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Abstract The ability to diagnose brain cancer rapidly from
serum samples is of great interest; such a diagnosis would allow
for rapid testing and time to results providing a responsive
diagnostic environment, ability to monitor treatment efficacy,
early detection of recurrent tumours and screening techniques.
Current methods rely upon subjective, time-consuming tests
such as histological grading and are particularly invasive with
the diagnostic test requiring hospitalisation of 2–3 days. A rapid
diagnostic method based upon serum sampleswould allow for a
relatively non-invasive test and open up the possibility of
screening for brain cancer. We report for the first time the use of
a Bioplex immunoassay to provide cytokine and angiogenesis
factor levels that differ between serum from glioma and non-
cancer patients specifically angiopoietin, follistatin, HGF, IL-8,
leptin, PDGF-BB and PECAM-1 providing sensitivities and
specificities as high as 88 % and 81 %, respectively. We also
report, for the first time, the use of serum ATR-FTIR combined
with a RBF SVM for the diagnosis of gliomas from non-cancer
patients with sensitivities and specificities as high as 87.5 %
and 100 %, respectively. We describe the combination of these

techniques in an orthogonal diagnostic regime, providing
strength to the diagnosis through data combinations, in a rapid
diagnostic test within 5 h from serum collection (10 min for
ATR-FTIR and 4 h for the Bioplex Immunoassay). This regime
has the ability to revolutionise the clinical environment by
providing objective measures for diagnosis allowing for
increased efficiency with corresponding decreases in mortality,
morbidity and economic impact upon the health services.
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Introduction

Gliomas are the commonest primary tumours of the brain and
comprise about 2 % of all newly diagnosed cancers every
year in the UK. Overall, the incidence of gliomas roughly
equals that of leukaemia [1]. Gliomas form about 50 % of all
intracranial tumours in the adult, of which half are malignant
gliomas. A glioma is composed of several heterogeneous
malignant cell populations with a mixture of some normal
cells [1]. Malignant gliomas comprise glioblastoma [World
Health Organization (WHO) grade IV], anaplastic astrocy-
toma (WHO grade III), mixed anaplastic oligoastrocytoma
(WHO grade III) and anaplastic oligodendroglioma (WHO
grade III) [2]. The authors point the reader to the WHO
classification of tumours of the central nervous system for
further information on brain tumour classifications [3].

Early clinical diagnosis of glioma can be challenging; after a
clinical suspicion the diagnosis is made by imaging with
computed tomography (CT) and magnetic resonance imaging
(MRI) scans, and by the time a patient presents with symptoms
the diagnosis is fairly obvious on a CTscan [1]. Confirmation of
diagnosis is done with the histological examination of the
specimen obtained surgically; a biopsy of the brain involves

J. R. Hands :A. J. S. McIntosh :M. J. Baker (*)
Centre for Materials Science, Division of Chemistry, University of
Central Lancashire, JB Firth Building, Preston PR1 2HE, UK
e-mail: mjbaker@uclan.ac.uk

P. Abel (*) : R. W. Lea
School of Pharmacy and Biomedical Sciences, University of
Central Lancashire, Maudland Building, Preston PR1 2HE, UK
e-mail: pabel@uclan.ac.uk

K. Ashton : T. Dawson : C. Davis
Department of Pathology, Lancashire Teaching Hospitals NHS
Trust, Royal Preston Hospital, Sharoe Green Lane North, Preston,
Lancashire PR2 9HT, UK

A. J. S. McIntosh
Department of Chemistry, Imperial College London, South
Kensington Campus, London SW7 2AZ, UK

Anal Bioanal Chem (2013) 405:7347–7355
DOI 10.1007/s00216-013-7163-z



drilling through the skull to obtain a specimen that is hoped to be
representative of the sample. At this point, there is no indication
as to the whether the tumour is benign or malignant. It is clear
now that tumourswithin a single histologically defined category
are heterogeneous from a molecular genetic perspective.
Histological grading is not able to provide accurate prognostic
and therapeutic information for individual patients [1].

