Biological Research

Kargupta et al. Biol Res (2017) 50:21
DOI 10.1186/s40659-017-0126-7

RESEARCH ARTICLE

Open Access

Rapid culture‑based detection of living
mycobacteria using microchannel electrical
impedance spectroscopy (m‑EIS)
Roli Kargupta1, Sachidevi Puttaswamy1, Aiden J. Lee1, Timothy E. Butler1, Zhongyu Li2, Sounak Chakraborty1
and Shramik Sengupta1*

Abstract
Background: Multiple techniques exist for detecting Mycobacteria, each having its own advantages and drawbacks.
Among them, automated culture-based systems like the BACTEC-MGIT™ are popular because they are inexpensive,
reliable and highly accurate. However, they have a relatively long “time-to-detection” (TTD). Hence, a method that
retains the reliability and low-cost of the MGIT system, while reducing TTD would be highly desirable.
Methods: Living bacterial cells possess a membrane potential, on account of which they store charge when subjected to an AC-field. This charge storage (bulk capacitance) can be estimated using impedance measurements at
multiple frequencies. An increase in the number of living cells during culture is reflected in an increase in bulk capacitance, and this forms the basis of our detection. M. bovis BCG and M. smegmatis suspensions with differing initial loads
are cultured in MGIT media supplemented with OADC and Middlebrook 7H9 media respectively, electrical “scans”
taken at regular intervals and the bulk capacitance estimated from the scans. Bulk capacitance estimates at later timepoints are statistically compared to the suspension’s baseline value. A statistically significant increase is assumed to
indicate the presence of proliferating mycobacteria.
Results: Our TTDs were 60 and 36 h for M. bovis BCG and 20 and 9 h for M. smegmatis with initial loads of 1000 CFU/
ml and 100,000 CFU/ml respectively. The corresponding TTDs for the commercial BACTEC MGIT 960 system were 131
and 84.6 h for M. bovis BCG and 41.7 and 12 h for M smegmatis, respectively.
Conclusion: Our culture-based detection method using multi-frequency impedance measurements is capable of
detecting mycobacteria faster than current commercial systems.
Keywords: Mycobacteria, Tuberculosis, Electrical impedance spectroscopy, BD Bactec MGIT 960, M. bovis BCG, M.
smegmatis
Background
Tuberculosis (TB) is a chronic disease with a high mortality rate. According to a recent WHO report, it is estimated that about 1.5 million people died from TB in 2013
[1]. However, proper and timely diagnosis and treatment
can reduce the mortality rate and the economic burden
associated with TB [1, 2]. An early diagnosis of TB would
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yield two benefits. Firstly, clinical intervention (treatment
with first-line antibiotics) is initiated sooner and secondly, drug susceptibility testing (DST) can be completed
earlier, leading to tailored treatment of patients according
to the DST results [3] and prevent the widespread transmission of drug resistant strains.
Various diagnostic techniques are available to clinicians
to identify patients with TB and/or detect mycobacteria in patient samples. Common diagnostic techniques
include serial sputum smear microscopy and chest X-ray.
However, these techniques suffer from poor specificity
and/or sensitivity (have high rates of false negatives) and
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information on drug susceptibility is lacking [1, 3–5]. An
alternative testing method is the Mantoux tuberculin skin
test (TST). In Mantoux TST, the response to the injection of a small dose containing M. tuberculosis derivatives is observed at different time intervals. However,
this test suffers from low specificity and the interpretation of the obtained test results is subjective [2]. Other
techniques include polymerase chain reaction (PCR)
based rapid diagnostic tests [6–8]. The Xpert MTB/RIF
is a nucleic acid amplification technique that can detect
the presence of mycobacteria in less than 2 h, and has a
limit of detection of 131 CFU/ml in sputum [9]. However,
it suffers from a couple of limitations when compared
to automated culture based systems. Firstly, the limit of
detection of culture-based systems is 1 CFU in the sample [10, 11]. Second, the reagents/chemicals used are
sometimes unstable in “real-world” situations [4], which
is not the case for disposables of the culture-based systems (growth media). Finally, whereas a hardware unit
for culture-based system (BD Bactec 9120 that handles
120 Myco/F-lytic bottles simultaneously) costs ~$20,000
