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Raman spectroscopy provides a powerful,
rapid diagnostic tool for the detection of tuberculous
meningitis in ex vivo cerebrospinal fluid samples
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In this letter, we propose a novel method for diagnosis
of tuberculous meningitis using Raman spectroscopy.
The silicate Raman signature obtained from Mycobacterium tuberculosis positive cases enables specific and sensitive detection of tuberculous meningitis from acquired
cerebrospinal fluid samples. The association of silicates
with the tuberculosis mycobacterium is discussed. We envision that this new method will facilitate rapid diagnosis
of tuberculous meningitis without application of exogenous reagents or dyes and can be aptly used as a complementary screening tool to the existing gold standard
methods.
Typical Raman spectra of the CSF sample clinically diagnosed as tuberculosis meningitis.

1. Introduction
Tuberculosis (TB) remains one of the major causes
of death from a single infectious agent (Mycobacterium tuberculosis) across the world. Over 8.3 million
new cases and 2 million deaths occur annually in de-

veloping countries [1]. In India alone, 2.2 million
people are affected annually and about 400,000 people die due to tuberculosis [2].Tuberculosis is known
to appear both in pulmonary and extra pulmonary
forms. In particular, extra pulmonary tuberculosis
involves relatively inaccessible sites and, because of
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the nature of the sites involved, fewer bacilli can
cause much greater damage. The combination of
small numbers of bacilli and inaccessible sites causes
bacteriologic confirmation of a diagnosis to be more
difficult, and invasive procedures are frequently required to establish a diagnosis.
Tuberculous meningitis (TBM) is an infection of
the meninges, and form of extra pulmonary tuberculosis regarded as a medical emergency [3]. Meningitis can result from direct meningeal seeding and proliferation during M. tuberculosis bacillemia either at
the time of initial infection or at the time of breakdown of an old pulmonary focus. It can also result
from the breakdown of an old para-meningeal focus
with rupture into the subarachnoid space. The consequences of subarachnoid space contamination can be
diffuse meningitis or localized arteritis. In TBM, the
process is located primarily at the base of the brain
[4]. Ominously, in untreated TBM, the mortality rate
is almost 100% and delay in treatment may lead to
permanent neurological damage [3]. Consequently,
early diagnosis and prompt treatment are the primary
factors determining the final outcome of the patient.
Unfortunately, at present, the diagnosis of TBM
remains a challenge due to its pleomorphic clinical
presentations and the lack of a rapid sensitive and
specific test. Typically, the clinical sample that is
employed in TBM diagnosis is cerebrospinal fluid
(CSF) collected by lumbar puncture. For diagnosis of
TBM, mycobacteria identification is necessary. This is
done by either acid fast staining of the bacilli (AFB),
conventional Lowenstein Jensen (LJ) microbiologic
culture or molecular assays such as polymerase chain
reaction (PCR). All these techniques have limitations for detection due to low copy number or slow
growth rate of the bacilli, which causes delays in obtaining results and consequently leads to permanent
neurological disorders and high mortality rates [3, 4].
In view of these limitations, there is a need for a
fast, simple alternative diagnostic assay that can be
readily applied to CSF for the diagnosis of TBM. In
this regard, spectroscopic detection offers the capability for direct analysis of cellular structures in microbial bulk samples [5, 6] or body fluids [7, 8] since
it provides detailed molecular information of the investigated samples. In particular, Raman spectroscopy provides a valuable non-perturbative probe
that can enable fingerprinting of analytes (based on
their vibrational signatures) in biological samples in
a few seconds without necessitating the addition of
staining or other chemical reagents [9, 10]. Indeed,
several investigators have shown that Raman spectroscopy (and specific embodiments of the same)
can generate a wealth of information and facilitate
trace analyte detection even in complex matrices
such as whole blood samples and biological tissue
[11–13]. The promising results of Raman studies
[14–17] for in vitro diagnosis prompted us to investi-
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gate CSF samples of suspected TBM cases for their
corresponding Raman signatures. The TBM studies
reported here demonstrate the acquisition of Raman
spectra in the CSF matrix of multiple clinical samples and show an initial attempt at developing a classification algorithm to discriminate prospective spectra obtained from unknown clinical samples. Our
results underline the clinical potential of Raman
spectroscopy as a biomedical assay for rapid TBM
screening in CSF of suspected patients.

2. Experimental
2.1 Materials and methods
2.1.1 Patient population and
CSF preparation
This ex vivo study was conducted at Apollo Hospitals, Hyderabad and approved by local ethics committee, under a waiver of informed consent, as the
CSF samples were considered discarded samples
(bio-waste). CSF samples from a total of 60 patients
(25 female patients with mean age of 48.4 years and
35 male patients with mean age of 53.6 years) were
employed in this study. Eleven patients were clinically diagnosed as TBM positive at the time of the
study. In addition, three patients had culture-proven
non-TBM, four patients had viral meningitis, and
42 patients had other non-infectious disorders. No
patient was on anti-tubercular therapy at the time of
the CSF sample collection. For Raman measurements, the samples were cytospinned on microscopic
glass slides and allowed to air dry at room temperature, before being fixed with isopropyl alcohol then
stored at room temperature until used.