The primary requirement for successful treatment of any
disease is early detection. Cancer incidence rates continue to rise
[4]; however, survival rates for cancer are increased with early
diagnosis. Early diagnosis of cancer such as prostate cancer
(CaP) has increased the percentage of patients who survive
more than 5 years after diagnosis [5]. Several cancers are in
positions that are difficult to access, e.g. brain, which impacts
negatively upon their detection. Research performed into
identification of protein expression in blood has produced
single biomarkers for specific cancers that have become
misleading. The prostate-specific antigen (PSA) test is used to
indicate CaP; however, approximately 40 % of organ-confined
CaP show no elevation of PSA [6] and many other benign
conditions can show increased PSA serum, thus producing false
positives in screening. Hoffman et al. suggest that CaP
screening would benefit from improved biomarkers, which
more readily identify clinically important cancers [7]. As cancer
is a heterogeneous disease, a set of markers or a whole sample
profile will provide significantly more diagnostic information
than any one marker [8]. Detecting disease rapidly has many
benefits, including early intervention of therapy, reduction in
mortality and morbidity, and freeing much needed economic
resources within healthcare. Also, the identification of some
indicator of disease could be used to monitor the progression of
therapy [9]. The current ‘gold standard’ diagnostic method of
histopathology takes between 24 and 72 h.

Cytokines and angiogenesis factors are being increasingly
studied in order to understand their importance within cancer
mechanisms. Cytokines and angiogenesis have been profiled
in head and neck cancers [10], and their prognostic value has
been investigated for pancreatic cancer [11]. Cytokines play
an important role in modulating the immune responses to
tumour growth and development. They can influence the
growth and spread of tumours through the recruitment of pro-
inflammatory cell types that can also affect angiogenesis.
They can also act more directly by promoting or inhibiting
tumour cell growth and have variable effects and influence on
tumourigenesis and growth.

Angiogenesis is the proliferation of novel blood vessels from
ones already formed and is a complex interaction of molecular
signalling events that herald the process of basement membrane
degradation, the proliferation of endothelial cells, the recruit-
ment of perivascular cells and the invasion of the adjacent stromal
space [12]. The process of angiogenesis is influenced by
cytokines and growth factors as well as enzymes and adhesion
molecules.

If a direct or indirect link from peripheral secretion to
tumour cell expression and hence pathological progress
could be demonstrated, then this would make analysis and
monitoring of peripheral blood cytokine and angiogenic
factors an ideal candidate for clinically useful biomarkers.

Vibrational spectroscopic techniques, such as Raman and
FTIR, are excellent methods for the analysis of a wide range of
materials. They are non-destructive, rapid, cost-effective,
simple to operate and require only simple sample preparation.
A relatively developed market in handheld instruments means
they provide a unique capability for point-of-care diagnosis.
Different biomolecules exhibit responses to different wave-
lengths of light; the resultant spectrum can be thought of as a
‘fingerprint’ of the sample. Spectroscopic analysis allows the
objective classification of biological material on a molecular
level. Previous studies have demonstrated the use of
spectroscopy (imaging and point spectra) to analyse gastro-
intestinal (GI) tract, lung, cervix, brain, breast, prostate and
lymph node cancers [13–27].

Orthogonal diagnostic testing is the key to improving the
reliability of rapid diagnostic technologies. Orthogonal
testing refers to tests that are independent or non-
overlapping but in combination provide a higher degree of
accuracy of the final result [28]. Current single diagnostic
modalities, specifically single biomarkers, are limited in their
sensitivity and specificity; an orthogonal approach seeks to
overcome these limitations with the strength of data
combination [29]. We present, for the first time, the rapid
diagnosis of WHO grade IV (glioblastoma multiforme) brain
tumours based upon an orthogonal testing regime combining
specific biochemical markers and spectroscopic signatures.
The orthogonal approach provides strength to the result and
has direct applicability within the clinical environment,
allowing for increased efficiency within the diagnostic
regime with corresponding decreases in mortality, morbidity
and economic impact upon the health services.

