
5 0 0 0 0 100 0 0 0 0 0
6 0 0 0 0 12 43 45 0 0 0
7 0 0 0 0 0 100 0 0 0 0
Compound: 1, TBSA; 2, C24; 3, C26; 4-7, N,N-dimethyldodecanamide;
Abbreviations: C: M: H, chloroform, methanol, water, 1: 2: 0.8
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Figure 7.3. Sample preparation procedure for bovine fecal samples.

We then developed a method for the analysis of fecal samples from cows as

shown in Figure 7.3. Little is known about the physicochemical properties of

the lipids in bovine fecal samples, so all fractions after SPE extraction were

collected and analyzed separately by THM-GC-MS. Pass-through solutions

obtained after applying the sample onto the SPE cartridge were analyzed

to determine the capacity of the SPE cartridge used. No lipid was found in

our pass-through solution showing that the SPE cartridge did indeed cap-

ture all the lipids. C26, C24 and TBSA were again detected mostly in the

fraction eluted with 50% diethyl-ether in hexane whereas all NNDMD com-

pounds were mainly found in the 100% methanol fraction. Regarding the

biomarkers of MAP, when analyzing fecal samples from infected cows we
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Figure 7.4. The THM-GC-MS chromatograms of purified galactocer-
obroside from bovine brain (black curve), MAP 3 culture (pink curve)
and Methanol eluate of infected cow 526 after the SPE procedure (blue

curve).

found four new positions where a compound structurally very similar to

NNDMD eluted. We checked our previous data and found NNDMD related

compounds at these retention times in the chromatograms of the cultivated

MAP, albeit at much lower levels. It could well be that MAP produces a

different set of NNDMDs when grown in vivo than when grown in artifi-

cial media such as Middlebrook or Löwenstein-Jensen. We have identified

a total of 10 biomarkers that could be useful to differentiate infected from

non-infected cows. Seven of these markers are NNDMD analogues at differ-

ent positions. As mentioned above, we speculate NNDMD compounds could

be formed from cell wall ceramides of mycobacteria. We analyzed by THM-

GC-MS the galactocerobroside from bovine brain to proof that NNDMD

could originate from a ceramide after THM procedure. Figure 7.4 shows

the THM-GC-MS chromatograms of galactocerobroside (black curve), MAP

(pink curve) and methanol eluate infected cow 526 after the SPE proce-

dure (blue curve). Three NNDMD compounds were found at three positions

with similar mass spectra in these three chromatograms. This indicates that

NNDMD compounds maybe originate from cell wall ceramides of MAP.

We used these 10 potential biomarkers to detect MAP in the bovine fecal 
samples using THM-GC-MS. A total of 31 samples from NIZO were tested 
of which 15 were obtained from healthy cattle and 16 from MAP culture and 
PCR positive cattle. The results are summarised in Table 7.4. Unfortunately 
the markers identified as N,N-dimethyldodecanamides (the most important
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markers) were also found in feces from healthy cows. The exact origin of

these N,N-dimethyl dodecanamides is unclear. Are they from the food or

from other bacteria? Or do all cows carry MAP, but only a few develop

infection? Also TBSA and the fatty acids C24 and C26 were found in feces

from healthy cows. Based on the results of SPE-THM-GC-MS analysis of

the 31 samples it seemed that the two last NNDMD peaks at retention times

of 44.36 min and 47.05 min were the most important. NNDMD at these two

positions was absent, or present in much lower amounts in the non-infected

cows compared with infected cows. Therefore it is possible to differentiate

between infected cows and non-infected cows by setting a threshold value for

these two NNDMD markers. We built a decision tree using data from all

31 bovine fecal samples. The tree was based on the normalized areas of 10

potential biomarkers, ranking them in the order of importance with regard

to their ability to distinguish infected feces from non-infected feces. The

derived tree diagram is shown in Figure 7.5. Basically the algorithm uses

the normalized areas of three compounds (tetracosanoic acid methyl ester

at retention time 42.51 min and two NNDMD positions at retention time of

44.36 min and 47.05 min). The algorithm gives a sensitivity of 75% and a

specificity of 80% for the detection of MAP in the 31 bovine fecal samples

tested. Four false negatives were found for cows 501, 502, 503 and 517. Three

false positives were found, cows 519, 530 and 540.

Other types of multivariate classification methods were also tried in a man-

ner similar to our previous study on human tuberculosis [10]. First, a partial

least square discriminant analysis (PLSDA) model was fitted with the whole

data set, resulting in very poor predictive performance.

We attempted a variable reduction prior to PLS. This variable selection was

performed attempting to select only the variables that delivered low p-values

when a (univariate) test of comparison of means was performed. To avoid

overfitting, a double-loop 5-fold cross-validation strategy was performed [20].

