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Identification of tumour margins during resection of the brain is critical for improving the
post-operative outcomes. Current methods of tumour identification use 5-ALA, an
exogenous precursor, metabolized to fluorescent PpIX in tumour tissue. Although
visible under fluorescent microscope, PpIX is easily photo-bleached and tumour
tagging is subjective, resulting in tumour under-resection and accelerated recurrence.
To address this issue, photo-bleaching resistant and quantitative method is required. This
study describes the characterization of a pulsed, multi-wavelengths system designed to
measure diffuse reflectance and auto-fluorescence under strong ambient illumination
conditions. The performance was tested on n � 400 liquid tissue phantoms containing
a wide concentration range of absorber, scatterer and two fluorophores as well as on ex-
vivo samples of gray and white matter. The background subtraction technique was shown
to be efficient for a range of ambient illumination intensities. A linear relationship was
observed between system response and predicted fluorophore concentrations as well as
97.8% accuracy of tissue classification by 5-fold cross-correlation, linear SVM.

Keywords: diffuse reflectance spectroscopy, auto-fluorescence, bio-marker concentration, surgical guidance,
tissue optical phantoms

1 INTRODUCTION

Glioblastoma multiforme (GBM) is the most common form of primary malignant brain cancer
with an aggressive and infiltrative growth pattern into the normal brain parenchyma [1, 2].
The initial treatment of choice for newly diagnosed patients is maximal safe resection,
usually followed by concurrent chemotherapy and fractionated radiotherapy [3]. However,
due to the highly infiltrative nature of GBM and limited intraoperative visualization of the
tumour margin, incomplete surgical resection has been observed to occur commonly among
up to 80% GBM cases, leading to nearly universal recurrence at the resection margin and
overall poor prognosis of 14.6 months median survival [4–7]. In order to improve margin
detection of GBM intraoperatively, fluorescence guided resection (FGR) with the use of 5-
aminolevulinic acid (5-ALA) has been developed over the past few decades and widely adopted
by neurosurgeons. The technique allows the surgeon to distinguish between fluorescent
tumour tissue and the non-fluorescent healthy brain [8, 9]. The use of 5-ALA has been
shown to significantly improve the accuracy of tumour resection and increase the patient
survival rates [10, 11]. Despite these improvements, definitive delineation between tumour
infiltration zone and healthy brain tissue still remains challenging, primarily because the
surgeon must make subjective decisions regarding resection margins based on perceived
strengths of fluorescence [12–14].
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To address this issue, many clinical studies have examined
spectroscope-based systems designed to detect or quantify optical
differences between tumour and healthy brain [13, 15–20]. Such
instruments often utilize a fiber-optic probe and several light
sources to measure tissue diffuse reflectance and the intensity of
fluorescence induced by PpIX [13, 20] or endogenous
fluorophores [15, 17]. One potential obstacle to clinical
adoption is that the spectroscope-based instruments require
long integration times to detect a low-level fluorescent signal
making such systems more sensitive to strong background
illumination of the operating room. Multi-source and detector
systems, provide a strong alternative to the spectroscope-based
setups for clinical measurements. Such system can become very
compact for straight-forward adaptation to the clinical work flow

[21, 22]. Also, illumination and signal acquisition of such
systems can be modulated in kHz frequency range, allowing
for more accurate background measurements and leading to
improved SNRs and decreased photo-bleaching if used with 5-
ALA. The photon detection efficiency can be improved by
specifying the bio-marker spectral bands at the illumination
stage with light sources of required wavelengths [23]. In
addition rather than a single detector, using an array of
avalanche photodiodes (APD) is an effective method of
detecting low level fluorescent signals [24]. Finally, such
instrument architecture allows for implementation of
calibration algorithms that account for distorting factors such
as tissue optical properties, auto-fluorescence and fluorescent
photoproducts to derive bio-marker concentration [20, 25–33].

FIGURE 1 | (A) Schematic of illumination sources. The laser diodes were coupled into a single fibre using the dichroic mirrors, while each LED was coupled to an
individual fibre. Both illumination and collection fibre comprised the fibre-optic probe (B)Separation of collected light into distinct wavelengths bands. (C) The relationship
between source and detector channels indication type of signal collected, amplifier gain as well as corresponding channel.
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There are a number of challenges remaining with
quantitative measurements of auto-fluorescence. First, the
difference in signal strengths between diffuse reflectance and
auto-fluorescence is in orders of magnitude. As such, the
dynamic range of the whole instrument can be a limiting
factor to quantification. Second, the molecular composition
of tissues is complex and provides an opportunity to
discriminate between tissue types with increased certainty by
measuring concentration of more than one bio-marker with
different fluorescence profiles in tissue.

