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Abstract. We demonstrate a significant improvement of depth selec-
tivity when using obliquely oriented fibers for near-infrared �NIR� dif-
fuse reflectance spectroscopy. This is confirmed by diffuse reflectance
measurements of a two-layer tissue-mimicking phantom across the
spectral range from 1000 to 1940 nm. The experimental proof is sup-
ported by Monte Carlo simulations. The results reveal up to fourfold
reduction in the mean optical penetration depth, twofold reduction in
its variation, and a decrease in the number of scattering events when
a single fiber is oriented at an angle of 60 deg. The effect of reducing
the mean optical penetration depth is enhanced by orienting both
fibers inwardly. Using outwardly oriented fibers enables more selec-
tive probing of deeper layers, while reducing the contribution from
surface layers. We further demonstrate that the effect of an inward
oblique arrangement can be approximated to a decrease in fiber-to-
fiber separation in the case of a perpendicular fiber arrangement. This
approximation is valid in the weak- or absorption-free regime. Our
results assert the advantages of using obliquely oriented fibers when
attempting to specifically address superficial tissue layers, for ex-
ample, for skin cancer detection, or in noninvasive glucose monitor-
ing. Such flexibility could be further advantageous in a range of mini-
mally invasive applications, including catheter-based interventions.
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Introduction

he method of using diffuse reflected light to measure optical
roperties of bulk tissue samples has been extensively de-
cribed in the literature, e.g., by Wilson.1 Although efforts
ave been made to refine diffuse optical techniques, depth
electivity, which impacts the sensitivity and specificity of the
easurement, still remains a topic of debate in the literature.
The distinctive reflectance spectra yielded by the intra- and

xtracellular structures of the tissue and their relative distri-
utions in superficial layers can be partially masked by mul-
iply scattered light returning from deeper layers. This is es-
ecially the case if only the epidermis, with a typical
hickness of less than 100 �m, is studied, e.g., for the purpose
f diagnosing precancerous skin lesions.

A traditional solution is to experiment with the geometry
f the probing interface. If more than one optical fiber is used,
.e., one for illumination and the other for collection of light
see Fig. 1�, then the separation between the two fibers plays

significant role in the selectivity of the measurement: a
arger separation will result in spectra being obtained from

ddress all correspondence to Rachel Thilwind, Care and Health Applications,
hilips Research, High Tech Campus 34—Eindhoven, Noord-Brabant 5656AE
etherlands; Tel: 31402747816; Fax: 3140276321; E-mail:

achel.thilwind@philips.com
ournal of Biomedical Optics 024026-
deeper layers in the tissue, while smaller separations will
yield reflectance from the superficial layers.1

However, the depth selectivity of this approach for probing
very shallow layers is still limited. Since the two fibers have a
finite minimum separation distance, with this method, it is not
possible to probe very shallow tissue layers, e.g., the epider-
mis, without some contribution from the layers below, e.g.,
the dermis.

Based on a similar principle, but showing far more poten-
tial for depth-selective probing, is the concept of oblique fiber
orientation. In this technique, fiber separation distance is
complemented by an additional variable: the angle of orienta-
tion of a fiber relative to the plane of the tissue surface. By
varying the angle of orientation of one or both fibers �see
Fig. 1�, the result is a change in the average trajectory of the
detected photon. Hence, the depth to which tissue is probed
can be controlled accordingly.

The basis of the oblique orientation principle has been de-
scribed and verified experimentally,2–6 where it was used for
deriving the optical properties of tissue. An optical design for
Raman spectroscopy utilizing a non-normal angle to the sur-
face of the sample reported on high selectivity of the probing

1083-3668/2009/14�2�/024026/9/$25.00 © 2009 SPIE
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olume induced by varying the fiber angle.7–9 Utzinger and
ichards-Kortum performed a detailed investigation of fiber-
ptic probe designs for medical applications.10 A number of
tudies were devoted to evaluating the performance of fluo-
escence spectroscopy as a function of illumination angle:11–13

he angled illumination probe provided the capability to mea-
ure tissue fluorescence selectively from different depths
ithin epithelial tissues.

