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ABSTRACT 

 
The design of fiber-optic probes plays an important role in optical spectroscopic studies, including fluorescence 
spectroscopy of biological tissues.  It can affect the light delivery and propagation into the tissue, the collection 
efficiency (total number of photons collected vs. total number of photons launched) and the origin of collected light.  
This in turn affects the signal to noise ratio (SNR) and the extend of tissue interrogation, thus influencing the diagnostic 
value of such techniques. Three specific fiber-optic probe designs were tested both experimentally and computationally 
via Monte Carlo simulations.  In particular, the effects of probe architecture (single-fiber vs. two bifurcated multifiber 
probes), probe-to-target distance (PTD), and source-to-detector separation (SDS) were investigated on the collected 
diffuse reflectance of a Lambertian target and an agar-based tissue phantom.  This study demonstrated that probe 
architecture, PTD, and SDS are closely intertwined and considerably affect the light collection efficiency, the extend of 
target illumination, and the origin of the collected reflected light.  Our findings can be applied towards optimization of 
fiber-optic probe designs for quantitative fluorescence spectroscopy of diseased tissues. 
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1. INTRODUCTION 
 

Optical techniques, including fluorescence spectroscopy, are currently investigated as potential non- or minimally-
invasive medical diagnostic or monitoring tools.  These techniques often employ fiber-optic probes as they allow for 
flexible delivery and collection of light even in hard to reach anatomical sites.  Efficient application of such techniques 
requires optimization of the fiber-optic probe design for maximum SNR, and precise target interrogation.1,2  The latter is 
of importance, especially for the investigation of heterogeneous media such as tissues.  Precise targeting of specific 
tissue areas and identification of the origin of optical signal crucially affects the correlation between observed 
spectroscopic signatures and local tissue histopathology, and thus, the diagnostic value of optical spectroscopic 
techniques. 
 
A comprehensive review of an extensive variety of probe designs used in various applications has been recently 
presented.3  Various fiber-optic probe designs have been used for applications such as laser induced fluorescence 
diagnostics,4 Raman diagnostics,5 monitoring of photosensitizer concentration,6,7 and measurements of tissue optical 
properties.8, 9  Despite such a widespread use of fiber-optic probes in diverse applications, only limited work has been 
conducted towards deeper understanding of the effects of probe design on tissue spectroscopic studies.  Recently, Pfefer 
et al have presented a systematic study for the performance of single-fiber probes1 and multiple-fiber probes2 for 
fluorescence spectroscopy.  The work was based on Monte Carlo simulations of light transport in a homogenous 
medium, with optical properties representative of esophageal and colonic tissues.  It included the effect of the fiber core 
size, NA, SDS, and geometry of application (PTD).  It was concluded that both the probe design and its distance from the 
tissue significantly affect the intensity and origin of fluorescence signal.  Recent experimental work by the same group10 
has been performed with a number of single and multiple fiber probes in tissue phantoms.  The experimental results, 
overall corroborated their earlier computational studies, suggesting strong influence of the probe design and application 
on the depth of tissue interrogation. 
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While this work provided important trends towards probe design optimization for fluorescence measurements of turbid 
media, the overall scarcity of relevant work warrants additional investigations.  To this end, we have studied the effect of 
three specific probe designs and the PTD on the light propagation, the collection efficiency, and the origin of collected 
excitation light, at the wavelength of 337 nm.  The problem was addressed both experimentally via diffuse reflectance 
measurements, and computationally via Monte Carlo simulations.  The effect of probe architecture was tested for a single 
fiber and two multifiber bifurcated designs of varying SDSs.  Two types of targets were used including an ideal isotropic 
reflector and an agar-based tissue phantom with anisotropic scattering. 
 

2. MATERIALS AND METHODS 
 
2.1 Fiberoptic probes 
Three fiber-optic probes were investigated.  The probe designs were based on either single-fiber (P1) or multifiber 
(bifurcated) architectures (P2 and P3).  Schematics of the probe cross-sections are shown in the insert of Figure 1.  The 
single fiber probe consisted of a single, 600 µm core diameter fiber. This design allowed for common illumination and 
collection channels via a dichroic beam splitter (BS) arrangement.  The second probe (P2) was custom designed 
(Polymicro Technologies LLC, Phoenix, AZ).  It consisted of a central illumination fiber (600 µm) which was tapered to 
a distal diameter of 1,025 µm.  This fiber was surrounded by a ring of 18 collection fibers (200 µm core size).  The SDS 
of this probe was 0.64 mm.  The third probe (P3), (Model 77558, ORIEL, Stratford, CT)) consisted of a central excitation 
area of 24 closely-packed fibers (200 µm core size) with an equivalent illumination diameter of 1.4 mm.  Twenty four 
fibers (200 µm) peripheral to the central illumination area formed the collection channel.  The SDS for this probe, was 
1.0 mm.  The distal end of the collection channels of both bifurcated probes, were formed into a line to facilitate coupling 
to the monochromator.  All fibers were made of UV grade silica/silica with nominal NA of 0.22.  The-measured-NA of 
the illumination channels were found to be 0.17 for P1, and 0.11 for both probes P2 and P3.  The deviation from the 
nominal NA for probes P1 and P3 was mainly due to the laser light coupling arrangement into their illumination channel.  
The reduction of the illumination NA of probe P2 was due to the tapering of the central fiber. 
 