Materials and methods

Serum samples

Blood samples were collected from 50 patients with clinically
confirmed GBM brain tumours and 25 normal patients.
Samples were obtained from the Walton Research Tissue Bank
and Brain Tumour North West (BTNW) Tissue Bank; all
patients had given research consent. Only newly diagnosed
patients with a histopathological diagnosis of GBM (WHO
grade IV) were included. All blood samples were taken pre-
operatively. The serum tubes were left to clot at room
temperature for a minimum of 30 min and a maximum of 2 h
from blood draw to centrifugation. Separation of the clot was
accomplished by centrifugation at 1,200×g for 10 min and
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500-μl aliquots of serum dispensed into prelabelled cryovials.
Serum samples were snap frozen using liquid nitrogen and
stored at −80 °C. Demographic data for each patient was also
stored on the tissue bank database and could be unblended by a
member of the clinical team caring for the patient. The research
described in this paper was performed with full ethical approval
(BTNWandWalton Research Tissue BankApplication number
1108; applicant—P. Abel).

The average age of the entire sample set is 60.18 years.
Average ages and age ranges for the GBM serum samples, and
control serum samples are 60.22 (25–79) and 60.16 (26–87)
years, respectively. Where possible, age and sex of the GBM
and control serum samples were matched.

Bioplex suspension array

The Bioplex suspension array system was used to quantitate
the cytokine and angiogenesis factor secretion. The technol-
ogy incorporates 100 colour-coded bead sets each of which is
conjugated to a specific reactant.

An antibody directed against a specific cytokine/angio-
genesis factor is coupled to colour-coded beads. The
antibody-coupled beads are allowed to react with the serum
sample (for 30 min). After washing, a biotinylated antibody
directed to a different epitope on the specific cytokine/angio-
genesis factor is added to the beads. This forms a sandwich of
antibodies around the cytokine. The reaction mixture is
detected by the addition of streptavidin–phycoerythrin which
binds to the biotinylated detection antibodies.

Identification is based around a laminar flow system of
flow cytometry that identifies and quantitates each specific
reaction based on bead colour and fluorescence. The
magnitude of the reaction is measured using fluorescently
labelled reporter molecules associated with each target
protein. The quantities are expressed as picograms per
milliliter based upon standard curves. Unknown concentra-
tions are calculated from a standard curve generated from
Bio-Rad supplied standards.

A verification and calibration procedure of the Bioplex
analyser was carried out according to the manufacturer’s
instructions before analysis took place.Manufacturer-supplied
reagents from different batches were used to confirm the
accuracy, precision and reproducibility of the analytical
technique used. Samples were performed in duplicate on a
96-well plate alongside the standard curve used to generate the
results. Twowellswith onlymanufacturer’s diluentswere used
as blanks, and the resultant background reading levels were
subtracted from all sample results.

Cytokine and angiogenesis factor data analysis

Initial data analysis was performed in the instrumentation
software Bioplex manager version 4.1 following that the data

was exported to Microsoft Excel. p-values were calculated
using the data analysis function onMicrosoft Excel using a t-
test assuming unequal variances. Confidence intervals were
calculated by using the data analysis function on Microsoft
Excel, and the sensitivity and specificity were determined by
applying the confidence interval to the control mean to
generate a reference range. The number of true and false
positives and negatives among the patient group and the
control group were then calculated.

Measures of sensitivity and specificity were used to assess
the quality of discrimination. Sensitivity (Eq. 1) measures the
ability of the model to correctly classify, whereas specificity
(Eq. 2) measures its ability not to misdiagnose.

Equation for sensitivity

Sensitivity ¼ True Positives

True Positives þ False Negatives
ð1Þ

Equation for specificity

Specificity ¼ True Positives

True Negativesþ False Positives
ð2Þ

Definitions:

True
Positives

Number of spectra where samples were
correctly identified as cancerous

True
Negatives

Number of spectra where the samples have
been correctly identified as non-cancerous

False
Positives

Number of spectra where the model has
incorrectly identified the samples as cancerous
when it is non-cancerous

False
Negatives

Number of spectra where the model has
incorrectly identified samples as non-
cancerous when it is cancerous

