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Abstract

Quantitative fluorescence spectroscopy requires corresponding reflectance measurements to
correct for tissue absorption and scattering. However, it is unclear whether fluorescence adds value
beyond the diffuse reflectance measurements necessary for correction. The goal of this study was
to compare the accuracy of fluorescence and diffuse reflectance spectroscopy in recovering the
concentration of a high-extinction fluorophore, methylene blue (MB), using a compact fiber-optic
probe. Fluorescence and diffuse reflectance measurements of tissue simulating phantoms were
made using a fiber-optic probe with source-detector separations of 288-1300 um. Average error
in recovered fluorophore concentration was 20.4% for fluorescence and 15.0% for reflectance,
though this difference was not significant (p=0.77). Both methods returned concentrations that
were similar to known MB concentrations (p=0.79 in both cases). Fluorescence quantification

of the concentration of a high extinction fluorophore did not significantly improve accuracy
relative to diffuse reflectance. Investigators should consider whether fluorescence measurements
are necessary for a given application.
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Introduction

Fluorescence spectroscopy has been used historically to examine many biologically relevant
fluorophores and fluorescently labeled drugs[1]. Many of these applications rely on
ratiometric approaches, which do not determine absolute fluorophore concentration but
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instead examine the ratio between fluorescence emitted at multiple wavelengths[2,3].
However, for applications where determination of the absolute concentration of a fluorescent
substance is required, such as for photodynamic therapy (PDT) dosimetry[4,5], these
ratiometric techniques cannot be applied. A crucial piece of quantitative fluorescence
spectroscopy is correction for distortion of the excitation source and emitted fluorescence by
tissue absorption and scattering[6]. A number of techniques have been proposed to perform
this correction, ranging from simplistic division by a diffuse reflectance spectrum captured
in the same geometry[7] to empirical correction[8-10] to model-based techniques that seek
to explicitly account for background optical properties extracted using quantitative diffuse
reflectance spectroscopy[11-13].

A common feature of these correction methods is the requirement for diffuse reflectance
measurements to be performed at the time of fluorescence measurement. As reflectance
data must be gathered, it is reasonable to ask whether these reflectance data are sufficient
to extract the fluorophore concentration, without the additional hardware and complexity
necessary for fluorescence measurements. Particularly for fluorescent molecules with
strong absorption, such as methylene blue (MB), the absorption/excitation spectrum of

the molecule may be directly detectable on reflectance. This is the case for our ongoing
Phase 1 clinical trial involving MB as a photosensitizer for PDT of deep tissue abscess
cavities (Clinical Trials.gov identifier: NCT02240498). We have designed a reflectance and
fluorescence spectroscopy system for determination of patient-specific optical properties
and MB uptake, with pre-clinical validation of the reflectance capabilities recently
reported[14]. For MB and other highly absorbing fluorophores, fluorescence measurements
could potentially be eliminated to reduce experimental complexity, particularly in clinical
applications, if they do not significantly improve the accuracy of fluorophore concentration
recovery relative to diffuse reflectance.

Therefore, in the present study, we compare the accuracy of methylene blue (MB)
concentration recovery using fluorescence and reflectance measurements at short source-
detector separations.

Materials and Methods

Fluorescence and reflectance measurements were performed using an optical spectroscopy
system and fiber-optic probe that have been described in detail previously[14]. Briefly,

this system allows for delivery of broadband white light or 640 nm laser light by a

custom optical probe. Diffuse reflectance or emitted fluorescence spectra are then detected
sequentially by eight detector fibers embedded in the probe, with source-detector separations
ranging from 288 um to 1.30 mm.

Measurements were performed in phantoms consisting of 1 L water, Intralipid 20%
(Fresenius Kabi AG, Bad Homburg, Germany) as the scatterer, and methylene blue (MB,
American Regent, Inc., Shirley, NY) as the fluorophore/absorber. Intralipid concentrations
of 0.5-3.2% were used to generate scattering coefficients (ls) corresponding to 25-150
cm~1 at 665 nm. MB concentrations of 0.32-6.4 uM were utilized, corresponding to
absorption coefficients (i) of 0.05-1.0 cm~ at 665 nm. Experiments were performed at
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36 combinations of these Intralipid and MB concentrations in order to examine recovery
of fluorophore concentration over a range of optical properties. The explored absorption
and scattering coefficients are meant to replicate conditions used in our previous diffuse
reflectance experiments[14], which are based upon ranges reported for intraperitoneal
tissue[15].