 

 
Fig. 1.  Experimental setup.  Diffuse reflectance, at 337 nm, was collected as a function of the probe-to-target distance.  
The cross sections and diameter (in mm) of the illumination areas of the three probes are shown in the insert. Shaded 
(hollow) circles indicate illumination (collection) paths.   
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2.2 Reflectance targets 
Experiments were conducted with two target types: a) an ideal isotropic (Lambertian) reflector (Model SRS-99-020, 
Spectralon, Labsphere, Inc.North Sutton, NH), and b) an agar-based phantom with added India ink for absorber.  This 
target introduced volume turbidity, and anisotropic scattering.  Its optical transport coefficients at 337 nm were: 
µa = 0.49 cm-1, µs = 5.47 cm-1, and g = 0.31. 
 
2.3 Experimental setup/procedure 
A schematic of the experimental setup is shown in Figure 1.  The setup allowed for time resolved fluorescence 
measurements and has been previously described in detail by Marcu et al11.  Briefly, the output of a nitrogen laser 
(EG&G, PAR, Model 2100, 337.1 nm, 1.2 nsec pulse width) was coupled into the illumination channel of a fiber-optic 
probe which in turn was aimed at the investigated target.  The diffuse reflected light was collected via the collection 
channel of the probe and directed with f-number matching optics into a 0.25 m, f/4 monochromator (Model 77200, Oriel 
Instr, Sratford, CT).  Signal acquisition was accomplished with a gated MCP-PMT (model R2024U, Hamamatsu, 
Bridgewater, NJ) and a fast 1.0 GHz preamplifier (model 9306, EG&G, ORTEC) connected to an oscilloscope 
(Tektronix, TDS 650).  Experiments were carried out at 5 Hz repetition rate, with probe energy output of approximately 
1 µJ/pulse. 
 
Following energy output verification, each probe was mounted on a precision translation stage and oriented 
perpendicularly to the target surface.  The collected reflected light intensity (R) was then collected as a function of PTD.  
These measurements provided curves which represented the probe’s collection efficiency profile as a function of PTD 
(R(PTD)).  All six combinations of probe/target pairs (three probes x two targets) were evaluated.  Laser output intensity 
variations were accounted via a reference photodiode. 
 
2.4 Monte Carlo simulations 
Monte Carlo simulations were performed with a customized software based on previously reported algorithms by Prahl 
et al,12 and verified against these earlier algorithms, as well as experimental tissue phantoms13,14.  It incorporated 
Henyey-Greenstein phase function with variable photon step size, refractive mismatch at all interfaces, and included 
models of several different photon sources and detectors.  The algorithms allowed for simulations of multiple tissue 
layers, and ideal Lambertian reflectors and provided detailed tracking of escaped photons in three dimensions.  
Simulations were conducted, typically, with 1.0*E7 photon bundles, in a 3D Cartesian grid with 100 µm resolution.  A 
homogenous finite slab was assumed with refractive mismatch at all interfaces.  The phantom index of refraction was 
1.37. 
 

3. RESULTS-DISCUSSION 
 
Figures 2a and b show the normalized R(PTD) curves of P1 and P3 respectively, for the Lambertian reflector.  The single 
fiber curve exhibited a monotonic quasi-exponential decay with maximum when in contact with the target.  At the curve 
maximum, the calculated collection efficiency was 2.43%.  The corresponding curve for the bifurcated probe P3 
resembled a positively skewed bell-shaped curve with maximum location several millimeters (4.7 mm) away form the 
target.  The calculated collection efficiency (per collection fiber) was 0.004%.  Similar behavior was also observed with 
the second bifurcated probe tested (P2).  The maximum intensity for the P2 was located at PTD ~ 3.1 mm, and the 
corresponding collection efficiency was 0.008%. 
 
The normalized coupling efficiency R(PTD) curves for the agar phantom, are shown in Figures 3a and b for the P1 and 
P3 probes respectively.  All probes, including probe P2, exhibited qualitatively, similar behavior as with the Lambertian 
target.  However, for the bifurcatred probes a shift of the location of curve maxima was observed.  Additionally, there 
was a significant reduction of the coupling efficiency for all three probes investigated.  As shown if Figures 2 and 3, 
overall, the Monte Carlo simulations were in qualitative agreement with the experimental curves. 
 