Hattery et al.14 reported on the influence of fiber angle in
iffuse reflectance spectroscopy when measuring epithelial
hickness in the visible wavelength range. Wang et al.15 dem-
nstrated that in the case of one inwardly obliquely oriented
ber �see Fig. 1�a��, the overlap of the illumination and col-

ection cones constitutes a volume, the axial position of which
iffers compared to the case when two parallel fibers are used.
n increase in the angle with respect to the plane of the tissue

urface effectively confines light to a volume proximal to the
urface. The converse also holds, in that an outwardly ob-
iquely oriented fiber �see Fig. 1�b�� will on average result in
onger photon trajectories and less reflected light will be col-
ected from superficial layers. The impact of this effect is a
igher signal-to-noise ratio in measurements where a tissue
olume directly below the surface is selectively probed. This
rinciple has been applied to skin cancer detection.16,17

Here, we focus on the application of the concept of ob-
iquely positioned fibers in near-infrared �NIR� diffuse reflec-
ance spectroscopy—a technique often used for a number of

edical applications.18–22 By combining experimental work
n diffuse back-reflectance measurements in the broad spec-
ral range from 1000 to 1940 nm with Monte Carlo simula-
ions, we investigate the change in the absorption band scat-
ering in diffuse back-reflectance spectra, the change in the

ean penetration depth, and its variation as a function of fiber
ngle. Our investigation addresses both inward and outward
bliquely oriented fiber arrangements.

We further compare an arrangement with a fixed fiber-to-
ber separation distance to a perpendicular-oriented arrange-
ent with varying fiber-to-fiber separation, thereby assessing
hether the effect of using an inward oblique arrangement

an be approximated to a decrease of fiber-to-fiber separation
istance in a perpendicular fiber arrangement.

ig. 1 Schematic diagram of an oblique illumination fiber concept
nd a multilayer phantom: �a� inward tilt; �b� outward tilt. Perpendicu-
arly and obliquely oriented fibers are drawn using solid and dashed
ines, respectively. 1—epoxy-based phantom layer; 2—spacer ring;
—Intralipid layer contained in the spacer ring; 4—cover glass;
—perpendicular-oriented fiber; and 6—obliquely oriented fiber.
ournal of Biomedical Optics 024026-
Experiments were performed with the setup described in
Fig. 2, and the results were compared with theoretical data
yielded by Monte Carlo simulations, as detailed in Sec. 4.2.

2 Experimental Design
2.1 Sample Preparation
To verify the concept of oblique fibers, a two-layer tissue-
mimicking phantom was constructed for use in the experi-
ments. The phantom consisted of a 5-cm-thick solid epoxy-
based scattering phantom layer underneath a volume of
Intralipid solution of controlled thickness. A 20% Intralipid
solution �Sigma� was diluted to a final concentration of 2%
w/v. The optical properties of Intralipid and the epoxy-based
phantom were obtained by measuring reflectance and trans-
mittance using a spectrometer with an integrating sphere and
applying the inverse adding-doubling �IAD� method to calcu-
late the absorption and scattering coefficients. The measure-
ment procedure and the IAD method have also been described
in the literature.23

The absorption properties of Intralipid are dominated by
water, for which the most intense spectral bands are located
around 1199 nm, 1439 nm, and 1932 nm. The absorption co-
efficient of Intralipid and the epoxy-based phantom are given
in Figs. 3�a� and 3�b�, respectively. The most prominent spec-
tral bands of the epoxy-based material can be seen around
1190 nm, 1140 nm, 1392 nm, 1432 nm, 1476 nm,
1546 nm, 1677 nm, 1697 nm, 1721 nm, and 1916 nm. The
strongest spectral features—those around 1190 nm, 1140 nm,
and 1721 nm—are used here as specific signatures of the
epoxy-based phantom.

The reduced scattering coefficients of the Intralipid solu-
tion and the epoxy-based phantom were on the order of
1 mm−1, respectively, showing a typical wavelength depen-
dency.

The two-layer phantom was assembled in the following
way. A 125-micrometer-thick metal ring was positioned on
the solid epoxy-based phantom and was filled with Intralipid
solution. A coverslip �22�22 mm, 130 to 160 �m thick,
Esco� was put on top of the metal ring to ensure that the
Intralipid layer was of a constant thickness. Optical contact

Fig. 2 Schematic diagram of the setup for measurements of diffuse
reflectance. 1—light source; 2—collimating lens; 3—long-pass filter;
4—fiber coupler with SMA connector: 5, 7—illumination and collec-
tion fibers, respectively; 6—two-layer phantom; 8—monochromator;
and 9—InGaAs photodetector array.
March/April 2009 � Vol. 14�2�2
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etween the illumination and the collection fibers was im-
roved by using a drop of carbo-fluoride-based immersion
uid �FC-40, n=1.29�, which is optically transparent in the
ear-infrared �NIR� spectral region, although it should be
oted that the use of immersion fluid does not eliminate re-
ectance at interfaces between the glass-Intralipid and
ntralipid-epoxy layer �Intralipid n=1.45, glass=1.5,
poxy=1.56�. Figure 1 shows a schematic diagram of the
ssembled two-layer phantom with the optical fibers.