and disposables cost <$10 per test, the costs are significantly higher for the Xpert [12]. The XpertMTB/RIF
instrument (with 4 modules that can run 16–20 tests per
8 h shift) has an unsubsidized cost of ~$34,000 and each
single use cartridge has a cost of ~$40 [13]. The high cost
is especially daunting to end-users (hospitals) in low to
mid-resource environments, where the great majority of
TB cases occur. While, a consortium of charitable organizations that include the Foundation for Innovative New
Diagnostics (FIND), the Gates Foundation, USAID and
UN agencies, provide a 50% subsidy on the instrument
and a 75% subsidy on the disposables, making the Xpert™
instrument available for $17,000 and disposables available for ~$10 a test, such funding is limited and available to only a few select “approved” users. Hence, culture
based testing is still considered the gold standard [1]
because of its limit of detection of 1 CFU and still widely
used [14] due to their relatively low cost.
Culture based detection is cheap, reliable, highly accurate and can be used for DST against multiple drugs and
drug combinations [1]. It has been found that in comparison to solid media, mycobacteria grow much faster
in liquid media [15]. Currently a number of culture-based
methods for detection of TB is available such as broth
micro-titer based microscopic observation drug susceptibility (MODS) assay and automated liquid culture
based diagnostic systems such as the BD BACTEC 960
MGIT fluorometric system, BACTEC 460 TB System
and Biomerieux’s BacT/ALERT 3D system for detecting mycobacteria in samples. MODS assay, though inexpensive and has an average time-to-detection (TTD)
of ~8 days [16], requires training and technical expertise
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of the personnel [15]. On the other hand, automated liquid culture based systems only need sample to be prepared and loaded into the instrument. A major drawback
of these broth based culture systems (automated, or otherwise) is that they are time consuming, with most positive clinical samples having TTDs of ~14 days (for MGIT
system) [17]. Also samples are typically incubated for
at least 6 weeks before being deemed negative [18, 19].
Hence, a system for detecting mycobacteria that retains
all the advantages of current automated culture based
systems like the MGIT system while requiring less time
for results, is likely to be welcomed by users.
In 2010, Association of Public Health Laboratories
(APHL) and the US Centers for Disease Control and Prevention (CDC) launched a 118-questions survey to assess
the capabilities and capacities of TB testing facilities in
United States [14]. Of the 656 respondents, 580 (~88%) of
them had know-how for implementing TB testing. Out of
them, 466 facilities used primary broth based culture and
356 (~76%) of them used semi/fully automated culture
base systems. (The University of Missouri Hospital also
uses a fully automated culture system viz. the BACTEC™
MGIT ™ 960 System from BD).
TB detection in bacterial suspensions by automated
broth based culture system takes a long time, chiefly
because of the mechanism by which these systems operate. The semi-automated BACTEC 460 TB system uses
Middlebrook 7H12 broth medium containing radioactive 14C radioisotopes, and uses radiometric detection
of 14CO2 released to detect the presence of active microorganisms (mycobacteria) [20, 21]. MGIT 960 systems,
on the other hand, contain an oxygen-quenched fluorochrome that changes color as oxygen levels in the media
change. MGIT 960 systems, hence, detect the depletion
of oxygen inside the tubes as living mycobacteria consume oxygen [22]. Similarly, systems like Versa TREK and
MB/BacT-Alert are based on monitoring headspace pressure changes of sealed bottles/tubes [21] and monitoring the pH change of the media, respectively [23]. Thus,
all these automated culture based systems share a basic
operating principle viz. they sense changes in medium
properties (O2/CO2 levels, pH etc.) brought about by
mycobacterial metabolism as a marker for actively respiring/proliferating microorganisms. In this respect, they
are similar to automated systems used for other applications such as blood culture (BACTEC™ and BacT/
Alert™) or food quality testing (RABIT, Malthus 2000
etc.) [24].
The term “Impedance Microbiology” is often used
to describe techniques that are based on the ability of
microorganisms to alter the electrical properties of their
growth media. The fact that microbial metabolism causes
an increase the conductivity of the medium by breaking