In short, the double-loop cross-validation works as follows. First, the 5th part

of the data is withdrawn and kept for validation (validation set 1). The other

(4/5) subset of the data is submitted to variable selection (using the univari-

ate methods), resulting in a data set containing only the 10% most relevant

variables. This reduced data set is then submitted to PLSDA, and a full

cross-validation (again, 5-fold) is used to select the correct model parsimony.
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Figure 7.5. The decision tree for differentiation between cows infected
with MAP and non-infected cow

Finally, the optimal PLSDA (with the variable selection) is applied to pre-

dict the validation set 1, to measure the prediction capability. The (outer)

cross-validation loop is completed by selecting other subsets of the total data

set as "validation set 1". One should note that, in each validation loop, dif-

ferent variables can be selected as relevant variables, since the data subset

used for variable selection is not fixed. The outer cross-validation loop is

repeated several times in a Monte-Carlo validation fashion. This method de-

livered similar prediction capability (∼75% selectivity and sensitivity) to the

tree model described in Figure 7.5. Finally, a tree model was also fitted, us-

ing the same double-loop cross-validation strategy for the variable selection,

resulting in similar prediction capabilities.
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Table 7.4: THM-GC-MS results in 31 bovine fecal samples pro-
cessed by filtration and SPE, normalized peak areas for each
biomarker

Compounds1

Nizo code Culture Microscopy 1 2 3 4 5 6 7 8 9 10 9 and 10 THM-GC-MS
manure/pellet2 total% Result

511 Negative nt 0 91.3 7.4 1.3 0 0 0 0 0 0 0 neg
523 Negative nt 0 5.6 93.5 0.2 0.2 0 0.1 0 0.2 0.1 0.3 neg
525 Negative nt 0 9 26.2 28.9 25.2 0 0 0 10.7 0 10.7 neg
538 Negative nt 0 7.5 92.3 0.1 0.1 0 0 0 0 0 0 neg
505 Negative nt 0 23.4 74.3 1.4 0.7 0 0 0 0.1 0 0.1 neg
506 Negative nt 0 24.9 68.6 3.5 2.8 0 0 0 0.1 0.1 0.2 neg
518 Negative nt 0 23.9 71.4 2.6 2.1 0 0 0 0 0 0 neg
519 Negative nt 0 19.5 75.1 2.3 2.2 0 0 0 0.7 0.3 1.0 pos
521 Negative nt 0 24.5 75.2 0.3 0 0 0 0 0 0 0 0 neg
530 Negative nt 0 21.3 75.7 1.3 1.3 0 0.2 0 0.2 0.1 0.3 pos
540 Negative nt 0 19.7 71 2.2 2.9 0 1 0 1.9 1.3 3.2 pos
536 Negative nt 0 20.5 79.1 0.2 0.1 0 0 0 0 0 0 neg
534 Negative nt 0 16.9 82.8 0.2 0.1 0 0 0 0 0 0 neg
512 Negative nt 0 18.2 81.1 0.3 0.3 0 0.1 0 0.1 0 0.1 neg
508 Negative nt 0 18.6 80.2 0.7 0.5 0 0 0 0 0 0 neg
509 10-100 colonies nt 0 24.9 72.7 1.4 0.8 0 0 0 0.2 0 0.2 pos
541 10-100 colonies 11/12 0 15.4 81.4 1.3 0.9 0 0 0 0.5 0.3 0.8 pos
539 10-100 colonies 0/9 0 76.6 16.9 5.2 0 0 0 0 1.3 0 1.3 pos
504 10-100 colonies nt 0 23.8 74.7 0.5 0.3 0 0 0 0.6 0 0.6 pos
507 10-100 colonies nt/200 0 17.9 79.7 0.4 1.6 0 0.1 0 0.1 0.1 0.2 pos
501 10-100 colonies 0/10 0 1.6 98.1 0 0 0 0 0 0.1 0.1 0.2 neg
510 10-100 colonies 0/19 0 26.4 71.1 1.6 0 0 0 0 0.5 0.4 0.9 pos
502 >100 colonies nt/0 0 17.8 80.5 0.3 1.4 0 0 0 0 0 0 neg
517 >100 colonies nt/0 0 18.8 81 0.1 0 0 0 0 0 0 0 neg
529 >100 colonies 7/0 0 26.6 72.2 0.7 0.5 0 0.1 0 0.1 0 0.1 pos
526 >100 colonies 12/300 0 30.1 62.7 2.4 1.7 0 1 0 1.3 0.8 2.1 pos
524 >100 colonies 0/35 0 24.5 66.9 2.9 3 0 0.6 0 1.6 0.5 2.1 pos
32921439 >100 colonies 31/145 0 24 69.8 3.1 1.9 0 0 0 1.2 0 1.2 pos
515 >100 colonies 130/1000 0 16 66.5 6.4 3.4 0 0 0 7.7 0 7.7 pos
513 >10 colonies 73/400 0 22.5 71.5 2.8 2 0 0.4 0 0.5 0.4 0.9 pos
503 >100 colonies 0/0 0 10.4 89.1 0.2 0.2 0 0 0 0 0.1 0.1 neg
1,Compound code 1, TBSA; 2, C24; 3, C26; 4-10 different N,N-Dimethyldodecanamides
2,Acid fast bacteria / 10 fields in fecal sample after dilution 3 gram in 20 ml
PBS /pellet 1h 4000 rpm of the filtered sample nt, not tested
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7.4 Future aspects