Hence, this study presents a novel, fibre-based optical
instrument with extended dynamic range, capable of
continuously compensating for ambient illumination while
performing contact point measurements. The instrument
presented builds on our previous study [34]. The major
novelty aspect of the system is its capability to measure
concentrations of two independent fluorophores in diffuse
media with large variation of absorption and scattering. This
instrument was tested on n � 400 liquid optical tissue phantoms
containing two GBM fluorescent biomarkers: flavin (FAD)
excitation at 470–490 nm and emission at 505 nm and
NAD(P)H with excitation at 340 nm and emission at 450 nm
[35, 36].

2 MATERIALS AND METHODS

2.1 Illumination
As shown in Figure 1A, the light was delivered to the sample
surface via 9-in-1 optical probe. (FibreTech Optica, Canada). The
illumination fibres were 400 μm in diameter, numerical aperture
(NA) of 0.22 and surface are of 0.12 mm2. Three fibers were
coupled to LEDs with wavelengths of 300, 340 and 590 nm
(Table 1). The multi-laser diode source with 390 nm, 440, 470,
530 and 680 nm wavelengths was coupled to a single fibre. The
LEDs and laser diodes were modulated using dedicated, single
channel drivers (LEDD1B, ThorLabs Inc. Newton, New Jersey,
USA and FL500 on FL591 eval. board, Wavelengths Electronics,
MT, USA, respectively). The source pulse lengths was 1.5 ms
with a 1.5 ms gap between each to allow background
measurement.

2.2 Detector Array
As shown in Figure 1B, the reflected and fluorescent light was
collected from the surface of the sample by the central, 600 μm,

0.22NA fiber (surface area 0.28 mm2) of the probe. The
combined fibre surface area and the source coupling scheme
made up a total sampling area of 0.67 mm2. The individual
source-detector pairs had a sampling area of 0.41 mm2. The
collected light was guided into a collimator and then through
an array of dichroic mirrors mounted inside interlocking cages
(CM1-DCH, ThorLabs Inc. Newton, New Jersey, USA). The
dichroics were positioned at 45° and 135° to the collimator. This
arrangement allowed the collected light to be divided into its
wavelengths components and then guided to an appropriate
APD (APD4102A-M, ThorLabs Inc. Newton, New Jersey, USA).
The APDs with Noise-equivalent power (NEP) of 0.09 pW/

���

Hz
√

were selected for their high sensitivity to low light power
associated with auto-fluorescence. Each APD was coupled
with a focusing lens and a bandpass filter to ensure that the
APD responded only to a narrow wavelength band. Table 1 lists
the components of the detection array. The electrical output
from each APD was sent to a custom, eight channel amplifier
with dynamically switchable gain of 1X or 100X (Grenmore,
Cork, Ireland). Figure 1C shows the relationship between gain
setting and type of signal measured. After amplification, the
APD signals were sampled with NI-9205 AI module at a rate of
30 kHz per channel and digitized using its 16-bit ADC with +/−
10 V analog input range which produced 9.0 × 104 data-points
per channel over 3 s period (Table 2).

2.3 Sensitivity to Ambient Illumination
The influence of increasing background illumination on
reflectance measurements was investigated as follows. One
spare 400 μm branch of the 9-in-1 probe was coupled to a
UV-enhanced photodiode (S130VC, ThorLabs, UK) and a
power meter (PM100D, ThorLabs, UK). The two remaining
spare probe branches were coupled with two separate halogen
light sources (HL2000HP, Ocean Optics, USA). The
background intensity was increased using the lamp shutter
adjustment screws in 0.5 μW steps from 0 to 0.573 μW. The
background intensity was converted to luminous flux (lm) using
Equation 1:

Flux �
PW × ηeff
Am × 2dm

(1)

Where Flux is the luminous flux, PW is the measured optical
power, ηeff is the luminous efficacy of halogen source
estimated at 20 lmW−1, Am is the surface area of the spare
collecting fibre calculated to 1.25 × 10−7 m2 and dm is the

TABLE 1 | TR system components. TL, ThorLabs; TO, TOptica; RTH, Roithner; EO, Edmund Optics; AS, ASAHI SPECTRA; SR, Semrock; QPH, QPhotonics.

Wavelength (nm) Light source Dichroic Filter Lenses

300 TL M300F2 SR DI01-R325 AS XPBA 300 EO 48842 25 × 25
340 TL M340F2 SR DI01-R355 EO 65674 EO 48842 25 × 25
395 TO LD-0395-0120–2 SR DI02-R405 SR FF01-395/11-25 TL LA1252-A
440 RTH RTL440-50CMG SR DI02-R442 SR FF01-442/42-25 TL LA1252-A
470 TL L473P100 SR DI02-R514 SR FF01-470/22-25 TL LA1252-A
505 QPH QLD-505-30S SR DI02-R561 SR FF01-504/12-25 TL LA1252-A
590 TL M590F2 SR Di02-R594 SR FF01-590/20-25 TL LA1252-A
680 TL HL6750MG None SR FF01-680/42-25 TL LA1252-A
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distance between the fibre and the surface of the standard
estimated at 2 × 10−2 m.