Immunohistochemical tissue staining

Immunohistochemical staining of formalin-fixed, paraffin-
embedded tissue sections of the patients used for the serum
analysis was performed using antibodies raised against
Follistatin-288 (provided by AbD Serotec, diluted 1:500).
The secondary antibody, blocking reagents, avidin–biotin
complex and chromagen were provided in kit form (PK6200
Elite—Universal Vectastain; Vector Labs). The slides were
deparaffinised with xylene and rehydrated. Antigen retrieval
was done in sodium citrate pH 6.0 using a pressure cooker in
an 850-W microwave oven set for 2 min until the liquid was
boiling. The manufacturer’s protocol for staining was
adhered to using Tris-buffered saline (pH 7.4) as the washing
reagent. The incubation time for the blocking serum was
20min and the incubation time for the primary and secondary
antibody was 30 min. The coloured product was developed
using horseradish peroxidase (HRP) as the enzyme and 3,3′-
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diaminobenzidine (DAB) as the substrate. The slides were
then counterstained with haematoxylin and washed with hot
tap water. They were then dehydrated in alcohol and cleared
with xylene and mounted in Pertex. Both tumour sample and
non-cancerous brain sample were stained concurrently.

ATR–FTIR spectral collection

A JASCO FTIR-410 (Fourier transform infrared) Specac
ATR single reflection diamond Golden Gate™ spectrometer
was used in absorption mode to collect spectra from all serum
samples at the University of Central Lancashire.

Prior to spectral collection, all whole serum samples were
thawed and 10-kDa filtration aliquots were prepared using
Amicon® Ultra 0.5-ml Millipore centrifugal filters. For each
whole GBM serum and control serum sample, 0.5 ml of
serum was inserted into the filtration devices and spun at
14,000 rpm for 15 min, resulting in two serum sample sets.
Whole serum and serum with components above 10 kDa
were filtered out.

Serum samples were analysed in a random order within
the whole and 10-kDa serum sample sets. For each sample,
the following procedure was repeated 3 times: 1 μl spot of
serumwas dried for 8min on the ATR–FTIR crystal, at which
time 3 spectra were collected. As a result, for each sample
nine spectra were collected. A background absorption
spectrum (taken for atmospheric correction) was taken prior
to the serum being pipetted (a background per serum
replicate) onto the crystal, and the dried serum film was
washed off the crystal in between each procedure. Spectra
were acquired at a resolution of 4 cm−1, in the range of 4,000–
400 cm−1 and averaged over 32 co-added scans. In total, 666
ATR–FTIR spectra were obtained from the 74 GBM and
control serum samples. Forty nine GBM and 25 control
serum samples were used for this study, one less than the
Bioplex assay due to the amount available from that one
sample.

ATR–FTIR data analysis

Initial analysis was performed using the JASCO Spectra
Manager software. Spectra were organised into two sets, on a
patient level:

1. A training set containing 450 spectra (two thirds of the
spectra)

2. A blind test set containing 216 spectra (one third of the
spectra)

The fingerprint region (1,800–900 cm−1) was selected for
analysis and a visual spectral quality test, for gross spectral error,
was implemented. A radial basis function kernel linear Support
Vector Machine (SVM) model was used to simplify parameter
optimisation and to allow for any non-linearity within the
datasets. The LibSVM 3.12 [30] package was used and
implemented via MATLAB®. A Support Vector Machine has
previously been shown as a powerful tool for multivariate
analysis of IR [31] and Raman spectra [32]. The optimal Cost
and Gamma parameters values for the SVM kernel were
obtained by a grid search combined with leave-one-out cross-
validation. An initial wide parameter grid search was performed

Table 1 The optimal Cost and Gamma values for the whole serum and
10-kDa serum training data sets along with their corresponding cross-
validation values

Whole serum data 10 kDa serum data

Optimal Cost (C) 1,024 16,384

Optimal Gamma (γ) 8 16

Cross-validation 99.80 % 99.30 %

Table 3 Sensitivity and specificity values for the statistically
significant cytokine and angiogenesis factors

Cytokine/angiogenesis factor Sensitivity (%) Specificity (%)

Angiopoietin 58 63

Follistatin 88 81

HGF 46 74

IL-8 49 60

Leptin 40 74

PDGF-BB 82 66

PECAM-1 66 59

Table 2 The optimal Cost and Gamma values for the whole serum and
10-kDa serum training data sets along with their corresponding cross-
validation values