Kargupta et al. Biol Res (2017) 50:21

down less conductive species like sugars and proteins
into more conductive ones such as lactic/pyruvic/carbonic acids and urea/ammonia was first reported by
Stewart in 1899 [25], and was studied in a quantitative
manner by Cole [26].
After the development of more accurate and robust
instruments to measure and monitor impedance, this
approach became more feasible to implement in a lab
setting. A number of researchers began investigating
this method more rigorously and started to explore the
use of this technique as a means to detect the presence
of bacteria in various settings. In particular, it was discovered [27] that two distinct sources contribute to any
measured electrical signal (impedance): the bulk solution and the electrochemical interface of the solution
and the electrodes in direct contact with it. The bulk
solution typically contains two types of species: (a) relatively mobile ions (such as Na+, K+, Cl−, PO4—etc.)
that move through the solution overcoming drag by the
solvent molecules on the application of an electric field,
and (b) larger, relatively immobile species such as proteins and cells that either carry native charge or on which
charges could be induced on applying an electric field.
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Thus, as shown in Fig. 1a, the bulk could be represented
by a resistor and capacitor in parallel, and the electrochemical interface of the electrode and solution, which
consists largely of ions in chemical equilibrium with the
bulk, could be represented by a capacitor in series with
the resistance of the electrode itself [24, 27]. By increasing the number of ionic species present, bacterial metabolism is found to affect not only the bulk resistance [28],
but also the surface capacitance [29, 30] since the latter
arises from ions in chemical equilibrium with those present in the bulk. A more rigorous analysis of the relative
quantitative contributions of the bulk and the interface to
the overall capacitance [31] found that at operating frequencies of 1 MHz and lower, the contributions from the
bulk capacitance (a.k.a. the geometric capacitance) and
the interfacial capacitance were of the order of picofarads (10−12 F) and micro to nano farads (10−6 to 1
 0−9 F),
respectively. Thus, while it is known that exposure to an
AC field causes charge accumulation at the membrane
of cells with non-zero membrane potential (living cells)
[32], it logically follows that an increase in the number
of cells in suspension would result in increased charge
storage (bulk capacitance). Measuring changes in bulk

Fig. 1 Electrical model and cassettes used for impedance measurement. a Electrical model representing two electrodes submerged in a microorganism suspension enclosed in a thin capillary channel. b 3D printed long and narrow microfluidic channels with two gold electrode inserted for
impedance measurement (inset) and schematic showing electrical lines of forces between two electrodes in the channel [24]. c Modified electrical
model which uses CPE instead of ideal capacitors to detect the presence of microorganisms in a suspension
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capacitance brought about by an increase in the number
of suspended cells, however, was not considered feasible.
The consensus was explicitly stated in a review article by
Munoz-Berbel et al. [33], who wrote that
“Geometric capacitance… due to the solution
between the electrodes …. Because of its small value,
in the picofarad range, it can usually be neglected
in the measurement frequencies used in biosensor
applications”
Our early work [24] at attempting to measure changes
in bulk capacitance ( Cb) relied on using geometric effects
to enhance the effect of changes in C
 b to the measured
reactance (X) (the “imaginary” or “out-of-phase” component of the impedance). As shown in Fig. 1b, the use
of long narrow microfluidic channel causes a larger fraction of the electrical flux lines to interact with the (few)
microorganisms present. Another way to look at the
effect is to study the equation embedded in Fig. 1a. Since
for any given material, the resistance is inversely proportional to cross-sectional area and directly proportional to
length, the long narrow geometry results in an increase
in bulk resistance (Rb). It can be seen that for the reactance (X), the C
 b is always multiplied by R
 b. Thus, any
changes to the value of X due to a change in Cb will be
“magnified” by the higher Rb. Since the RbCb is also multiplied by the frequency (ω), this effect is further enhanced
at high frequencies. The geometric effect alone allowed
us to detect changes in Cb that was previously considered
too small to measure.
We further enhanced the sensitivity of our measurement technique by using AC signal with higher frequencies (ω) as high as 100 MHz. At these frequencies,
the charge on the electrode reverses every ~10 ns (as
opposed to 1 µs or longer for signals of frequency 1 MHz
or lower). A consequence of this is that, certain assumptions that we had previously made regarding the electrical behavior of the solution, no longer hold. For instance,
the model shown in Fig. 1a assumes that the capacitances
(bulk and interfacial) were ideal. In an ideal capacitor,
charges accumulate instantaneously. However, in cases
like ours charge carriers are ions that are slow and bulky
compared to electrons, and may take as long as hundreds
of nanoseconds to complete the process of accumulation
at the electrode [34]. Hence, when fitting data, we replace
the ideal capacitors in equation in Fig. 1a with constant
phase elements (CPEs) (as shown in Fig. 1c). The impedance of a CPE is mathematically given [35] by
 n
ZCPE = 0 + 1/ jω Q,
(1)
as opposed to an ideal capacitor, whose impedance is
given by
Zcapacitor = 0 + 1/jωC
(2)
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Q is the magnitude of the CPE and n is its phase. It can
be seen that when n equals 1, the two equations are identical. In addition, at the high frequencies we deal with (up
to 100 MHz), the inductance of the wires connecting to
the test circuit (the electrodes in contact with the aqueous suspension) can no longer be neglected. It is given by