2.4 Dynamic Range
The dynamic range was evaluated for amplifier Gain � 1 and
Gain � 100 by coupling the fibre-optic probe to an integrating
sphere (4P4, ThorLabs, UK). The power of the collected light was
controlled using a set of neutral density (ND) filters (25 mm
diameter, NDUV, ThorLabs, UK) with values between OD 0.1-10
(Figure 1). The filters were mounted in two filter holders
(CFH2/M, AD16F, ThorLabs, UK) with collimator/condenser
(88181, Edmund Optics, UK) lenses on both sides. A single
600 μm UV-enhanced optical fiber (M114L02, ThorLabs, UK) was
used to patch the light from the filters to the instrument’s APD array.

2.5 System Stability
The combined stability of detectors and illumination sources was
investigated by performing repeated measurements on a diffuse
reflectance standard (SRS-99-010, Labsphere). In addition, a
photodiode was installed inside the laser diode enclosure to
record the source power output during measurements that is
independent from APDs. The instrument was then set to
automatically perform a measurement every 120 s for 4.5 h.

2.6 Phantom Preparation and
Measurements
Four hundred liquid phantoms were prepared as aqueous
mixture of intralipids 20% (Merck, Wicklow, Ireland) as
scatterer; India ink (Winsor and Newton® black India ink,
Cork, Ireland) as an absorber. NDAH and FAD (Merck,
Wicklow, Ireland) were used as fluorophores. Four volume
fraction of intralipids (4, 8, 12, 16%, v/v) were selected to
simulate different scattering coefficient. A 1% stock solution of
India ink in de-ionised water was prepared and four volume
fractions (0.5, 1, 2 and 4%, v/v) were then used to simulate
different absorption level coefficients. The scattering coefficient of
intralipids and the absorption coefficient a of Indian ink were
determined using the collimated transmittance setup in our
previous work [37]. The concentration of NADH and FAD
chosen to cover a typical range of that in biological tissue.
Each fluorophores was dissolved in water to prepare NADH
stock solution as 100 mg/ml and FAD stock solution as 10 mg/
ml, a series of dilutions from this stock solution into aqueous
mixture containing intralipids and ink were used to
achieve the desired fluorophores concentrations (Table 3).

The measurements on liquid phantoms were performed as
follows. A 10 × 10, multi-well, aluminium plate was machined
and anodized black to reduce specular reflectance. Three
hundred (300) micro-liters of premixed phantom was
sequentially added into each well of the plate. Figure 2A
outlines the phantom arrangement. The fibre-optic probe was
submerged into the each phantom by hand and a
measurement was taken. After each measurement, the
probe tip was cleaned by submersion in de-ionised water
then dried with lint free tissue as to not contaminate
consecutive phantoms. Since the plate could hold only 100
phantoms, this procedure was repeated four times.

2.7 Gray and White Matter Measurements
The Figure 2B shows the sheep brain and sections used for
measurements. The tissue was sourced locally from a butchers.
The sheep were slaughtered on the day preceding the
measurements. The sheep cranium was cut in half along the
medial plain without damaging the brain tissue which allowed the
brain to be easily removed from the cranium after delivery. The
whole brain was stored at 4°C overnight prior to the
commencement of the experiment. Both hemispheres were
sectioned with a scalpel as indicated by yellow dashed lines.
Overall, n � 129 Gy and n � 101 white matter measurements were
performed on n � 2 sheep brain samples on two separate days.
The examples of gray and white matter sites of brain sections are
highlighted by p in Figure 2B.

2.8 Data Processing and Statistical
Analysis
The raw intensity data was processed into an 8 × 8 excitation-
emission matrix (EEM) using MATLAB (Matlab 2016b,
Mathworks, Nattick MA, USA). The EEM contained both the
diffuse reflectance spectroscopy (DRS) signal for each source/
detector pair (EEM diagonal) as well as auto-fluorescence values
associated with each illumination source (all EEM values above
the diagonal). During the processing, the background and
amplifier switching artefacts were removed. The DRS values of
the EEM were then used to account for phantom optical
properties for the excitation wavelengths as shown in Eq. 2
and previously described in [38]:

ϕcor
(i,j) �

ϕraw
(i,j)

ϕraw
(j,j)