For each experiment, the distal face of the optical probe was held in surface contact with

the liquid phantom. Reflectance spectra were captured sequentially using the broadband
lamp source at all eight source-detector separations, followed by detection of fluorescence
spectra excited by the laser source at each fiber. Reflectance and fluorescence spectra

were corrected for dark background, integration time, measured optical power, and system
throughput. These steps are described in detail elsewhere[14]. In order to remove any
effects of day-to-day changes in lamp/laser power, fiber throughput, and/or spectral response
of the system, calibration measurements were also performed using an integrating sphere
prior to each phantom experiment to ensure accurate data interpretation. To perform these
measurements, the optical probe’s distal face was placed at the open port of an integrating
sphere, white light or 640 nm laser light was delivered, and spectra collected through either
the reflectance or fluorescence channel for all eight detector fibers. Reflectance spectra

for each detector fiber were directly divided by the corresponding calibration reflectance
spectrum. For fluorescence measurements, the calibration measurement corresponded to

the tails of the 640 nm laser spectrum that were transmitted through the long-pass

emission filter (LP02-664RU-25, IDEX Health & Science, LLC — Semrock, Rochester, NY).
Direct division of the experimental fluorescence spectrum by this calibration spectrum was
therefore not appropriate due to the low detected signal at longer wavelengths, as it could
artificially introduce noise into the corrected spectrum. Instead, to remove the effects of
laser power and fiber throughput from the fluorescence measurements, each laser calibration
measurement was smoothed, assuming a Gaussian spectral shape. Measured fluorescence
spectra were then divided by the mean value of this smoothed calibration spectrum from
674-678 nm.

Fluorescence spectra were then corrected for the effects of phantom optical properties using
the method of Hull et af8], in order to recover intrinsic fluorescence spectra. This correction
is of the form,

Smeas, corr(4, d)
k k ’
[Rmeas, cor{(640 nm, d)] X[Rmeas, corr(A, d)]™™ d

Sintrinsic(4, d) = (1)

where finyrinsic(A,d) is the recovered intrinsic fluorescence spectrum over the wavelength
range A at detector fiber ) fpeas cor(A,d) is the measured fluorescence spectrum for

the same wavelength range and detector after the corrections performed in the previous
paragraph, and Ryeas corr(A, @) and Rmeas corr(640 nm,a) correspond to corrected reflectance
spectra over the whole wavelength range and at the excitation wavelength of 640 nm,
respectively. The exponents kyand &;; ycorrespond to an overall exponent for reflectance
at the excitation wavelength and fiber-specific exponents over the entire wavelength range,
respectively. In order to determine the values of these exponents, equation (1) was first
applied across a range of (&, &y, ;) combinations for each detector fiber for all phantom
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measurements. At each combination, the relationship between known MB combination and
the mean value of finsic(A,d) from 670-700 nm was plotted and fit with a first-order
polynomial. The error at each combination was quantified as 1-R? for the linear fit, resulting
in error metrics such as the one shown in Figure 1 for detector fiber 1.

As can be seen, there is a family of (ky, ;) combinations that minimize the error function.
We therefore impose the knowledge that the source fiber geometry is identical for all
detector fibers. As a result, &, is fixed at a value that lies within the minimum “trough”

for each detector fiber, which we found to be 0.2. Individual exponents &, ywere then
found as the value that minimizes the error metric at k,=0.2, with resultant values shown in
Table 1.After applying the exponents defined in Table 1 to Equation 1, a linear calibration
curve between fiinsic(A,d) and known MB concentration was generated for each fiber.
Calibration was performed using two sets of phantoms with MB concentrations ranging
from 0-7 uM, and scattering coefficients of 50 and 100 cm~ at 665 nm. As generation

of this curve was performed after the correction described in Equation 1 was applied, the
resultant calibration was found to be independent of background scattering coefficient. This
calibration curve was then applied to each set of fluorescence data in order to generate a
recovered MB concentration for each detector fiber, as well as a mean concentration across
all detector fibers.