Z = 0 + jωL,

(3)

where L is the inductance and ω is the angular frequency
of the applied voltage. While this results in a more complicated circuit model with 7 parameters (the resistances
of the electrode and solution, the magnitudes and phases
of the CPEs at the electrode and in the bulk, and the
connection inductance), we use a large number of data
points (Z at 200 different frequencies) and commercially
available software for electrochemical analysis (Z-view™)
to obtain the values of our parameters.
By being able to detect small changes in Cb, our measurement method can tell us when the bacterial numbers
in suspension are increasing, even when their values are
extremely low (~1000 CFU/ml). It can hence serve as a
faster alternative to traditional automated culture based
detection methods like those discussed earlier. We have
earlier demonstrated that our method is able to achieve
faster times to detection (TTD) in suspension with low
initial loads (<100 CFU/ml) for applications such as
food quality testing [36] and blood culture [37]. In both
cases, we obtained 4- to 10-fold reductions in TTD,
when compared to commercially available culture based
systems like BACTEC etc. [37]. In this work, we seek to
demonstrate (a) a similar approach can also be used to
detect/rule out the presence of mycobacteria in broth
based culture systems, and (b) that systems using our
approach would have a lower TTD than state of the art
culture-based detection systems like MGIT 960 system,
Versa TREK and MB/BacT-Alert. We believe that shorter
TTDs may turn out to have clinical relevance in the early
diagnosis (and hence treatment) of persons with TB.

Methods
Background and overview

Mycobacterium bovis BCG and Mycobacterium smegmatis is used instead of Mycobacterium tuberculosis (Mtb) to
demonstrate the applicability of our method in vitro since
they are easier and safer to handle under BSL-2 laboratory condition [38, 39]. M. bovis BCG, like Mtb, is a slow
growing mycobacterium with a doubling time of ~20 h
[40]. M. smegmatis, on the other hand, is a rapidly growing mycobacterial species having a doubling time of ~3 h,
but has membrane properties similar to Mtb [41, 42].
To ensure absence of other bacterial contaminants all
suspensions are frequently stained by Kinyoun staining. To visualize mycobacteria, acid-fast staining is used
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as the presence of mycolic acid in the cell walls prevent
other staining protocols from working [43, 44].
Figure 2 shows the broad outline of the experimental
protocol. Individual steps/procedures are described in
detail later. Briefly, active cultures of M. bovis BCG and
M. smegmatis are created in BD MGIT media and Middlebrook 7H9 media respectively with initial loads of
1 × 103 and 1 × 105 CFU/ml. One set of cultures is sent
to an external lab for analysis using an automated system (BD BACTEC MGIT 960). The automated system
records when individual culture-tubes are placed into it,
and when growing mycobacteria are detected by it for
each individual tube, thus allowing us to easily obtain the
time-to-detection (TTD). The other set is analyzed in our
lab using our method.
In our method, tubes containing the cultures are incubated at 37 °C. Periodically, aliquots from these growing
cultures are withdrawn and placed within a 3D printed
microfluidic cassette with 1 mm diameter micro-channels (Fig. 1b). Microchannel electrical impedance spectroscopy (m-EIS) data is obtained from the cassette and
analyzed to obtain the bulk capacitance (Cb). Multiple
sampling is done to ensure repeatability. Cb values are
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compared with the baseline (initial) values, and the time
taken for the measured values to become larger than the
baseline (with statistical significance) is our TTD.
Control samples containing growth media but no
microorganisms are also analyzed similarly. TTDs of
similarly prepared samples (containing approximately the
same initial load of microorganisms) for the two methods
(ours and that of the MGIT system) are compared.
Slow growing acid-fast organism M. bovis BCG (ATCC®
35734™) and rapid growing mycobacteria M. smegmatis
(ATCC 700084) are used. Colonies of these mycobacteria are obtained by plating on egg based LöwensteinJensen plates for M. bovis BCG and 7H10 agar plates
for M. smegmatis. Suspension cultures of the same are
obtained by inoculating BD MGIT media supplemented
with mycobacteria growth supplements in the case of M.
bovis BCG, and Middlebrook 7H9 broth supplemented
with 0.05% Tween 80 and Middlebrook Albumin Dextrose Catalase supplements (ADC) in the case of M.
smegmatis. During sub-culturing, the bacterial suspension is incubated at 37 °C with continuous agitation. The
Mycobacterial cell culture