(2)

where ϕcor(i,j) is the corrected fluorescence value, ϕraw(i,j) is the raw
fluorescence value and ϕraw(j,j) is the diffuse reflectance value for

each illumination source. Following the normalization, the EEM
values below the diagonal (noise) were removed. The remaining
values reshaped into a single row and an n × p (400 × 36) data set
was created. Each row (n) corresponded to a single phantom and
each column (p) corresponded to source/detector wavelength
pair. Partial least squares (PLS) evaluation was used in regression
analysis of phantom samples. Parameters evaluated were the two
fluorophore concentrations at different tissue optical properties
(absorption coefficients and the scattering coefficients). Leave-
one-out cross validation (LOOCV) was used to evaluate the

TABLE 2 | TR system measurement settings.

Parameter Setting used

Source duty cycle 8%
Source ON time 1.5 ms
Source pulse phase 36°

Number of repetitions 100
Sampling frequency (kHz) 30
Number of raw samples 90,000
Measurement duration (sec) 3
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performance of the model, treating all spectra except one as the
training data for the classifier, with the other spectra as the testing
data and repeating this for each spectrum. The mean squared
errors was used to choose the number of PLS components in
building the PLS model.

3 RESULTS

3.1 Sensitivity to Ambient Illumination
3.1.1 Photo Bleaching and Raw Signal
Figure 3A shows fluorescence intensity of NADH (440 nm
emission) and FAD (505 nm emission) fluorophores in
response to 100 1.5 ms illumination pulses from 340 to
470 nm sources. The measurements were collected from one
phantom mixture containing 0.5% absorber, 16% intralipid,
100 μg/ml NADH and 10 μg/ml FAD. No photo bleaching of
NADH or FAD was observed in any of the 400 phantoms tested.
Figure 3B shows the raw signal collected from biological tissue. In
addition to DRS and fluorescence signals, indicated by a sequence of
square pulses, the raw data also included ambient illumination and
detector DC offset. Both of these artefacts were amplified × 100 at
various periods during an illumination cycle. For example, in the
680 nm channel (red trace) the gain remains high, 10× 10−1 V from
the start of the illumination cycle up to 2.4 ms (data-point 600). It is
also evident that at low gain, the DC offsets of each channel were

also different (e. g., 300, 340 and 390 nm) showed baseline
amplitudes if 3 × 10−4 V, 9 × 10−4 V and 1 × 10−3 V, respectively.

3.1.2 Background Subtraction
Figure 4A shows the effect of increasing background illumination
on light intensities collected at high and low gain settings for each
illumination source. Figure 4B shows the same data after dynamic
background has been subtracted. All diffuse reflectance values were
noted to be of similar magnitude for all background intensities. The
average measured intensity from eight illumination sources at zero
ambient light and low gain was 0.045 V. Increasing the illumination
intensity in stages up to 9,124 lm resulted in maximum APD signal
of 0.63 V. Figure 5A shows that applying the background
subtraction to this data resulted in a constant signal level of
0.044–0.045 V for all background intensities.

3.2 Dynamic Range
At Gain 1 the TR system showed a linearity down to a signal level of
7.6 × 10−6 V (R � −0.934) which is consistent with the minimum
detectable signal amplitude of the DAQ. The saturation of the APDs
resulted in 3.9 V and was consistent with the APD’s manufacturer
specification. Hence, at Gain 1, the dynamic range of the system was
7.6 × 10–6 to 3.9 V. The Gain 100 resulted in system linearity from
1.3 × 10–7 to 3.6 × 10–4 V (R � −0.9648). Hence, as shown in
Figure 5B, the dynamic gain control resulted in combined dynamic
range of 1.3 × 10–7 to 3.9 V.

3.3 System Stability
Figures 6A,B shows the variation of laser diode power output and
measured diffuse reflectance, respectively. The laser diodes show
sub 1% variation in signal amplitude over the test period of 4.5 h
with 505 nm diode failing to stabilize completely. The other four
diode reach stable state at 2 h mark (Figure 6A). The stability of
APD was shown to be significantly less. The 300 and 470 nm
channels have not reached stability over the test period. In both of
these channels, the signal increased by 50% while the remaining
channels show signal deviation between 2 and 15% (Figure 6B).

FIGURE 2 | (A) Schematic sketch to illustrate phantom matrix layout in a customised multi-well plate. (B) Photograph of sheep brain (top) and brain sectiones
(bottom). The yellow lines indicate the orientation of cut sections. Blue asterisk represent the areas of gray matter. Red asterisk represent white matter areas.

TABLE 3 |Concentrations of all liquid phantom components including μs and μa of
intralipid and Indian ink, respectively.