.2 Experimental Setup
specialized unit for use in diffuse reflectance measurements

f tissue �see Fig. 1� consisted of a sample stage, above which
wo optical fibers were mounted at a controlled height and
enter-to-center separation distance via microadjustment
crews and a stepper motor. The fiber mounting unit setup was
apable of maintaining a specific angular orientation of both
ptical fibers. Optical fibers of 600-micrometer core diameter
ere used in the experiment �Avantes BV�. The center-to-

enter distance including the cladding was 820 �m.
All measurements with the oblique fiber unit were per-

ormed using an NIR spectrometer, which included a stabi-
ized halogen lamp source, a monochromator �SpectraPro-
50, Acton Research Corporation�, and a liquid nitrogen–
ooled InGaAs detector �OMA V:1024-2.2, Princeton
nstruments; see Fig. 2�. The diffraction grating of the spec-
rometer provided dispersion of 37.69 nm /mm, which covers
65 nm spectral range on the detector. A long-pass filter with
cutoff wavelength of 1000 nm was used in the illumination

ath to reject wavelengths below 1000 nm and to prevent
verlap of higher diffraction orders on the light detector.

.3 Data Acquisition and Processing
he optical spectra of the two-layer phantom were acquired
nd processed in the following way. First, the background
ignal was measured with no sample in place and no light
alling on the detector: the main components of the back-
round noise are thermal noise of the detector and thermal
adiation from the environment. A signal was recorded during
0 ms with 2000 accumulations. This was followed by ac-

ig. 3 Absorption coefficients of materials composing a two-layer pha
roperties of Intralipid are dominated by water, where the most intens
ost prominent spectral bands of the epoxy-based material can be
677 nm, 1697 nm, 1721 nm, and 1916 nm. The most strong spec
round 1721 nm are marked with arrows and will be used through th
ournal of Biomedical Optics 024026-
quiring the spectrum of the light source back-reflected from a
reflectance standard �Labsphere, certified reflectance
standard�.

Each acquired spectrum was subsequently corrected for the
spectrally dependent setup throughput using the previously
acquired spectrum of the light source. Wavelength calibration,
i.e., a spatial relation between the detector pixels and a par-
ticular wavelength, was made by measuring the first and the
second diffraction orders of HeNe laser and the diffuse back-
reflectance spectrum of polystyrene, which is typically used
for this purpose.24

3 Monte Carlo Design
All Monte Carlo simulations described here were performed
using an experimentally validated routine based on code de-
scribed in the literature,25 which was extended by including
the option of single oblique fiber orientation. To characterize
light penetration in the phantom, we derived the mean pen-
etration depth and the variation of mean penetration depth
�see Eqs. �1� and �2��.

The mean penetration depth of a photon is defined as

Z̄ =�
entry

exit

z · p�z�dz = �
i=0

n �
pi

pi+1

z · p�z�dz = �
i=0

n
zdpl

L
, �1�

where z is a level occupied by a photon along z, p�z� is a
probability of occupying a certain z level by a photon, L is the
total photon path, and dpl is the differential photon path-
length.

The variation of mean penetration depth for a single pho-
ton is given by

std�Z� = �Z2 − Z̄2�1/2. �2�

To avoid the typically long computation times of the current
Monte Carlo simulation program, the original high-resolution
spectra containing the optical properties of the epoxy-based
solid phantom and Intralipid were resampled at a lower fre-
quency. Namely, 40 data points for the whole spectral region

�a� epoxy-based layer; �b� 2% w/v Intralipid solution. The absorption
ral bands are located around 1199 nm, 1439 nm, and 1932 nm. The
ound 1190 nm, 1140 nm, 1392 nm, 1432 nm, 1476 nm, 1546 nm,
tures of the epoxy-based material around 1190 nm, 1140 nm, and
le as the specific signature of the epoxy-based phantom.
ntom:
e spect
seen ar
tral fea
is artic
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f approximately 700 nm were used as input. Consequently,
he very sharp spectral features of the epoxy-based phantom,
lthough visible in the simulated spectra, are less distinctive
han those featured in the original data sets �see Fig. 3�.