Fig. 2 Experimental set-up for determining TTD of mycobacteria. Two sets of similar samples are prepared by inoculating with mycobacteria and
incubated at 37 °C. One set is sent to the hospital microbiology lab for detection using MGIT 960 automated culture-based system while the other
set of sample is tested using our technique. For our technique, at regular intervals of time, small aliquots of sample are drawn and its impedance is
tested using impedance analyzer. The data is fitted to an equivalent circuit to generate a Nyquist plot [48] and thereby estimates the values of the
desired circuit parameters. We show on the graph three sets of data: those obtained at 2, 8, and 12 h for a culture of M. smegmatis (large, medium,
and small semi-circles). The inset shows the software output for circuit parameters obtained by fitting the data at 12 h to the circuit
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optical density (OD) mid-log cultures of the microorganisms are then adjusted to O
 D600 = 0.05 for M.bovis BCG
and OD600 = 0.1 for M. smegmatis using a spectrophotometer which corresponds to a value of 5 × 106 CFU/ml
and 1–5 × 107 CFU/ml respectively for use in the study
[45–47].
Microchannel electrical impedance spectroscopy (m‑EIS)

The basic principles governing the use of m-EIS to detect
microorganisms have been described in our prior work
[36, 37, 48]. Briefly, the protocol requires us to periodically (every 12–24 h for M. bovis BCG, and 2–4 h for M.
smegmatis) perform an electrical “scan” of sample aliquots in a microfluidic cassette, wherein we measure
electrical impedance at multiple (200) frequencies ranging from 1 kHz to 100 MHz. The cassette contains a
1 mm diameter microchannel with two gold electrodes,
1 cm apart in the channel. An AC voltage of 500 mV is
applied across the two gold electrodes, using an Agilent 4294A Impedance Analyzer. At each frequency (ω),
both the in-phase and out-of-phase components of the
electrical impedance, Z, [resistance (R) and reactance
(X)] are measured. In order to take the EIS measurements (scans), all aliquots from a given culture (across
the different points in time) are introduced into the same
individual cassette. As the cassettes used are handmade
their readings vary from each other slightly and hence
the data (values of bulk capacitance obtained) is scaled
with respect to the value at the initial point in time (on
the same cassette) to account for the cassette to cassette
variation.
The Z vs. ω data is fitted to an equivalent electrical
circuit shown in Fig. 2 using a commercially available
software package (Z-view™). The software provides an
estimate for the various circuit parameters, including the
“bulk capacitance”, which happens to be our parameter
of interest—that provides a measure of charges stored in
the interior of the suspension (away from the electrodes).
It may be noted that the bulk capacitance is represented
as a constant-phase element (CPE) to account for the
non-ideal nature of the capacitance at cell membranes.
The magnitude of the CPE, thus, reflects the amount of
charge stored at the membranes of living microorganisms
in suspension. Any increase in the number of microorganisms in suspension should hence, in theory, lead to
larger amounts of charged stored in the interior of suspensions, and hence lead to a higher bulk capacitance
(CPEb-T) over time.
When observing a given suspension suspected of harboring proliferating microorganism, our problem reduces
to asking the question of “Is the current value of the bulk
capacitance significantly greater than its value at the initial point in time?” To enable us to answer this question

Page 6 of 11

with a greater degree of confidence, for each sample,
capacitance of 4–5 replicates are measured at specified
time interval and statistically compared to baseline using
Mann–Whitney U test. The earliest time point at which
a significant difference is found, is defined as the TTD
by m-EIS. Details of the statistical method are provided
below.
Statistical analysis