Intralipid v/v (μs) Indian Ink v/v (μa) NADH (μM) FAD (μM)

4 (83) 0.5 (0.32) 14.1 1.2
8 (166) 1 (0.63) 7.1 0.6
12 (249) 2 (1.25) 3.5 0.3
16 (332) 4 (2.5) 1.8 0.15

0 0
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FIGURE 3 | (A) The fluorescence intensity of NADH (blue) and FAD (red) in response to 100 illumination pulses from 340 to 470 nm sources measured in 440 and
505 nm channels, respectively. (B) Raw signal recorded from gray matter of sheep brain. The signal includes ambient background as well as positive and negative DC
offsets caused by high amplifier gain.

FIGURE 4 | (A) Measured background intensity at high and low gain. The diffuse reflectance was measured at low gain setting. The increasing background
illumination at high gain is highlighted by the colour coded plots. (B) Signal after background subtraction. Legend indicated the power of background illumination (W).
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3.4 System Validation
3.4.1 Tissue-like Liquid Phantoms
The quantification response of the PLS regression model to
predict concentrations of NADH and FAD, absorption
coefficients µa and scattering coefficients µs are shown in
Figures 7A–D. Based on mean squared errors generated by
the PLS regression, the first six PLS components were selected
to build the PLS model. The correlation coefficients R2 between
the fitted response and actual values using LOOCV were 0.840,
0.981, 0.888, and 0.914 for µa, µs, FAD and NADH respectively.
The detected fluorescence signals correlate linearly to the actual
fluorophore concentrations.

3.4.2 Gray and White Matter
Figure 8 shows the average light intensities collected from white
(n � 101) and gray (n � 129) matter regions of the sheep brain for

36 source detector pairs of the instrument. Using the
“Classification Learner App” in Matlab, the five-fold cross-
validation linear SVM was performed on this data. The SVM
classified Gray and White matter with accuracy of 97.8%.

4 DISCUSSION

4.1 Background Subtraction
The capability of an optical system to perform measurements
under intense dynamic ambient illumination, such as
encountered in the clinical operating rooms is paramount for
acquiring quantitative data. The method of background
measurement and subtraction tested showed that the average
reflectance amplitude remained the same, despite increasing
background illumination. It is important to point out that two,

FIGURE 5 | (A) The effect of background intensity on average signal intensity (blue). The background subtraction method was effective for all background
intensities measured (red). (B) Comparison of TR system’s dynamic range at amplifier gain 1 (blue) and gain 100 (red).

FIGURE 6 | (A) The stability of laser diodes over a period of 4.5 h. Note: channels 300, 340, and 590 are LEDs, and were not measured with the photodiode. (B)
The stability of APDs over a period of 4.5 h. Note: the instability of laser diodes has been accounted for in the chart.
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relatively small, fibre coupled halogen lamps are significantly less
powerful as compared with a standard operating theater lamps.
Hence, a more representative test should involve the probe in
contact with a solid tissue phantom illuminated from a distance
with an adjustable, powerful source with a minimum intensity of
4 × 103 lm.

4.2 Dynamic Range
Widening the dynamic range of the system described in this
manuscript was key requirement in order to be able to reliably
measure the relatively high intensity diffuse reflectance signal and
orders of magnitude weaker auto-fluorescence, that occurs in
biological tissue.

To address this issue, the voltage output from each APD
(channel) was patched through an a 1 kHz low pass filter and
then through an amplifier stage with variable gain. As outlined
previously, low gain was used in the channel measuring
diffuse reflectance and high gain in channels measuring

auto-fluorescence. Overall, the integration of passive low pass
filters and the multi-channel, dynamic amplifier extended the
dynamic range of the instrument, making it possible to detect
optical signal with intensity in the range between 4 V and 1 ×
10−7 V. It is important to point out that some of the drawbacks
associated with such complexity. First, the combination of low
pass filters and fast switching gain caused a temporary, large
amplitude oscillation of the voltage signal in every channel
immediately after the corresponding illumination source was
switched off. This did not present a direct problem for this
system because these oscillations stabilized within 0.75 ms,
long before the next pulse from the light source, but it does
highlight the limit frequency of illumination pulses. Second, to
ensure precise control of illumination and gain switching,
hardware synchronisation was implemented. This resulted in a
secondary artefact where a short portion of the AO signal
designated for modulating the light sources was observed in
the recorded diffuse reflectance data. The relative duration of

FIGURE 7 | System validation using mixture of fluorophores in liquid phantoms with various optical properties. Each graph shows the prediction values versus
actual values for (A) absorption coefficient using different ink volume fraction (n � 100 for each group), (B) scattering coefficient using different intralipids volume fraction
(n � 100 for each group), (C) FAD (n � 80 for different FAD concentration group), and (D) NADH (n � 80 for different NADH concentration group). R2 is the correlation
coefficient between the fitted responses (predicted values) and actual values using PLS regression with leave-one-out cross validation. Boxplots indicate the
median value and data distribution in each group.
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this artefact was approximately 150 μs followed by a short, 50 μs
oscillation period. This portion of the data was omitted from the
analysis but it does indicate that this system was pushing the
limits of the NI DAQ chassis and the three DAQ modules. To
potentially improve the quality of the data and systems dynamic
range further, a custom control and data acquisition board is
being built.