Results and Discussion
.1 Experimental Data
he aim of the first experiment was to demonstrate the depen-
ency of the diffuse back-reflectance spectra on the angle of
rientation of the illuminating fiber. In this experiment, the
hickness of the Intralipid film positioned above the solid
poxy-based phantom was equal to 125 �m. As mentioned
arlier, the optical properties, namely—the absorption
oefficient—of this two-layer phantom are layer dependent,
hich can be observed in the corresponding spectra �see
ig. 3�.

The expectation was that an increase in the angle would
esult in the probing of a more shallow volume and therefore
1� an increase in the overall reflectance, �2� an increase in the
ignal at the position of the highest absorption bands, and �3�
decrease in the contribution from the epoxy phantom.
As is revealed by the spectra �see Figs. 4�a�–4�d��, it is

ndeed the case that overall reflectance increases with increas-
ng angle. This is conclusive with the confinement of light to

ore superficial layers.
It is also shown that an increase in angle results in a de-

rease in water absorption, which can be observed as a de-
rease in absorption around 1200 nm and reduced saturation
f the detector around 1439 nm and 1920 nm.

Second, the increase in angle results in first increased and,
ater, decreased definition of the spectral features of the phan-
om around 1200 nm and 1700 nm �compare Figs. 4�b� and
�c� versus 4�d�, respectively�. This is because an increase in
he angle of the illumination fiber results in a decrease in
aturation of the detector caused by high absorption in the
poxy-based layer, thus revealing sharply the spectral features

ig. 4 Dependence of diffuse back-reflectance spectra of a two-layer
hantom on the inward tilt of the illumination fiber. The angle of the
llumination fiber was �a� 0 deg; �b� 20 deg; �c� 40 deg; and �d�
0 deg. The thickness of the Intralipid layer was 125 �m. All the spec-

ra were acquired as described in Sec. 2.3 and were later normalized
o unity. The spectral regions where the specific signature of the
poxy-based phantom is visible—namely, around 1190 nm,
140 nm, and 1721 nm—are marked with dotted lines and arrows.
ournal of Biomedical Optics 024026-
of the phantom. As the angle of the fiber increases further, the
detected light is confined to the superficial layer �i.e., In-
tralipid�, resulting in less pronounced absorption features of
the epoxy layer.

In a second investigation, the effect of varying the angle of
orientation of both fibers was compared with varying the ori-
entation of only the illumination fiber, again with a fixed
fiber-to-fiber separation distance of 820 �m and Intralipid
sample thickness of 125 �m. The obtained spectra can be
seen in Fig. 5. The expectation here was a more pronounced
effect than that obtained in the case of only a single obliquely
oriented fiber.

An important difference is observed when comparing
traces �b� and �c�, when either one �trace �b�� or both �trace
�c�� fibers are oriented at an angle of 20 deg. There is more
reflectance in the case when both fibers are oriented obliquely
and less saturation of the signal at the 1439 nm and 1920 nm
water band than in the case of the single obliquely oriented
fiber. Furthermore, the contribution of the epoxy phantom is
further decreased compared to the situation described by trace
�a�. This confirms our hypothesis that by obliquely orienting
two fibers simultaneously, even greater depth selectivity can
be achieved, i.e., the spectral features of more superficial lay-
ers can be measured in absence of �or with reduced interfer-
ence from� deeper layers. The results of this experiment indi-
cate the advantages of a dual obliquely oriented fiber
arrangement, as opposed to a singular obliquely oriented fiber,
such as described in Ref. 15.