Statistical analysis is performed in Microsoft Excel using
Mann–Whitney U test. This non-parametric test compares if the population average between two groups is
significantly different or not [49]. We chose to adopt the
Mann–Whitney U test over the more popular tools like
t test since we have only a few data points (bulk capacitance readings) per time point (5 for M. bovis BCG
cultures, 4 for M. smegmatis cultures). More importantly, the normality assumption of the reading which is
required for a t test is not appropriate for our data. To
check if the average of the bulk capacitance obtained at
a time interval is significantly different from the bulk
capacitance reading obtained in the first reading, the
mean of the readings taken at the latter point in time is
compared with the mean of the readings at the beginning
of the culture (baseline values) and the U values corresponding to a p value of 0.05 (level of significance of 5%;
two tailed test) are calculated. Our null hypothesis is that
the two bulk capacitance values are equal and the alternate hypothesis is that there is a significant difference
between the bulk capacitance values. The Mann–Whitney U value obtained for our readings is compared to the
critical U value (2 in the case of M. bovis BCG cultures
where we had 5 readings at each time point and 0 in the
case of M. smegmatis cultures where we had 4 readings
at each time point) [49]. If the Mann–Whitney U value
obtained is equal to or less than the critical value, the null
hypothesis is rejected, which means that there is a significant difference between the bulk capacitance values at
the two time points. The earliest point in time where the
U values obtained are equal to, or lower than, the critical U value is our time-to-detection (TTD) for a given
sample.

Results
Six different kinds of suspensions are studied: Two of
them contained M. bovis BCG in MGIT media with initial loads of ~103 CFU/ml and ~105 CFU/ml, respectively. Two other suspensions contained M. smegmatis
in 7H9 media, again with initial loads of ~103 CFU/ml
and ~105 CFU/ml. The other solutions are controls,
consisting of sterile MGIT and 7H9 media. One sample
each of the controls, three samples each of the suspensions with M. bovis BCG, and two samples each of the

Kargupta et al. Biol Res (2017) 50:21

suspensions with M. smegmatis are analyzed using our
m-EIS method. In parallel, one sample of each of the
suspensions is sent to the University of Missouri Hospital Microbiology lab for analysis using the BD BACTEC
MGIT™ system. Times-to-detection (TTDs) for our
method are compared to those of the MGIT system.
Bulk capacitance values obtained on studying cultures initially containing ~103 and 105 CFU/ml of M.
bovis BCG are shown in Fig. 3a, b (along with the corresponding control). As shown in the table included as
part of the figure, a statistically significant increase in the
value of the bulk capacitance is seen at 60 h for 103 CFU/
ml and 36 h for 105 CFU/ml in all three cases. Similar
plots are shown for the suspensions with initial loads
of ~103 CFU/ml of M. smegmatis and ~105 CFU/ml of M.

Page 7 of 11

smegmatis are shown in Fig. 4a, b respectively. The TTDs
obtained for each type of suspension using our method,
and the TTD for similar solutions using the commercially
available system (MGIT) is shown in Table 1.

Discussion
For both mycobacterial species, and for both initial loads
in each, our Times-to-Detection (TTDs) are lesser than
the corresponding TTDs obtained by the hospital using
a Bactec MGIT 960 system. Also, the lower the initial
load, and the longer the organism’s doubling time, more
is the time saved. It is thus anticipated that the difference
in TTDs with our method and the commercially available
culture based methods similar to those employed by the
MGIT system, will be even greater for clinical samples

Fig. 3 TTD of M. bovis BCG samples. Plot of bulk capacitance obtained over time for samples with a low initial loads (~1 × 103 CFU/ml) and b high
initial loads (~1 × 105 CFU/ml) for M. bovis BCG. The error bars indicate the standard deviation of the readings (n = 5) taken at each time interval.
Statistical analysis is used to compare the baseline reading with the various time interval readings ( Ucritical = 2). [NSH not significantly higher, SH
significantly higher]
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Fig. 4 TTD of M. smegmatis samples. Plot of bulk capacitance obtained over time for samples with a low initial loads (~1 × 103 CFU/ml) and b high
initial loads (~1 × 105 CFU/ml) for M. smegmatis. The error bars indicate the standard deviation of the readings (n = 4) taken at each time interval.
Statistical analysis is used to compare the baseline reading with the various time interval readings ( Ucritical = 0). [NSH not significantly higher, SH
significantly higher]

Table 1 Comparison of TTD values obtained by our technique to BD BACTEC MGIT 960 system
M. bovis BCG
Bacterial concentration
used (in CFU/ml)
Control—no bacteria
added
100,000
1000

M. smegmatis
Our technique TTD
(in hours)
(n = 3)

No growth
36 ± 0

60 ± 0

Hospital TTD
(in hours)
(n = 3)