The proposed SPE-THM-GC-MS method holds considerable promise for the

detection of MAP in bovine fecal samples. However, the performance of

the method needs to be improved by identifying additional biomarkers that

are more specific for MAP using multivariate statistics. Another promis-

ing approach could be to develop liquid chromatography (LC) coupled with

THM-GC-MS (LC-THM-GC-MS) to analyze in more detail the origin of the

biomarkers and in this way separate the MAP markers from the other fecal

components. LC fractionation is much faster and provides better defined

fractions than SPE fractionation. Additionally, with this knowledge SPE

could be improved and co-elution avoided. When new methods are devel-

oped, they should be validated in a blind study with an independent set of

fecal samples from healthy and infected cows.

7.5 Conclusions

A set of seven N,N-dimethyldodecanamide compounds, together with tu-
berculostearic acid, tetracosanoic acid and hexacosanoic acid show potential 
as markers for differentiation between cultures of MAP and "surrounding 
mycobacteria" using THM-GC-MS. Unfortunately, the detection of MAP di-
rectly in bovine feces is more challenging because of the complex background 
and the lack of specific markers for MAP. N,N-dimethyldodecanamide was 
also found in the feces of some healthy cows. A decision tree model was 
developed to set the threshold values for N,N-dimethyldodecanamide that 
allow distinction between feces from infected cows and healthy cows. This 
algorithm gave a sensitivity of 75% and a specificity of 80% when samples 
from 16 infected and 15 non-infected cows were tested. This initial result is 
promising, but more work needs to be done to improve the accuracy of the 
test. Selective isolation of precursors of the biomarkers using e.g. LC prior 
to THM-GC-MS is likely to lead to an improved performance.
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Summary

Tuberculosis (TB) remains a major problem in public health worldwide. Ac-

cording to the World Health Organization an estimated 8.6 million people

developed TB and 1.3 million died from this disease in 2012. Despite per-

sistent efforts over the last 125 years there is a lack of a simple and reliable

tool for the rapid diagnosis of tuberculosis in resource-limited settings. Re-

cent advances in biomarker discovery open new options for the development

of reliable TB tests for point of care use which could be widely applied in

developing countries. Unfortunately, however, earlier work in our laboratory

clearly showed the use of single biomarker to be insufficient for accurate di-

agnosis. The use of multiple biomarkers then is a logical route to follow in

attempts to obtain an improved accuracy in the diagnosis of TB and the reli-

able identification of Mycobacterium tuberculosis (MTB) and differentiation

of MTB from non-tuberculous mycobacteria (NTM).

Gas chromatography (GC), either as a standalone technique or in combina-

tion with mass spectrometry (MS), is one of the techniques that have shown

great promise in biomarker analysis for TB diagnosis. GC-MS offers con-

siderable advantages for the analysis of complex biological samples such as

sputum or serum samples. The technique is widely available and applied in a

wide diversity of application areas. GC-MS in combination with chemomet-

rics is an extremely powerful approach for the discovery of novel biomarkers

for diagnosis of tuberculosis and reliably quantify these biomarkers in real

specimens with high sensitivity and selectivity. Furthermore, GC–MS pro-

vides a great promise towards the development of an affordable, accurate and

‘simple to use’ point of care test for diagnosing tuberculosis as a hand-held,

portable device based on GC technique.

Chapter one of this thesis describes briefly the role of analytical chemistry

and chemometrics in the analysis of complex samples. A brief overview of

recent developments and remaining problems in the diagnosis of tuberculosis

is also presented. It is then explained why biomarker discovery has become

a strong desire in TB research. Finally it is explained how modern, highly

powerful GC-MS techniques can be applied for identification and quantifica-

tion of specific biomarkers for TB in real specimens from suspected patients.
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Chapter two of the thesis briefly summarizes the current status of tubercu-

losis diagnostics research and future aspects in the use of GC–MS to search

for novel biomarkers of MTB. Volatile biomarkers for TB in the headspace

of bacterial culture samples or in samples of breath, serum or urine show

little consistency in the various studies to date. Reproducibility is difficult;

the impressive results found initially with a few patients are rarely repeat-

able when a larger sample series is tested. Break-down products derived

from mycobacterial lipids show more consistency as biomarkers of tubercu-

losis in several studies. This approach offers promise for distinguishing MTB

from NTM directly in sputum and does offer great potential towards a much

simpler near-bedside test that could be widely used in resource-constrained

countries.