4.3 System Performance
One of the main challenges of fluorescence based diagnostic
methods is that tissue fluorescence correlates to not only the
concentration of endogenous fluorophores but is also distorted by
tissue absorption and scattering properties. Multiple excitation
and detection bands employed in current system have the
potential to improve the accuracy of intrinsic tissue
fluorescence measurements by more accurately compensating
for tissue absorption and scattering. Such approach could
potentially improve the predicative algorithm for tissue
recognition. In this work, reflectance-normalized fluorescence
approach was used to compensate for the light attenuation to
approach true auto-fluorescence characteristics. The
performance of the instrument was evaluated using four
hundred tissue-like liquid phantoms. Fluorophores used in this
study were NADH and FAD, and they were premixed and added
into the liquid phantom to validate the system performance. The
particular challenge in this study is the system attempted to detect
NADH and FAD in the mixture of low fluorophore concentration

regime, and a wide range of both scattering (μs at 470 nm from
80 cm−1–350 cm−1) and absorption (μa at 470 nm from
0.3 cm−1–2.5 cm−1) have been covered. In general, the system
has a good response for the estimation of FAD and NADH in
tissue phantoms, as previously shown (Figures 7C,D). NADH
and FAD detection deteriorated at high absorption and scattering
coefficients range. The linearly correlation between predicated
and actual fluorophore concentrations in the mixture
fluorophores with the large variation optical properties
indicate multivariate analysis, such as PLS regression, could be
used as a classification method to construct predictive models
from large multidimensional data sets. It is important to point out
that at this stage with the current system it is unlikely that similar
levels of sensitivity can be reached in actual biological tissue. Due
to significant complexity of biological samples coupled with
dynamic metabolic changes, such as oxidative
phosphorylation, the instruments limitations (discussed below)
will likely prevent it from discriminating between tumour and
healthy brain tissue based on fluorophore concentration alone.
Although, the SVM showed a relatively high certainty of
discriminating between gray and white matter in ex vivo sheep
brain, it is highly probable that this was achieved via significant
differences in absorption and scattering of these tissue types,
which are evident to the naked eye. Besides the fluorophore
concentration, the PLS regression model accurately quantified the
scattering coefficient (R2 � 0.981 in Figure 7B). The lowest
correlation coefficient was observed when predicting the

FIGURE 8 | Average, mean normalized light intensities for 36 source detector pairs collected from White (n � 101) and Gray (n � 129) matter of sheep brain. This
data was used for SVM classification.
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absorption coefficient (R2 � 0.840 in Figure 7A). The error
observed in the PLS regression has likely originated from a
number of sources. The first contributing factor was likely the
instability of lasers/APDs, as discussed in the previous section.
The second factor was the source-detector fibre distance. This
distance was kept to a minimum, to allow the collection of diffuse
reflectance from near-UV sources. These sources had much lower
output power compared to visible laser diodes as well as
wavelengths that are highly absorbed by biological tissue with
high blood content. The insufficient inter-fiber distance is evident
from ink (absorber) PLS plots that show overlap between
predicted concentrations. It indicates that the increasing
concentrations of absorber was insufficient to attenuate the
more powerful, longer wavelengths to a significant degree,
resulting in overlap and less prediction of absorber concentration.

4.4 System Stability
The temporal stability of any measuring system is a critical
requirement which ensures that measurements performed at
different times can be compared reliably. The changes in
signal magnitude of APDs were between +/− 1–15% for six
out of eight channels while two channels failed to reach stability.

While it was possible to account for a portion of the signal
variation by measuring laser source stability, it is highly probable
that the instability of APDs significantly effected the performance
of the system and its ability to predict fluorophore concentrations
with greater accuracy.

The potential reason for large deviations in some channels
could be two-fold. First, the APDs are sensitive devices that
perform best in an environment free from strong, transient
electromagnetic fields (EMF). Due to practical constraints, all
APDs were in relatively close proximity to a number of power
sources as well as LED and laser drivers. It is possible that EMF
noise was coupled into the APD casing or cables carrying the
signal to the DAQ. When testing the previous version of this
system, it was possible to couple 50 Hz from the mains by
changing the orientation of cables between the dynamic
amplifier and the DAQ. A more deliberate cable management,
component positioning and EMF shielding strategies are needed
to eliminate the potential sources of instability, especially when
translating into clinical environment. Second, the APDs used for
the instrument had temperature compensation capability and it is
likely that this function has failed in two of the APDs (300 and
470 nm) indicated by failure to stabilize.