MB concentrations recovered from corrected fluorescence measurements were compared

to those recovered purely from diffuse reflectance measurements, as described by Bridger

et al[14]. This was done using repeated measures one-way ANOVA across detector fibers,
with pairwise comparisons between individual detectors and reflectance performed using the
Holm-Sidak multiple comparison test. Mean MB concentration recovered from fluorescence
across all fibers was compared to values extracted from reflectance using the Wilcoxon

test. The relationship between error in MB recovery and source-detector separation was
examined with linear regression. Percent error was calculated by dividing the absolute

value of the difference between known and recovered MB concentration by the known MB
concentration. All statistical analysis was performed in MATLAB (R2019b, The Mathworks,
Inc., Natick, MA) and GraphPad Prism (GraphPad Software, Inc., San Diego, CA).

Representative fluorescence spectra before and after application of the correction in
Equation 1 are shown in Figure 2 for a fixed MB concentration of 3.2 uM and varying
Intralipid concentrations of 1.1-3.2%. As can be seen, this correction has an impact on both
the shape and magnitude of the recovered fluorescence spectra. This correction is crucial,
particularly in the presence of changing background scattering. It is apparent that correction
of detected fluorescence spectra is vital for accurate recovery of fluorophore concentration,
even at short source-detector separations.

MB concentration recovery was compared between diffuse reflectance results and the mean
concentration recovered from fluorescence across all detector fibers. These results are
shown in Figure 3, with data points representing means across all phantom measurements
made at a particular MB concentration and error bars corresponding to standard deviation.
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For fluorescence, the average error in MB concentration recovery was 20.4%, compared

to 15.0% for diffuse reflectance. However, values recovered via fluorescence were not
significantly different from those obtained via diffuse reflectance (p=0.77). When compared
to known MB concentration, fluorescence extraction of concentration was similar to known
values (p=0.93). This was also true of reflectance recovery of concentration (p=0.79).

These results indicate that recovery of MB concentration is substantially equivalent between
fluorescence and reflectance when fluorescence results are averaged across source-detector
separations.

We then examined MB recovery at individual detector fibers using fluorescence, with the
average error compared to known values for each shown in Figure 4. As can be seen, error
is generally lower at smaller source-detector separations, with linear regression showing a
significant positive relationship between average error and source-detector separation (slope
= 0.015 % error/um (0.008-0.023 %/um 95% confidence interval), p=0.003). However,
absolute recovered MB concentrations from fluorescence were not significantly different
for any pairwise comparisons between detector fibers (p>0.99 in all cases). Additionally,
MB concentration extracted from fluorescence was not significantly different between any
detector fiber and the value obtained via reflectance (p>0.98 in all cases).

Finally, we looked at whether sub-sets of detector fibers resulted in improved performance.
In order to do this, we calculated the mean recovered MB concentration for all combinations
of a particular number of detector fibers. For example, for 2 detector fibers, the mean was
calculated across all combinations of (ajaj), where 7and jrange from one to eight. Error was
then summarized as mean and standard deviation across detector combinations, as shown

in Figure 5. There was a slight decrease in average error as more detector fibers were
incorporated into the determination of MB concentration, although this difference was not
significant (p=0.20). Large standard deviations at smaller sub-sets of detector fibers were
likely a result of greater weight being given to detector fibers that were less accurate (see
Figure 4).

Discussion

We have demonstrated that recovery of fluorophore concentration using fluorescence
measurements is similar in accuracy to extraction using diffuse reflectance measurements
at source-detector separations ranging from 288 um to 1.30 mm. There was a slight
reduction in error for fluorescence at shorter source-detector separations, but this difference
was not statistically significant. Error was also slightly reduced by inclusion of data

from multiple source-detector separations. Accurate recovery of fluorophore concentration
using fluorescence requires careful correction to remove the effects of background optical
properties. As diffuse reflectance measurements are necessary for this correction to

be performed, elimination of fluorescence measurements in favor of a reflectance-only
approach could decrease instrumental complexity without a loss of accuracy.