Chapter three of the thesis describes a promising approach for the identifi-

cation of novel biomarkers to differentiate MTB and NTM in early cultures

using a fully automated procedure based on thermally-assisted hydrolysis and

methylation followed by gas chromatography-mass spectrometry (THM-GC-

MS) and advanced chemometrics. We used early cultures of 15 MTB and 29

NTM strains from the Netherlands grown in Middlebrook 7H9 liquid medium

to build a classification model for distinguishing MTB from NTM. A matrix

of the aligned dataset containing 45,700 features (retention time/mass pairs)

for the 44 bacterial cultures was submitted to partial least squares discrim-

inant analysis (PLSDA) and a classification model was built. The latter

work showed that the number of features could be reduced to 250 without

compromising the accuracy of the model. The final model performed with

better than 95% accuracy in differentiation between MTB and NTM in early

cultures using a combination of 20 different compounds. These biomarkers

have been chemically identified using mass spectral interpretation. Some of

these compounds have not been linked to tuberculosis before, others have

been proposed previously as diagnostic biomarkers for this disease.

Chapter four of the thesis demonstrates the validation of the 20-compound

model developed in chapter three. This validation is performed using two in-

dependent sample sets, one consisting of 56 isolates (39 MTB and 17 NTM)

from the Netherlands, the other comprising 103 isolates (91 MTB and 12
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NTM) from Stellenbosch, Cape Town, South Africa. All the MTB strains

in the 56 Dutch samples were correctly identified and the model had a sen-

sitivity of 100% and a specificity of 94%. For the South African samples

the model had a sensitivity of 88% and specificity of 100%. The model per-

formed less good for the South African sample set compared to the Dutch

samples. Based on these results, it is clear that for optimum performance

of the model, the training set used to derive the model should consist of lo-

cally occurring strains and should contain a balanced numbers of MTB and

NTM strains (preferably approximately 50%). Unfortunately a dedicated,

new classification model based on for South African strains only cannot be

built because of the lack of sufficient NTM samples from South Africa. To

improve the sensitivity of the model for South African strains, whilst main-

taining a high specificity, we have developed new decision-tree models that

allow the differentiation of MTB from NTM using two different algorithms.

One algorithm was constructed using visual inspection of the data. This

algorithm enabled correct classification of all 103 samples from South Africa

as well as of the 100 samples from the Netherlands, i.e. it gave 100% sen-

sitivity and specificity. This decision-tree model was based on the use of a

combination of eight potential biomarkers from the 20-compound list. An-

other tree was fitted using the Classification and Regression Tree (CART)

method. The resulting model was extremely simple (only two compounds

were included), yet highly accurate (99.5% accuracy). Although promising,

more samples need to be classified to evaluate this algorithm.

Chapter five of the thesis focuses on the development of a clean-up procedure

for the analysis of the 20 potential biomarkers for diagnosing tuberculosis

directly in sputum from South Africa. The final method for the analysis

consisted of a hexane/methanol/water extraction followed by a further solid

phase extraction (SPE) clean up and finally THM–GC-MS. The different

blank sputum samples were spiked with cultures of MTB, M. kansasii and

M.avium at levels of 1 x 104 to 1 x 107 bacteria per mL for evaluating

the detection limit and robustness of the analytical procedure developed.

Spiking experiments were performed in two different ways: blank sputum

samples were spiked before and after the decontamination step. Based on

the mycocerosate markers, the detection limit of the method was approx-

imatively 1 x 104 bacteria spiked. This detection limit is lower than that
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of microscopy and therefore sufficient for early detection of MTB directly

in sputum. Finally, 32 South African sputum samples from patients sus-

pected of having tuberculosis were blindly tested using the method devel-

oped. The results from our method show an excellent agreement with those

obtained from Ziehl-Neelsen (ZN) and culturing for ZN-positive and MTB

culture-positive or ZN-negative and MTB culture-negative sputum samples.