2.2 Raman experiments
Raman spectra were collected using a micro-Raman
spectroscopy unit (at the National Geophysical Research Institute, Hyderabad), consisting of a Jobin
Yvon confocal microanalysis system (JY T-64000)
attached to an Olympus microscope (model U-LH
100/3). The excitation source was a 514.5 nm air
cooled argon ion laser (Spectra Physics). Typically,
3 mW of excitation light was focused on the sample
and the Raman scattered light was collected in a
backscattering geometry through the microscope objective (50X, NA 0.7). The Raman scattered light
was dispersed through the triple monochromator
system operating in subtractive mode onto a liquid
nitrogen cooled CCD detector (Symphony, JY Inc.).
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The spectral resolution of the system was ca. 2 cm1
and the reproducibility of the Raman peaks’ position
was within 1 cm1.
The acquisition time for all Raman spectra was
30 seconds. More than 5 replicate spectra were recorded using different spatial locations on each of
these cytospin preparations. Wavenumber calibration
was performed by using the characteristic silicon reference peak at 521 cm1. The Raman spectra were
subjected to standard baseline removal and peak fitting procedures using the GRAMS/3 software. The
relevant clinical information (class label and spectral dataset) with donor information removed was
submitted to the MIT Spectroscopy Laboratory for
analysis and interpretation of the spectroscopic results.

(a)

3. Results and discussion
The purpose of this study is not only to enable classifier development but also to assess the clinical relevance of the same with respect to manifestations of
TBM in CSF. To this end, as pointed out by Somorjai and co-workers, classifiers or classifier combinations lacking selection of specific features are of
limited value when applied to the acquired Raman
spectra [18]. This is because even though diagnosis
and (potentially) prognosis is of substantive importance, they form only a portion of the entire clinical
story. Here, as a proof-of-concept study, the larger
importance lies in the identification of a few, biologically relevant discriminatory features (i.e. specific
Raman signatures, or peaks) that could lead to an
effective understanding of the disease mechanism
that could in turn assist in the management and
treatment of such a disorder. To this end, we perform classification of the samples using ratios of the
critical peaks as described below, instead of full spectral analysis.
Figure 1(a) shows a typical Raman spectrum
from a CSF sample which was clinically diagnosed as
TBM positive. Its corresponding microscopic image
is shown in Figure 1(b). From Figure 1(a), we observe the presence of dominant Raman bands at
128, 207, 355, 393, 401 and 464 cm1 due to silicates
(quartz a-phase) and a broad peak at 1124 cm1
which can be tentatively attributed to the presence
of carbonate compounds. CSF samples demonstrating these silicate and carbonate bands contained
crystalline structures (non-specific to the type of chemical present) evident from the microscopic image
in Figure 1(b). The strong Raman signature of the
silicates was also reproducible as indicated by the
near-perfect superimposition of replicate Raman
spectra acquired from different locations on the
same CSF sample.
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(b)
Figure 1 (online color at: www.biophotonics-journal.org)
(a) Typical Raman spectra of the CSF sample clinically diagnosed as tuberculosis meningitis and (b) its microscopic
image (50X objective), which shows crystalline structures.

In sharp contrast, Figure 2(a) shows a typical
Raman spectrum from a CSF sample with clinically
diagnosed non-TB meningitis and Figure 2(b) its microscopic image, which lacks the crystalline structures seen in the TBM CSF sample in Figure 1(a).
The inset in Figure 2(a) shows the spectrum acquired
from a second non-TB meningitis CSF sample which
displays features of magnesium carbonate. In the insert, one can visualize the prominent Raman bands
at 157 cm1, 282 cm1, 556 cm1, 716 cm1, 1091 cm1
and 1097 cm1 that corresponds to carbonate species
and can be here attributed particularly to the magnesium salt and the calcite form. Table 1 lists the Raman peaks observed and their corresponding origins
and symmetry modes.
Our findings in this study were largely consistent
with those of Bujitels and co-workers [19], who analyzed 63 strains of various mycobacteria using Raman spectroscopy and validated their results against
a gold-standard molecular identification test. They
were able to show bacterial signatures in these samples and inferred that Raman spectroscopy is an accurate assay for identification of mycobacterium
strains in microbiologic cultures. Our work provides
a significant extension of their results as they are derived from direct measurements on clinical CSF sam-
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(a)

(b)
Figure 2 (online color at: www.biophotonics-journal.org)
(a) and its inset show the typical Raman spectra of two
CSF samples clinically diagnosed as non-meningitis and
(b) the microscopic image (50X objective), of the CSF
sample in (a), which does not show crystalline structures
as in the case of the TBM CSF sample in Figure 1(b).