Cytokine/
angiogenesis factor

Control mean
(pg/ml)

GBM mean
(pg/ml)

Significance
(P<0.05)

IL-2 2.060 2.113 No

IL-4 0.204 0.225 No

IL-6 3.731 2.625 No

IL-10 3.113 5.477 No

GM-CSF 0.000 0.808 No

TNF-α 8.538 8.503 No

Angiopoietin 282.326 195.138 Yes

Follistatin 407.967 757.480 Yes

G-CSF 27.343 40.830 No

HGF 915.658 1,073.045 Yes

IL-8 20.133 16.374 Yes

Leptin 5,452.401 9,102.635 Yes

PDGF-BB 2,817.792 4,866.840 Yes

PECAM-1 2,734.137 3,832.264 Yes

VEGF 64.292 69.336 No

7350 J.R. Hands et al.



and the results used to perform a narrow grid search identifying
the optimal parameter values. The SVMmodel was then trained
using these values (Table 1) before being challenged with the
bind test set.

Results and discussion

Cytokines and angiogenesis factors

Table 2 shows the levels of tested cytokine and angiogenesis
factors for GBM and control samples along with the p-value
for each analyte. The analytes that show a statistical difference
between control serum and GBM are angiopoietin, follistatin,
human growth factor, interleukin-8, leptin, platelet-derived
growth factor-BB (PDGF-BB) and platelet endothelial cell
adhesionmolecule-1 (PECAM-1). The signalling pathways of
angiogenesis in GBM are controlled mainly by the vascular
endothelial growth factor (VEGF) family of molecules and
receptors as well as others such as angiopoietin, platelet-

derived growth factor (PDGF), interleukin-8 (IL-8), follistatin,
hepatocyte growth factor (HGF), transforming growth factor
beta (TGF-β), TGF-α and tumour necrosis factor alpha
(TNF-α) [33–36]. Therefore, the identified analytes can be
attributed to angiogenesis within GBM. Table 3 shows the
sensitivity and specificity achieved for each of these
statistically significant cytokine and angiogenesis factors
based upon a 95 % confidence interval.

The highest sensitivity and specificity is achieved for
follistatin with 88 and 81 %, respectively. Follistatin has
previously been detected by Becker et al. in glioblastomas;
immunohistochemical staining showed follistation in glial
tumour cells, whereas in normal brain it was restricted to
neurons [36]. Figure 1 shows follistatin immunohistochemical
staining for tumour identification. Some gliomas exhibited
significant follistatin immunostaining of tumour cells, andmany
appeared to express a gemistocytic morphology. However,
staining was not uniform throughout the tumour sample, and
some cells were patently immuno-negative (Fig. 1a). Positive
immunostainingwas entirely cytoplasmicwith nomembrane or

a) Glioma mag. x40 b) Glioma mag. x40 c) Non-cancerous brain mag. x40

d) Glioma interstitial staining mag. x40 e) Glioma interstitial staining mag. X40 f) Non-cancerous brain mag. x40

g) choroid plexus  tissue

Positively staining 
tumour cells

Non-staining 
tumour cell

Negatively staining 
blood vessel

Negatively staining 
blood vessel

Blood vessel
Staining of 

axonal tracts
Blood vessel

Positive 
cytoplasmic 

staining

Fig. 1 Results of immunohistochemical staining for follistatin on glioblastoma multiforme and non-cancerous brain tissue
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nuclear component, and other tissue elements within the sections,
including blood vessels, were completely negative (Fig. 1b).
Therewere no specific features of the tumours or constituent cells
which were evidently predictive of immunopositivity or to
account for the significant variability between individual
tumours. The non-cancerous (viz. normal) brain tissue was
uniformly negative throughout and therewas no staining of either
neurones or glial cells (Fig. 1c). There was a distinct interstitial
stain in the presence of negatively staining cells that followed the
axonal tracts of the sections (Fig. 1d, e). There was no specific
axonal staining and some of the axonal tracts did not take up any
stain. The non-cancerous brain axonal tracts were uniformly
negative (Fig. 1f). There was some specific cytoplasmic staining
of some cells from the choroid plexus (Fig. 1g). Thismay suggest
that follistatin is being secreted into the cerebrospinal fluid (CSF)
and warrants further detailed CSF analysis of angiogenesis-
associated proteins. Follistatin is emerging as an interesting target
in brain cancer research affecting migration and proliferation in
glioblastoma, and may be a promising target for diagnosis and
therapy [36].