Moreover our method was also able to detect MTB in one sputum sample

with ZN-scanty and MTB culture-positive. Only one sputum sample with

ZN-negative and MTB culture-positive was incorrectly found to contain no

MTB by SPE–THM–GC-MS. We speculate that the MTB strain in this spu-

tum contains extremely low levels of mycocerosates, i.e. levels that are below

the detection limit of our method. Because the sputum samples we received

from South Africa were already diluted from only 330 µL of original spu-

tum, we speculate that if 1 mL of this original sputum was directly analyzed

by our method, it is very likely that our method is able to detect the my-

cocerosates and hence correctly classify the sample. More samples need to

be tested to further evaluate the sensitivity and specificity of our combined

sample preparation and analysis method. The results obtained show that

the new extraction-SPE–THM–GC–MS method is promising for detection

of MTB directly in suspected sputum samples and holds great potential for

fully automating the whole procedure. The work currently proceeds towards

the development of a miniaturized GC-based device for detection of MTB at

the point of care.

Chapter six of the thesis describes the development of a miniaturized GC-

based device for detection of potential biomarkers for tuberculosis in the

field. The device consists of a GC inlet equipped by a PTV injector that is

connected to a heated micro-GC column cartridge. Because of the lack of a

miniaturized MS detector, for the evaluation of its performance the proto-

type GC device is connected to a flame ionization detector (FID) for record-

ing the chromatograms obtained. The device showed a good performance

in the separation of low boiling components such as the volatile alkanes C6

to C14 or fatty acid methyl esters (FAMEs) in the range from FAMEs C6

to C10; unfortunately however, severe peak splitting, the so-called “Christ-

mas tree effect”, was observed for higher boiling components such as the

higher alkanes or higher FAMEs (e.g. C16 and C18). This “Christmas tree
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effect” is progressively more pronounced for the higher compounds giving

very poor peaks for e.g. FAME C18. The peak splitting is caused by a non-

uniform oven temperature along the length of the column. Clearly further

improvements to the device are needed to allow separation of the high-boiling

components on our target list of 20 marker compounds.

Chapter seven of the thesis presents an interesting application of the novel

sample preparation method developed in chapter five of this thesis. The hex-

ane/methanol/water extraction procedure followed by SPE–THM–GC-MS

developed for the analysis of sputum samples was here applied for detection

of Mycobacterium avium subspecies paratuberculosis (MAP) in cow manure.

By using manual chromatographic inspection and univariate data analysis

(Fisher ratios), the method proposes the use of a combination of 10 potential

biomarkers for the detection of MAP. Besides some known compounds from

cell wall lipids of mycobacteria, such as tuberculostearic acid, hexacosanoic

acid, tetracosanoic acid, this 10-compound list includes new compounds ten-

tatively identified as N,N-dimethyldodecanamide (NNDMD) as biomarkers

for MAP at 7 retention times in chromatograms. The analysis of a pure

sphingolipid, a ceramide-containing lipid, shows that these NNDMD com-

pounds can originate from ceramide-containing lipids from the cell wall of

MAP. NNDMD at three retention times were found both in the pure sph-

ingolipid and infected cow manure. NNDMD compounds are good markers

for detection of MAP in bacterial culture. Unfortunately these compounds

are also present in non-infected cow manure, yet at different levels. Hence

accurate quantitative comparisons are needed. To do so we have developed

an algorithm that allows the differentiation of infected cows and non-infected

cows. This algorithm gives a sensitivity of 76% and a specificity of 80% for

31 cows. It is based on the peak areas of 10 potential biomarkers including

7 NNDMD compounds, tuberculostearic acid, tetracosanoic acid and hexa-

cosanoic acid. The results look promising; but more work needs to done to

improve the accuracy of this diagnostic test.
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SamenvAtting

Tuberculose (TB) blijft wereldwijd een groot volksgezondheidprobleem. Vol-

gens schattingen van de Wereld gezondheids organisatie (WHO) waren er

in 2012 8,6 miljoen TB patienten en overleden 1,3 miljoen mensen aan de

ziekte. Ondanks de enorme inspanningen van de afgelopen 125 jaar ont-

breekt het in ontwikkelingslanden aan een eenvoudige en betrouwbare meth-

ode om TB te diagnosticeren. Recente ontwikkelingen op het onderzoeks-

gebied “biomarkers” openen nieuwe mogelijkheden voor de ontwikkeling van

eenvoudige, gemakkelijk uit te voeren en betrouwbare TB tests, die op grote

schaal in ontwikkelingslanden gebruikt kunnen worden. Eerder werk in ons

laboratorium toonde duidelijk aan dat TB niet voldoende betrouwbaar is op

te sporen met slechts één biomarker. Het gebruik van meerdere biomarkers

is dan een logische stap om de diagnose van TB te verbeteren en om My-

cobacterium tuberculosis (MTB) betrouwbaar te kunnen onderscheiden van

niet-tuberculeuze mycobacteriën (NTM).