Direct contact application of the single fiber allowed for maximum signal collection for both targets used in this study.  
This is a direct consequence of the complete overlap of source and detector areas, an inherent feature for this probe type.  
At larger distances (PTD >0 mm) the captured signal decayed monotonically since the collection solid angle subtended 
by the fiber is monotonically reduced.  On the other hand, for both targets, the bifurcated probes exhibited non-
monotonic behavior with a maximum located further away from the target’s surface.  Results similar to the ones 
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presented here, have been obtained by Cooney et al15,16, with probes of similar design geared mainly towards Raman 
applications.  The simulation work of Pfefer et al2 for fluorescence measurements with bifurcated probes, also 
corroborates the current results.  The observed R(PTD) profiles are a consequence of the particular probe designs.  Due 
to the separation of the illumination and collection areas, at small PTDs there is no overlap between the illumination and 
collection cones.  This results in extremely low signal collection, which is mainly due to a very small number of laterally 
traveled and collected photons.  At much larger distances, minimal signal is also expected as the collection fibers subtend 
very small solid angle with respect to the illuminated area.  Thus, there must be an intermediate distance at which the 
signal presents a maximum.  The shape of the R(PTD) profile and location of its maximum are dictated by the 
competition of the increasing overlap between illumination and collection cones and the quasi-exponential decay law of 
light collection with PTD.  Probe design characteristics which determine this overlap are the SDS, and the fiber NAs.  
The R(PTD) curve maximum location for P2 was shorter than the corresponding location of probe P3, for both targets.  
As both the collection and collection fibers of probes P2 and P3 had the same NA, this is a direct consequence of their 
difference in SDS (0.64 vs. 1 mm). 

  
Fig. 2.  Normalized collected reflected signal vs. probe-to-target distance for the white Lambertian target.  Experimental 
data (♦) and Monte Carlo simulations (◊) are shown for the single fiber (a) and the bifurcated probe P3 (b). 
 

  
Fig. 3.  Normalized collected reflected signal vs. probe-to-target distance, for the agar phantom (µa=0.49 cm-1, µs=5.47 
cm-1, g=0.31).  Experimental results (♦) and Monte Carlo simulations (◊) are shown for the single fiber (a) and the 
bifurcated probe P3 (b). 
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The results presented here, also attribute the lowest efficiency to the probe with the largest SDS (P3).  This is because 
photons collected by a probe with larger SDS have traveled longer distances than photons collected by a probe of shorter 
SDS.  Consequently, less light is available for capture and hence the lower coupling efficiency.  Among the three probes 
tested here, the one with the least SDS, namely the single fiber probe (SDS = 0 mm), had the highest efficiency (at 
maximum) for both targets.  In this context, our results suggest an SNR advantage of the single fiber over the bifurcated 
probes for contact applications.  Non-contact applications however, need to consider the much sharper coupling decay of 
the single fiber. 
 

 
 
 

Fig. 4.  Monte Carlo simulations for the single fiber, at distances of 1 mm (top row) and 4 mm (bottom row) from the 
agar phantom.  The surface and volume distribution of the origin of collected reflected signal are shown in the left and 
middle columns.  The illuminated volume is shown in the right column.  Data are normalized to maximum values.  
Contour lines represent 20%, 40%, 60%, and 80% of the maximum. 
 
Of further importance is not only the probe’s collection efficiency but also the extend of the illuminated volume of the 
target and the origin of the detected volume.  Monte Carlo calculations of these volumes for the agar-based model, are 
shown in Figures 4 and 5 for the single fiber and the bifurcated probe P3, respectively.  For the single fiber, a strong 
dependence of the extend of both the illumination and origin of collected volumes is seen as a function of the PTD.  
Overall, the volume of the origin of collected signal appeared to follow the modulations of the illuminated volume with 
PTD.  However, the two volumes were not identical.  Noteworthy is that for higher PTDs, the single fiber exhibits higher 
sensitivity to deeper target layers.  This is because with increasing PTD, there is a lateral increase of the illuminated area, 
which is dictated by the NA of the fiber.  A wider illumination beam probes deeper layers of the tissue as the ejected 
photons travel larger lateral and axial distances before they are detected.  Similar computational and experimental results 
have been reported for fluorescence detection, by Pfeffer et al.1,10  Their results indicated that, for a single fiber, 
increased probe-tissue spacing increased the relative sensitivity to deeper tissue layers.  This indicates that adjustment of 
the PTD may provide a way for target depth gauging.  In the same vain, Quan et al17 have suggested a variable aperture 
method by which, fluorescence originated from a turbid medium, can be spatially resolved.  Experimental results from a 
stratified tissue model and Monte Carlo simulations corroborated this suggestion.  In their work, it is also mentioned that 
a viable modification of their approach could be the use of a single fiber at various probe-tissue distances.  While our 
results further corroborate this suggestion, more detailed work is necessary to elucidate depth sensitivity for diffuse 
reflectance measurements. 
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