The stability issues observed during this study have wider
implications with respect to detection of tumour margins in a
clinical setting. The tumour margins are areas that contain a
“metabolic gradient” [39]. Such gradients add an additional
challenge to tissue identification accuracy and require an
instrument that is extremely stable at the level of its noise
floor to avoid tissue miss-classification due to signal drift
above or below a detection threshold.

4.5 Selection of Fluorescent Molecules
The search for autofluorescent marker(s) of GBM, revealed
several candidate molecules, including: 1) lipofuscin, 2)
tryptophan and its derivatives, 3) collagens and 4) NAD(P)H

(or NAD(P)H/FAD ratio). Sub-micromolar tissue levels of
fluorescent vitamins such as cholecalciferol, folic acid,
pyridoxine and riboflavin are most likely well below detection
limits of the system described in this manuscript. It was assumed
that no single molecule could unambiguously identify high grade
gliomas, therefore at least two independent GBM identifiers are
required. Lipofuscin, when found on the tumour surface, has been
shown to serve as a risk factor of small melanocytic choroidal
tumours [40]. However, this bio-molecule has low specificity as
it’s levels in the brain are correlated with tissue aging and
neurodegeneration [41]. Metabolism of tryptophan in gliomas
strongly increases, and elevated levels of tryptophan and
kynurenine become a signature of GBM [42]. Hence, the
uptake of α[11C]-methyl-L-tryptophan analysed using positron
emission tomography is clinically approved for GBM detection
[43]. However, fluorescence signals of tryptophan, which is
present in normal rat brain at 10–50 μM, or 2–10 mg/L [44]
and its metabolites may be masked by stronger background
signals from tryptophan residues incorporated in proteins
(estimated 1.1 g/L in cells) [45]. Yet, spectroscopy analysis of
tryptophan-specific autofluorescence (280 nm excitation and
300–350 nm emission) has been reported to discriminate
between normal tissue and tumours [46], suggesting that
tryptophan and its metabolites may still be used as a
supplemental factor for GBM identification. In contrast to
lipofuscin and tryptophan, collagens are not present in normal
brain, except for the basement membranes of the brain meninges
and blood vessels and other specialised structures. Cancer cells
produce, release, interact with and remodel collagens as the
principal proteins of extracellular matrix (ECM) [47].
Therefore, the development of collagen network would
explicitly indicate tumorigenesis and tumour progression [48,
49]. Thus, expression by brain cells of COL6A1 gene encoding
collagen VI modules, is considered as a hallmark and a prognostic
factor of poor clinical outcome for GBM ([50], for review see
[51]). Non-fibrillar collagens VI and XVI, fibrillar collagens I and
III, and mesh-like network forming collagen IV are broadly
accepted as major collagens associated with GBM [47, 49, 52,
53]. The intrinsic autofluorescence, common for all proteins
containing aromatic amino acid residues (emission
250–300 nm), in collagens is complemented by the unique
property to emit fluorescence at 350–450 nm upon excitation
at 300–350 nm [45, 54]. Upon in vivo excitation at 340 nm
collagens I and IV emit with maxima at 409 and 422 nm,
respectively [55]. The “non-intrinsic” fluorescence is often
attributed to the cross-linking factors hydroxylysyl
pyridinoline and lysyl pyridinoline [54]. Together, the
presence of collagen autofluorescence in the analysed samples
can be considered the major GBM reporter. Importantly,
collagen-specific signals are preserved in freshly excised tissue
samples, thus facilitating method development in the ex vivo
experiments. NAD(P)H fluorescence is one of the most common
readouts (excited at 340 nm; emits at 450 nm) which enables snap
shooting of rapidly changing metabolic state. Due to case-to-case
variability, heterogeneity of cells within each tumour and high
adaptability of cells to the changing environment and treatment,
data on NAD(P)H levels in GBM and other gliomas are
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contradictive. However, mutations in the genes IDH1/2 encoding
isocitrate dehydrogenases 1 and 2, found in almost 80% of grade
II-III gliomas and secondary GBM in 12% of GBM patients in
total [35, 36], could affect NADH/NAD+ andNADH/FAD ratios.
IDH1 and IDH2, bearing mutations in RI32 and R172 residues
(respectively), cannot conduct oxidation of isocitrate to
α-ketoglutarate and produce NADPH. Instead, NADPH is
consumed and an oncometabolite, 2-hydroxyglutarate (2-HG)
is produced [56, 57]. Accumulation of 2-HG causes numerous
changes in living cells, including decreased production of
nicotinate phosphoribosyltransferase Naprt1 that is involved in
NAD + production. As a result, one can expect a drop in total
NAD(P)H fluorescence in tumours with IDH mutations.
However, being highly dynamic, NAD(P)H/NAD + balance is
very sensitive to microenvironment. Therefore, in ex vivo tissue
samples, which will be used for optimisation of the platform,
NAD(P)H signals may be mixed and artificial, and preliminary
statistical data need to be collected using cell models and clinical
samples in order to understand how informative it is for GBM
detection.