Gas chromatografie (GC), als een opzichzelf staande techniek of in com-

binatie met massaspectrometrie (MS), is voor biomarker-analyse voor TB

een van de veelbelovende technieken. GC-MS levert aanzienlijke voorde-

len voor de analyse van complexe biologische monsters, zoals sputum of

serum. De techniek is op grote schaal beschikbaar en wordt toegepast in

een brede verscheidenheid aan onderzoeksgebieden. GC-MS is in combi-

natie met chemometrie een uiterst effectieve aanpak voor de ontdekking van

nieuwe biomarkers voor de diagnose van tuberculose. Daarnaast is de tech-

niek zeer geschikt om deze biomarkers betrouwbaar met een hoge gevoe-

ligheid en selectiviteit te kwantificeren in patiënten materiaal. Bovendien is

GC-MS veelbelovend voor de ontwikkeling van een betaalbare, nauwkeurige

en gebruiksvriendelijk “point of care test” voor de diagnose van tuberculose.

De techniek zou mogelijk tot een draagbaar apparaat kunnen leiden.

Hoofdstuk Eén van dit proefschrift beschrijft in het kort de rol van de ana-

lytische chemie en chemometrie in de analyse van complexe monsters. Een

kort overzicht van de recente ontwikkelingen en de resterende problemen

bij de diagnose van tuberculose wordt gegeven. Vervolgens wordt uitgelegd

Samenvatting
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waarom de ontdekking van biomarkers is uitgegroeid tot een belangrijk aan-

dachtspunt in TB onderzoek. Tenslotte wordt uitgelegd hoe nieuwe, gevoelige

GC-MS technieken worden toegepast voor de identificatie en kwantificatie

van specifieke biomarkers voor TB in klinisch materiaal van patiënten die

mogelijk TB hebben.

Hoofdstuk Twee van het proefschrift geeft een beknopt overzicht van de

huidige status van het onderzoek naar de diagnose van TB en het toekomstige

gebruik van GC-MS om nieuwe biomarkers te ontdekken. Vluchtige biomark-

ers voor TB in de gasfase boven een bacteriecultuur, de zogenaamde'headsspace'
of monsters van uitgeademde lucht, serum of urine tonen tot op heden

weinig samenhang in de verschillende studies. De reproduceerbaarheid is

een probleem; de indrukwekkende initiële resultaten verkregen voor een paar

patiënten zijn zelden herhaalbaar wanneer een grotere groep wordt getest.

In verschillende studies tonen de afbraakproducten afkomstig van mycobac-

teriële lipiden meer consistentie. Deze aanpak biedt de mogelijkheid om

rechtstreeks in het sputum MTB van NTM te onderscheiden en kan mogelijk

leiden tot een simpele test die op grote schaal in ontwikkelingslanden kan

worden toegepast.

Hoofdstuk Drie van het proefschrift beschrijft een veelbelovende benadering

voor de identificatie van nieuwe biomarkers om MTB en NTM te onder-

scheiden in vroege kweken met behulp van een volledig geautomatiseerde

procedure op basis van thermisch-geassisteerde hydrolyse en methylering

gevolgd door gaschromatografie-massaspectrometrie (THM-GC-MS) en gea-

vanceerde chemometrie. We gebruikten de jonge culturen van 15 MTB en

29 NTM stammen uit Nederland gekweekt in Middlebrook 7H9 vloeibaar

medium om een classificatiemodel te bouwen voor het onderscheiden van

MTB van NTM. Een matrix van de aangepaste dataset met ∼ 45.700 re-

tentietijd / massa paren van de 44 bacteriële kweken werd geanalyseerd met

partiële kleinste kwadraten discriminantanalyse (PLSDA), en hiermee werd

een classificatiemodel opgesteld. Met deze methode bleek dat het aantallen

kenmerken (retentijd/massaparen) kon worden teruggebracht tot 250 zon-

der de nauwkeurigheid van het model te compromitteren. Het uiteindelijke

model was in staat om met 20 verschillende verbindingen onderscheid te
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maken tussen vroege kweken van MTB en NTM met een nauwkeurigheid

beter dan 95%. De biomarkers verantwoordelijk voor de karakteristieke ken-

merken zijn chemisch gëıdentificeerd met behulp van hun massa spectra. Een

aantal van deze verbindingen zijn niet eerder aangemerkt als diagnostische

biomarkers voor de besmetting met deze bacteriën.