Table 1 Raman peaks with their symmetry modes.
Wave number
(cm1)

Raman Band
Assignment

Mode of
Symmetry

128

Silicates
(a-quartz phase)
Calcite
Silicates
(a-quartz phase)

EILO þ TOJ

157
207

282
355, 393, 401
464

Carbonates
Silicates
Silicates
(a-quartz phase)

556
716

Carbonates
Calcite

1091, 1094

Calcite

1124

Carbonates

––
A1 (non–
degenerate
symmetric stretch)
––
––
A1 (non–
degenerate
symmetric stretch)
––
V4 (symmetric
bend)
V1 (symmetric
stretching bend)
––
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ples and do not necessitate the use of tuberculosis
cultures, the growth of which is a time-consuming
process.
To quantify the clearly discernible trends in spectral features of CSF samples acquired from patients
diagnosed with TBM, we performed peak ratio assessment of the silicate bands. Specifically, the intensity ratio of the average value around 464 cm1 to
that around 207 cm1 was used to develop our algorithm (the average was considered over 10 neighboring pixel values) and the decision threshold for TBM
diagnosis was set at 1.4. The silicate bands were chosen as the TBM samples present the class of interest
for our investigations, and the presence of silicate
Raman features would appear to provide an unequivocal positive diagnostic evaluation of TBM. In particular, we observed that the ratio exceeded the
aforementioned decision boundary in 10 out of the
11 CSF samples that were clinically diagnosed as
TBM in our study. In addition, the algorithm correctly discriminated 40 out of the 49 non-TBM CSF
samples (while the other 9 were identified as false
positive results). In other words, our empirical algorithm based on the Raman silicate signature provides a sensitivity of 91% and a specificity of 82%
for diagnosis of TBM.
For the diagnosis of TBM, sensitivity forms the
critical figure of merit for any assay under development. This is because the disease to be diagnosed is
serious, should not be missed, and is treatable, and
false positive results do not have serious adverse
consequences for the patient [20]. In particular, this
would be true for the development of a screening assay (such as that envisioned for Raman spectroscopy), which would provide an ideal adjunct to an
established molecular identification test. In this case,
one would like to identify every single patient with
the disease for treatment or further clinical evaluation, even at the cost of making a presumptive diagnosis of TBM in some healthy people that is not
confirmed on further testing. From the results of the
empirical algorithm, it is evident that Raman spectroscopy provides valuable diagnostic information
although one would need to boost the sensitivity
(and potentially specificity) for clinical translation. It
is worth noting that there is usually a trade-off involved in the maximization of sensitivity and specificity. Therefore, any improvement in sensitivity would
likely be obtained at the expense of specificity.
Importantly, our results highlight the strong association between TB and presence of silicates. The association of pulmonary silicosis with tuberculosis is
well-established and has been reported by several
groups over the years [21–32]. It has been demonstrated that silicon induced growth of M. tuberculosis
in culture, suggesting a positive role of silicon in mycobaterial pathogenicity [29, 30]. However, this study
raises the question as to whether the presence of sili-
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cates in the CSF of TBM-affected patients stimulates
growth of the bacilli resulting in TBM, or the presence of the bacilli in the CSF somehow accelerates
silicate formation. Further our results are supported
by the study of Ullas et al. [33], in which they suggested a potential role of CSF for diagnostic purposes. In their study, they also analyzed three CSF
samples with various clinical histories that are nonTBM and did not reveal any silicates.
Nevertheless, a substantive amount of research
still needs to be performed in order to clarify the
precise mechanism of the blood brain barrier and its
role in selective filtration of silicates, especially in
cases of TBM. This issue is one of the focal points of
our current research, which involves large-scale clinical studies of TBM and non-TBM meningitis disorders. In addition, this ongoing work is likely to reveal cases of meningeal disorders that may have
been missed in the current proof-of-concept studies.
Accordingly, one would anticipate a switch from an
empirical algorithm (employed in this article) to a
more rigorous multivariate classification framework
that might would feature any combination of machine learning schemes (including but not limited to
decision trees, k-nearest-neighbour, artificial neural
networks and support vector machines) [34, 35]. For
the application of these classification methods, it is
important to have a significantly larger dataset in
order to ensure a minimum (threshold) sample per
feature ratio [18].

4. Conclusion
In summary, we have proposed a novel method for
diagnosing TBM from clinical CSF samples by employing Raman spectroscopic measurements. The
primary advantages of the proposed methodology
are a high degree of intrinsic specificity without necessitating substantive sample preparation (or inclusion of external dyes or reagents) and ability to perform direct measurements on the clinical samples
without prolonged microbiologic culture. The silicate
signature obtained from Raman spectra of CSF cytopreparations seen in this study may have potential as
a surrogate marker in the diagnosis of TBM. It also
highlights the strong association of tuberculosis with
silicosis and the possible pathogenic effect of silicates
on M. Tuberculosis.
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