ATR–FTIR diagnostic model

The primary concern for effective spectral collection via ATR–
FTIR is intimate contact of the sample of interest with the ATR
crystal as such the effect of drying of the serum sample upon
the ATR–FTIR spectrum was investigated. Spectra taken at
different times during the drying process show marked
differences in spectral information with time as the serum
dries and forms an intimate contact with the sample. Proposed
biomolecular assignments for the dried whole serum ATR-
FTIR spectrum (Fig. 2) are shown inTable 4.Repeat experiments

have shown that 1 μl of human serum is dry after 8 min at
ambient room temperature (~18 °C) and pressure. The dried

Table 4 Proposed biomolecular assignments for spectral bands within
the ATR–FTIR spectrum of a whole serum dried film (biomolecular
assignments taken from refs. [38–48])

Wavenumber
(cm−1)

Proposed biomolecular assignment

3,441 O–H stretch of hydroxyl groups

3,286 CH3 stretch (antisymmetric), fatty acids, lipids,
proteins

3,071 CH3 stretch (antisymmetric), fatty acids, lipids,
proteins

2,958 CH2 stretch (antisymmetric), fatty acids, lipids,
proteins

2,933 CH2 stretch (antisymmetric), methylene group of
membrane phospholipids

2866 CH2 stretch (antisymmetric), fatty acids, lipids,
proteins

1,741 C=O stretch (symmetric), fatty acids, lipids, proteins

1,637 Amide I of proteins (β-pleated sheet structures) ν C=O
(80 %), ν C–N (10 %), δ N–H (10 %)

1,536 Amide II of proteins (β-pleated sheet structures) δ N–
H (60 %), ν C–N (40 %)

1,449 CH2 deformation of methylene group, lipids

1,399 CH3 deformation, lipids

1,307 Lipids CH2 twist, protein amide II band, cytosine,
adenine

1,204 C–C stretch, C–H bend, PO2
− phosphodiester

1,170 C–O stretch (antisymmetric), COH bend, lipids

1,018 C–O stretch of glucose

924 C–C–N backbone, C–C stretch, glucose

Fig. 2 ATR–FTIR spectra for
dried whole serum and 10-kDa
filtered serum. The variable CO2

has been removed and the spectra
are offset for ease of visualisation

7352 J.R. Hands et al.



whole serum film shown is representative of the dried serum film
described by Lie et al. [37]. The whole serum RBF SVM
diagnostic model misclassified 21 out of 216 spectra when
challenged with the blind test set resulting in a sensitivity of
88.2% and specificity of 94.4%. Table 5 shows the results of the
blind test set challenge at a patient level for patientswhose spectra
were amongst the 21misclassified. Ifmore than four spectra from
the nine taken for each patient group were classified as GBM or
non-cancer, then this is regarded as the diagnosis. Only two
patients with GBM were misclassified as non-cancer and zero
non-cancer patients were diagnosed as GBMpatients resulting in
a sensitivity of 87.5 % and specificity of 100 % at the patient
level.

The cytokine and angiogenesis factors identified as
statistically significant via the Bioplex assay have a molecular
weight range from 16 kDa to 32 kDa. In order to investigate if