Hoofdstuk Vier van het proefschrift beschrijft de validatie het 20 componen-

ten model ontwikkeld in hoofdstuk Drie. Deze validatie is uitgevoerd met

behulp van twee onafhankelijke verzamelingen van monsters, één bestaande

uit 56 isolaten (39 MTB en 17 NTM) uit Nederland, de andere bestond uit

103 isolaten (91 MTB en 12 NTM) afkomstig van Stellenbosch, Kaapstad,

Zuid-Afrika. Alle MTB stammen van de monsters uit Nederland werden cor-

rect gëıdentificeerd met een gevoeligheid van 100% en een specificiteit van

94%. Voor de Zuid-Afrikaanse monsters had het model een sensitiviteit van

88% en een specificiteit van 100%. Het model werkt minder goed voor de

Zuid-Afrikaanse monsters vergeleken met de Nederlandse monsters. Op ba-

sis van deze resultaten is het duidelijk dat voor een optimale werking van

het model, de trainingsset die gebruikt wordt om het model te ontwikkelen

moet bestaan uit een gebalanceerd aantal lokaal voorkomende stammen, bij

voorkeur ongeveer 50% MTB en 50% NTM. Helaas kon een nieuw classifi-

catiesysteem gebaseerd op Zuid Afrikaanse stammen niet ontwikkeld worden

door gebrek aan voldoende NTM monsters uit dit gebied. Om de gevoe-

ligheid van het model voor Zuid-Afrikaanse stammen te verbeteren, met be-

houd van een hoge specificiteit, hebben we twee nieuwe beslisboom-modellen

ontwikkeld die MTB kunnen onderscheiden van NTM stammen. Een algo-

ritme werd geconstrueerd middels visuele inspectie van de gegevens. Met

dit algoritme konden 103 monsters uit Zuid-Afrika en 100 monsters uit Ned-

erland correct geclassificeerd worden, dat wil zeggen met 100% sensitiviteit

en specificiteit. Dit beslisboom-model was gebaseerd op het gebruik van

een combinatie van acht potentiële biomarkers van de 20-componentenlijst.

Een ander model ging uit van de classificatie en zogenaamde regressie tree

(CART) methode. Het uiteindelijke model was zeer eenvoudig, slechts twee

componenten werden gebruikt en de nauwkeurigheid was 99,5%. Hoewel

veelbelovend, zullen meer monsters getest moeten worden om dit algoritme

nader te evalueren.
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Hoofdstuk Vijf van het proefschrift richt zich op de ontwikkeling van een mon-

ster voorbereidings methode, een zogenaamde “clean-up procedure”, voor de 
analyse van de 20 potentiële biomarkers voor de diagnose van TB in spu-
tum monsters uit Zuid-Afrika. De uiteindelijke methode voor de analyse be-
stond uit een hexaan/methanol/water-extractie gevolgd door een vastefase-
extractie methode (SPE) en tenslotte THM-GC-MS. Aan verschillende blanco 
sputum monsters (afkomstig van patienten die geen TB hebben) werd M. 
tuberculosis, M. kansasii en M.avium in concentraties van 1 x 104 tot 1 
x 107 bacteriën per ml toegevoegd (zogenaamde spike experimenten) om 
de detectie limiet te bepalen en de robuustheid van de analyse methode te 
evalueren. Spike experimenten werden op twee verschillende manieren uit-
gevoerd, aan blanco sputum monsters werden mycobacterien voor- en na 
de decontaminatie van het sputum toegevoegd. De detectielimiet van de 
methode, gebaseerd op de mycoserosaten als markers, was ongeveer 1 x 104 

bacteriën, ongeacht of de myco-bacteriën voor- of na decontaminatie wer-
den toegevoegd. De detectiegrens is lager dan die van microscopie en dus 
voldoende voor vroege detectie van M. tuberculosis in sputum. Ten slotte 
werden 32 Zuid-Afrikaanse sputum monsters van patiënten die mogelijk een 
TB infectie hebben blind getest met behulp van de ontwikkelde methode. 
De resultaten van onze methode blijken goed overeen te komen met de re-
sultaten van Ziehl-Neelsen (ZN) en het kweken van ZN-positieve en MTB 
kweek-positieve of ZN-negatieve en MTB kweek-negatieve sputum monsters. 
Bovendien was het met onze methode mogelijk om ook een sputum monster 
dat nog juist positief was na Ziehl-Neelsen kleuring en kweek positief was 
te detecteren. Slechts één ZN-negatief-, maar MTB kweek-positief sputum 
monster werd negatief gevonden in SPE-THM-GC-MS. We denken dat de 
MTB stam in dit sputum slechts een zeer kleine hoeveelheid mycocerosaten 
bevat, waarden die beneden de detectielimiet van onze methode vallen. Om-