Fluorescence and diffuse reflectance both offer advantages and disadvantages for
determination of the concentration of fluorescent compounds. Fluorescence measurements
have a more identifiable “fingerprint,” as the shape of the fluorescence emission spectrum
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is known a priori. In fact, this knowledge of spectral shape has been exploited to

recover fluorophore concentration without corresponding reflectance measurements[16,17],
although applicability is limited to specific geometries and background optical properties.
This can result in fluorescence measurements being more accurate at low concentrations,
though we did not observe this at the concentrations examined in the present study. Further,
diffuse reflectance requires measurable attenuation of the illumination source by fluorophore
absorption in order to recover fluorophore concentration. Here, we have used MB as the
fluorophore, as this is the photosensitizer we employ in our ongoing Phase 1 clinical

trial of PDT for deep tissue abscesses. MB has a relatively high extinction coefficient of
approximately 74,021 cm~1/M[18]. On the other hand, native fluorophores such as collagen
have lower extinction coefficients and are generally excited at UV wavelengths[19,20].
Fluorescence may therefore be better suited for recovery of the concentration of these lower-
extinction fluorophores, as well as for low fluorophore concentrations. Diffuse reflectance
spectroscopy can utilize a significantly simpler optical design, as laser excitation and
emission filtering are not required. Many fluorescence systems also require additional
switching optics to accommodate excitation sources and filters[21-23], which increases cost
and complexity. The decision of whether to add fluorescence measurements to a diffuse
reflectance spectroscopy system should therefore be guided by the fluorophores of interest,
and investigators should consider whether these fluorescence measurements are necessary
for the desired application.

As shown in Figure 5, there was a decrease in error in the determination of MB
concentration by fluorescence when including more detector fibers in the recovery, although
this decrease was not statistically significant. However, previous reports have demonstrated
that varying the source-detector separation changes the depth from which fluorescence is
detected[24], meaning that different source-detector separations sample different regions of
the tissue. Here we have investigated homogeneous liquid phantoms, so the detectors all
sample an identical fluorophore concentration. In future clinical application, this assumption
of homogeneity may not hold. Based on the modest improvement in accuracy afforded by
averaging of data from multiple source-detector separations, these additional detector fibers
may therefore be better employed for coarse depth resolution of fluorophore concentration.
This has been demonstrated by multiple investigators[25,26], with longer source-detector
separations generally probing deeper into the tissue. Investigation of this is ongoing for the
present system.

We acknowledge a number of limitations in the current study. First, only a limited range of
fluorophore concentrations were examined, corresponding to p;=0.05-1.0 cm~1 at 665 nm. It
is possible that the results presented here may not hold at methylene blue concentrations
outside of this range. Further, methylene blue is a fluorophore with a relatively high
extinction coefficient. As discussed above, the ability to recover fluorophore concentration
using diffuse reflectance data may be reduced for fluorophores with lower extinction
coefficients. Finally, an empirical correction was employed for recovery of intrinsic
fluorescence. Others have shown that model-based fluorescence correction techniques that
incorporate absolute measurements of background absorption and scattering coefficients
may result in greater accuracy[11]. However, these methods require explicit recovery of
optical properties from diffuse reflectance using appropriate modelling and instrumentation,
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rather than a simple measure of reflectance in the same geometry as the fluorescence
measurement.
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Figure 1.
Error metric used to optimize (kyx,km g) exponents shown in Equation 1. Error is displayed

here as the logarithm of (1-R2), where R? is the goodness of fit metric returned by fitting
a first-order polynomial to the relationship between corrected fluorescence and known MB
concentration.
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Fluorescence spectra captured at a source-detector separation of 288 um and [MB] = 3.2
UM, prior to and following the correction shown in Equation 1. Solid lines correspond to
measured fluorescence spectra that have been corrected for dark background, integration
time, measured optical power, and system throughput. Dashed lines refer to corresponding
intrinsic fluorescence spectra that have been corrected using Equation 1. Note that measured
fluorescence magnitude is shown on the left y-axis, while recovered intrinsic fluorescence is

on the right y-axis.
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Figure 3.

Recovery of MB concentration by averaging across fluorescence results at all eight detector
fibers, compared to diffuse reflectance. Data points represent means across all phantom
measurements made at a given MB concentration, with s at 665 nm ranging from 25-150
cm™1. The red line corresponds to perfect agreement between known and recovered MB
concentration.
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Figure 4.
Relationship between average error in recovery of methylene blue concentration using

a single detector fiber and the source-detector separation for that fiber. The solid line
represents a linear regression fit, with dotted lines corresponding to the 95% confidence
interval.
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fibers, with error bars representing standard deviation.
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Reflectance correction exponents for excitation (k) and emission (4;; 5 windows for each detector fiber

Table 1

Detector Fiber

Kx

k m,d

0.04

0.65

0.53

0.43

0.2
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0.55
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