No growth

84.6 ± 0.58

131 ± 11.79

Bacterial concentration
used (in CFU/ml)
Control—no bacteria
added
100,000
1000

Our technique TTD
(in hours)
(n = 2)

No growth
9 ± 1.41

20 ± 0

Hospital TTD
(in hours)
(n = 2)

No growth

12 ± 0.71

41.7 ± 0.35

Compares the TTD values obtained for the various concentrations of M. bovis BCG and M. smegmatis by our technique and that obtained by the commercially available
automated system BD BACTEC MGIT 960

containing M. tuberculosis (Mtb), since the doubling
time of Mtb is even greater than that of M. bovis BCG,
and the initial loads can be an order of magnitude lower

than what we tested (~1000 CFU/ml). There are nonculture based systems like Xpert MTB/RIF which have
a low limits of detection and can do rapid detection of
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mycobacteria (~2 h), these devices and reagents used are
expensive. However, our technique, based on using the
same reagents as that of the BACTEC MGIT 960 (and
compatible with other reagents used for growing mycobacteria) will be cost-effective and will cut down the TTD
considerably when compared to automated culture-based
system.
We believe that our technique of detection, though
faster, will have similar sensitivity and specificity as the
existing culture based automated system. Human sputum from patients with TB contain not only mycobacteria, but also a large number of other gram-positive and
gram-negative bacteria [50]. The current protocol for
detecting mycobacteria using MGIT and similar automated culture based systems requires the user to first
carry out a “decontamination” step that eliminates all
the non-mycobacterial pathogens while preserving M.
tuberculosis. Standard decontamination protocols exist,
whose efficacy at killing non-mycobacterial pathogens
while keeping M. tuberculosis cells viable and culturable
has been extensively documented [51–54]. Nevertheless,
it is not unheard of for non-mycobacterial species to survive decontamination, or for the process to kill or render
unculturable some or all of the mycobacteria present [55,
56]. The former case leads to false positives, and the latter
to false negatives in currently used automated culturebased systems like the MGIT. Another source of false
positives is contamination during handling and processing, either with mycobacteria or with non-mycobacterial
species [57]. On the other hand, false negatives can also
arise due to inefficient sampling, wherein the sample of
sputum used does not contain any M. tuberculosis cells
(although the patient does have TB). This is more likely
for patients with low mycobacterial loads [57]. When
deployed for handling clinical samples, our system will
also require the user to perform the same decontamination process that is used before placing the sample in
other culture-based systems, and hence we will face the
same potential pitfalls (mentioned above) that other systems face. Hence, we expect our diagnostic sensitivity
and specificity to be similar to that of current systems
like the MGIT system. Also, our limit of detection should
remain 1 CFU, as with other culture-based systems.
For use in our system, we would require sample pretreatment (decontamination) to be done using the same
protocols that are currently used before samples are
loaded into automated systems like MGIT. The sputum obtained from different people will be different and
hence the initial Cb value will be different and will vary
from person to person. However, in all cases, we will be
looking for significant increases from the baseline value
(whatever that value may be). A similar approach (looking
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for changes from the baseline-value) has been used successfully used to detect the presence of living bacteria in
blood culture broth [37]. Like sputum, blood drawn from
different people have different bulk capacitance values to
start with. By looking for a significant increase in the Cb
value from their respective initial values, we are able to
account for sample-to-sample variations. Therefore, any
change in the C
 b value will be due to the change in the
number of mycobacteria present in the sample.
An important limitation of the system as implemented
in the work presented here is that aliquots are manually
withdrawn at select points in time. With support from the
NIH via a phase II SBIR award (No. R44-AI096572-02),
our industry partners (Techshot Inc., and ImpeDx Diagnostics), are currently developing an automated blood
culture system that includes an automated sampler. Such
a system, which could be readily adapted for detecting
mycobacteria in cultures as well, will be tested against
standard of care equipment (Bactec and similar) in multiple locations.

Conclusion
When trying to detect mycobacteria via culture, our
times-to-detection (TTDs) are much lower than those
obtained using currently available culture based detection systems like the MGIT™ by a factor of ~2. Since clinical samples take up to 4 weeks to yield a positive result,
an automated system implementing our method (which
we plan to develop and optimize) could potentially obtain
results many days (and sometimes even 1–2 weeks) faster
than currently available automated culture-based systems. This is likely to yield significant clinical benefits in
terms of improved patient outcomes.
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