4.6 Instrument Usability
As this study is very closely related to developing clinical systems
for surgical guidance it is important to discuss the overall
instrument’s ease of use and attempt to foresee potential issues
in a clinical setting. The first issue was that two researchers had to
be involved, one to physically hold the probe and the other to
control the LabView software and start the measurement. Ideally,
the person holding the probe should be able to trigger the
measurement by pushing a button on the probe or in the
other hand. This will make the data collection much more
streamlined, especially since the naming and saving data files
was automated to remove mistakes in naming large volumes of
files. It will be a task for a future product development team to
design a probe that would be accepted by clinicians. The second
issue was the data display. At this stage of development, it was not
possible for researchers to co-relate tissue type with the data plots
displayed on the screen as there were no obvious indicators in real
time. All the data processing had to be performed off-line. Any
such system in the clinical setting would have to be equipped with
a probe that can be moved across brain tissue without damage,
while maintaining contact as well as capability to perform
statistical analysis in real time and a visible indicator of tissue
type or method of demarcating the “cut line”.

4.7 Future Work
Having showed the potential of this combined tissue auto-
fluorescence and DRS tool to quantify biomarkers, the DRS
and auto-fluorescence measurement system described in this
manuscript was built using mostly off-the-shelf components.
This form factor and the complexity of wiring multiple
channels through a number of stages is more suited to a
bench system, rather than a clinical instrument. Overall
reduction in complexity and size is possible by placing the
amplifier and data processing circuitry on a single circuit
board. APDs can be replaced with silicon photo-multipliers
(SiPMT) with 1 mm2 footprint. The dichroic mirrors can be

manufactured as a single component, with multiple dichroic
surfaces, while the standard bandpass filters can be diced to
match the SiPMT footprint. Stacking such components with a
minimal air-gap on the PCB has the potential to create a
miniaturized spacial wavelengths separator that is much faster
than a conventional spectrometer, capable of simultaneous
measurements of diffuse reflectance and auto-fluorescence
under ambient light. Another critical aspect that
miniaturization should address is the interference from
external power sources or other equipment. The resulting
embedded system must be built with sufficient shielding to
minimize EMF coupling. Particular attention needs to be paid
to the lengths and routing of the connections between surface
mounted detectors and amplifiers. Since this is a multi-channel
system, the data digitization relies on use of multiplexers and
significant effort must be put into this aspect of data
acquisition the minimize ghosting. Another important
aspect of future studies is the type of tissue samples that the
integrated system must be tested on. Specifically, DRS and
auto-fluorescence data should be collected from areas of tissue
margins. This will determine if the achieved stability and
sensitivity is sufficient to detect significantly reduced
concentrations of fluorophores in the margins. Finally, any
miniaturized system could benefit from a series of pre-clinical
studies on a xenographt animal model. Such a model will
provide, in vivo healthy, diseased and tumour margin DRS/
auto-fluorescence data. Although, ethical implications of such
study must be considered due to requirement for a relatively
large number of samples (animals) to account for inherent
biological variations.

5 CONCLUSION

We have demonstrated a system that can quantify several
fluorophores in tissue phantoms with highly varying optical
properties, and that the system is developed in a way for
straight forward miniaturisation to facilitate clinical adaption.
This multi-spectral system consisted of eight illumination
sources and eight APDs with variable gain output. The
ability control the gain resulted in an increased the dynamic
range and made it possible to measure relatively strong diffuse
reflectance signals simultaneously with weak fluorescence.
The modulation of multi-spectral illumination source allowed
the measurements to be carried out under ambient light because
it was possible to measure background level continuously,
during each measurement. Finally, the system was tested on
400 liquid tissue phantoms with a large range of absorber and
scatterer concentration mixed with two fluorophores, FAD
and NADH. A linear correlation between true and predicted
fluorophore concentrations indicate that a multivariate analysis,
such as PLS, could be used as a classification method to
construct predictive models in the future study. The system
was also tested on biological tissue and showed high a relatively
degree of classification accuracy that was based on tissue
absorption and scattering properties, rather than fluorophore
concentration.
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