dat de sputum monsters uit Zuid-Afrika reeds verdund waren en er slechts 
330 ul onverdund sputum voor analyse beschikbaar was, denken wij dat als 
we 1 ml van dit originele sputum hadden geanalyseerd er zeer waarschijnlijk 
wel mycocerosaten met onze methode te detecteren waren en dat het 
monster dan juist was geclassificeerd. Meer monsters moeten worden 
getest om de gevoeligheid en specificiteit van onze gecombineerde 
monstervoorbereiding en analyse methode verder te evalueren. De verkregen 
resultaten tonen aan dat de nieuwe extractie-SPE-THM-GC-MS methode 
veelbelovend is voor de
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detectie van MTB in sputum monsters. Een additioneel voordeel is dat de

methode mogelijk helemaal geautomatiseerd kan worden. Momenteel wordt

er gewerkt aan de ontwikkeling van een geminiaturiseerde GC voor de detec-

tie van MTB om de analyse zo dicht mogelijk bij de patient zelf uit te voeren

(zogenaamde “point of care tests”).

Hoofdstuk Zes van het proefschrift beschrijft de ontwikkeling van een gem-

iniaturiseerde gas chromatograaf voor de detectie van potentiële biomarkers

voor de diagnose van tuberculose in het veld. Het apparaat omvat een GC

uitgerust met een “Programmed Temperature Vaporizer” (PTV) injector die

is aangesloten op een verwarmde micro-GC kolom cartridge. Door het ont-

breken van een geminiaturiseerde MS detector voor evaluatie is het proto-

type GC gekoppeld met een vlamionisatiedetector (FID) voor het opnemen

van de chromatogrammen. Het protype-GC instrument presteerde goed bij

de scheiding van laagkokende componenten zoals de vluchtige alkanen C6

tot C14 of vetzure methylesters (FAMEs) in het gebied van FAMEs C6 tot

C10. Helaas werd ernstige pieksplitsing waargenomen, het zogenaamde "ker-

stboom effect", voor hoger kokende componenten, zoals de hogere alkanen of

hogere vetzure methyl esters (bijv. FAMEs C16 en C18). Dit "kerstboom-

effect" is meer uitgesproken voor de hoger kokende verbindingen resulterend

in zeer slechte pieken voor bv. FAME C18. De piek splitsing wordt veroorza-

akt door een niet-uniforme oventemperatuur over de lengte van de kolom.

Verdere verbeteringen van het prototype zijn duidelijk nodig om scheiding

van de hoogkokende componenten op onze lijst van 20 biomarkers mogelijk

te maken.

Hoofdstuk Zeven van het proefschrift presenteert een interessante toepass-

ing van de nieuwe monsterbereidingswijze ontwikkeld in hoofdstuk Vijf van

dit proefschrift. De hexaan/methanol/water-extractie werkwijze van SPE-

THM-GC-MS ontwikkeld voor de analyse van sputum monsters werd hier

toegepast voor de detectie van Mycobacterium avium subspecies paratuber-

culose (MAP) in koeienmest. Door handmatige inspectie en chromatografis-

che univariate analyse (Fisher ratio’s), kon een methode worden ontwikkeld

waarbij gebruik gemaakt wordt van een combinatie van 10 potentiële biomark-

ers voor detectie van MAP. Naast enkele bekende verbindingen uit celwand
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lipiden van mycobacteriën, zoals tuberculostearine zuur, hexacosaan zuur en 
tetracosaan zuur bevat deze 10-componentenlijst nieuwe verbindingen voor-
lopig gëıdentificeerd als N, N-dimethyldodecanamide (NNDMD) als biomark-

ers voor MAP die op zeven retentietijden in de chromatogrammen voorkomen. 
Uit de analyse van een zuiver sphingolipide, een ceramide-bevattend lipide, 
blijkt dat deze NNDMD verbindingen inderdaad afkomstig zijn van ceramide-

bevattende lipiden van de celwand van MAP. NNDMDs werden gevonden 
op drie retentietijden zowel in het zuivere sphingolipide als in gëınfecteerde 
koemest. NNDMD verbindingen zijn goede markers voor de detectie van 
MAP in bacterieculturen. Helaas zijn deze verbindingen echter in verschil-
lende mate ook aanwezig in niet-gëınfecteerde koeienmest. Vandaar dat 
nauwkeurige kwantitatieve vergelijkingen nodig zijn. Om dit te doen hebben 
we een algoritme dat de differentiatie van besmette koeien en niet-besmette 
koeien mogelijk maakt ontwikkeld. Dit algoritme geeft een gevoeligheid 
van 76% en een specificiteit van 80% voor 31 koeien. Het is gebaseerd 
op de piekoppervlakken van 10 potentiële biomarkers inclusief 7 NNDMD 
verbindingen, tuberculostearinezuur, tetracosaanzuur en hexacosaanzuur. De 
resultaten zien er veelbelovend uit; maar meer werk is nodig om de juistheid 
van deze diagnostische test te verbeteren.
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