there are other biochemicals within the serum that are able to
discriminate between GBM and non-cancer, the serum
samples were filtered using a 10-kDa Amicon® Ultra 0.5-ml
Millipore centrifugal filter, thus removing all moieties above
10 kDa from the serum samples. ATR–FTIR spectra for a dried
whole serum sample and dried 10-kDa filtered sample are
shown in Fig. 2 (offset for ease of visualisation), and proposed
biomolecular assignments for the 10-kDa filtered spectrum are
detailed in Table 6. The 10-kDa filtered RBF SVM diagnostic
model misclassified 38 out of 216 spectra when challenged
with the blind test set resulting in a specificity of 81.4 % and
sensitivity of 81.9%. Table 7 shows the results of the blind test
set challenge at a patient level for patients whose spectra were
amongst the 38 misclassified. Only four patients with GBM
were misclassified as non-cancer and one non-cancer patient
was diagnosed as a GBM patient resulting in a sensitivity of
78.9 % and specificity of 88.9 % at the patient level. The
discriminatory power of the RBF SVM model is reduced
compared to the whole serum model; however, the relatively
high sensitivity and specificity indicate that there are bio-
chemicals in the sub-10-kDa range that may provide
interesting targets for diagnosis or prognosis.

Orthogonality

Using a two-stage diagnosis based upon follistatin levels and
whole serum ATR–FTIR, a rapid orthogonal testing regime
can be realised for brain cancer diagnosis (Table 8 shows the

Table 5 Patient-level results showing the number of misclassified
spectra per patient based upon misclassified spectra from the blind test
set challenge for the whole serum ATR–FTIR diagnostic model

Patient identifier Misclassified spectra

GBM patients

12012 1/9

12019 2/9

12055 5/9

11156 9/9

Non-cancer patients

600 3/9

607 1/9

Table 6 Proposed biomolecular assignments for spectral bands within
the ATR–FTIR spectrum of a 10-kDa filtered serum dried film
(biomolecular assignments taken from refs. [38–48])

Wavenumber
(cm−1)

Proposed biomolecular assignment

3,308 O–H stretch of hydroxyl groups

2,941 CH3 stretch (antisymmetric), fatty acids, lipids,
proteins

2,883 CH2 stretch (symmetric), methylene group of
membrane phospholipids

1,641 Amide I of proteins (β-pleated sheet structures) ν C=O
(80 %), ν C–N (10 %), δ N–H (10 %)

1,451 CH2 deformation of methylene group, lipids

1,403 CH3 deformation, lipids

1,345 Adenine, CH deformation

1,215 C–C stretch, C–H bend

1,107 PO2 symmetric stretch

1,032 C–O RNA, ribose/glucose vibration

991 C–C stretch, C–N stretch, PO3 stretch

916 C–C stretch, glucose

Table 7 Patient-level results showing the number of misclassified
spectra per patient based upon misclassified spectra from the blind test
set challenge for the 10-kDa filtered serumATR–FTIR diagnostic model

Patient identifier Misclassified spectra

GBM patients

11121 6/9

11154 6/9

12019 6/9

12052 8/9

Non-cancer patients

572 2/9

593 6/9

594 4/9

Table 8 Patient-level results showing the misclassified patients based
upon follistatin levels and whole serum ATR–FTIR diagnostic model

Test False negatives False positives

Follistatin level (95 %
confidence interval)

11205, 11202 585, 594, 607,
609, 589

Whole serum ATR–FTIR 12055, 11159
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patients misclassified for each technique). ATR–FTIR can
provide a result within 10min of serum deposition (30 min for
serum collection) and the Bioplex immunoassay within 4 h.

This orthogonal testing regime, built upon different
phenomena (the concentration of cytokines and angiogenesis
factor and the vibrational spectra of whole serum), allows for
greater confidence in diagnosis due to the strength of data
combination. Where both tests agree diagnosis is confirmed,
where there are different results the serum sample is
highlighted and the patient can be assessed via another
diagnostic route such as immunohistochemistry, CT, MRI etc.
The rapidity of the analysis allows for a dynamic and
responsive clinical environment.

Conclusions

This work has shown, for the first time, the ability of specific
biochemical markers and spectroscopic signatures to diagnose
gliomas to sensitivities and specificities as high as 87.5 and
100 %, respectively. This new diagnostic regime is extremely
rapid and when applied orthogonally can provide diagnosis
within 5 h from serum collection. The technologies described
are readily applicable to the clinical environment and have the
potential to revolutionise diagnostic practices. The rapid
information feedback allows for a dynamic and responsive
clinical environment.
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