In a third experiment, we compared an obliquely oriented
fiber pair, set at an angle of 25 deg outward, with a dual
perpendicular arrangement �see Fig. 1�b��. The aim was to
compare the effect of directing the light into the sample such
that the light cones did not overlap or deliberately confine
light to shallow layers. It was previously postulated that this
could result in a deeper overall penetration capability, with
better-defined spectral features of the deeper layers of the

Fig. 5 Comparison of the diffuse back-reflectance spectra of a two-
layer phantom acquired using �a� perpendicular-oriented fibers; �b�
20 deg inward tilt of the illumination fiber; and �c� 20 deg tilt of both
illumination and detection fibers. The thickness of the Intralipid layer
was 125 �m. All the spectra were acquired as described in Sec. 2.3
were later normalized to unity. The spectral regions where the specific
signature of the epoxy-based phantom is visible—namely, around
1190 nm, 1140 nm, and 1721 nm—are marked with dotted lines and
arrows.
March/April 2009 � Vol. 14�2�4
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ample due to the reduction of interference from the more
uperficial layers.15

In Fig. 6, the results of a perpendicular arrangement �trace
a�� can be seen plotted against the outwardly obliquely ori-
nted fiber pair �trace �b��. The significance of the result is in
he degree of selectivity in probing depth by only obliquely
rienting the fibers: in the case of the dual perpendicular ar-
angement, a more superficial layer is probed, which is ob-
erved as a dominant contribution of Intralipid with little con-
ribution of the epoxy phantom below. In the case of dual
utward orientation, a deeper layer, i.e., the epoxy phantom, is
robed �seen as an increase in the sharp, phantom-specific
pectral features around 1200 nm�. This effect is visible only
n spectral regions having a low absorption coefficient �e.g.,
round 1200 nm� because outside of these regions, the pho-
ons are already being absorbed in more superficial layers.
ote that the data was normalized to unity and shifted such

hat it could be displayed clearly and without overlapping.

.2 Monte Carlo Simulations

.2.1 Dependence of the mean penetration depth
and variation thereof on fiber angle

he results of the Monte Carlo simulations were used to cal-
ulate the mean penetration depth, the variation in the mean
enetration depth, and the number of scattering events of the
etected photons for the two-layer phantom, as a function of
ber angle and wavelength.

The resulting spectra and the corresponding estimated pa-
ameters are given in Table 1 and Figs. 7 and 8, respectively.
he data presented in Table 1 demonstrate the following

rends:
• As the inward tilt of an illumination fiber increases, the

aximal penetration depth, the mean penetration depth, and
he spread in the penetration decrease �see Table 1�.

• With an increase in the inward tilt of an illumination
ber, the distribution of the number of the scattering events of

ig. 6 Comparison of the diffuse back-reflectance spectra of a two-
ayer phantom acquired using �a� perpendicular-oriented fibers; and
b� 25 deg outward tilt of both illumination and detection fibers. The
hickness of the Intralipid layer was 125 �m. All the spectra were
cquired as described in Sec. 2.3 and normalized to unity. The graphs
re shifted along the y axis for clarity. The spectral regions where the
pecific signature of the epoxy-based phantom is visible—namely,
round 1190 nm, 1140 nm, and 1721 nm—are marked with dotted
ines and arrows.
ournal of Biomedical Optics 024026-
the detected photons is shifted toward lower values �see Fig.
8�.

• For a large fiber angle of 60 deg, the mean penetration
depth is restricted to the Intralipid layer, i.e., to 125 �m at

Table 1 Comparison of the mean penetration depths and the varia-
tion in the mean penetration depth �see Eqs. �1� and �2�� for the two-
layer tissue-mimicking phantom as obtained using Monte Carlo simu-
lations for different fiber angles and different wavelengths. Inward and
outward fiber tilt is noted as positive and negative angles, respectively.
The thickness of the Intralipid layer was constant and equal to
125 �m.

Angle �deg�

Mean penetration
depth
��m�

Variation in
penetration depth

��m�

1187 nm

0 533 340

20 374 308

40 317 275

60 191 219

−10 526 410

−25 540 386

−50 538 462

1459 nm

0 415 320

20 283 275

40 221 203

60 100 148

−10 428 347

−25 456 396

−50 432 386

1697 nm

0 422 283

20 302 259

40 268 212

60 145 148

−10 457 319

−25 456 323

−50 451 332

−10 520 398

−25 538 418

−50 577 493
March/April 2009 � Vol. 14�2�5
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459 nm, with minor penetration into the epoxy phantom at
187 nm and 1697 nm �see Table 1�.

• An increase in the inward angle of the illumination fiber
esults in a decrease in the variation of the penetration
epth—for example, for a 60 deg inward angle, we observed
n approximately twofold decrease in the variation of the pen-
tration depth when compared to an angle of 0 deg �see
able 1�.

Thus, the general results of these simulations support the
ssumption made earlier—namely, that by varying the angle
f orientation of a fiber, the depth to which a sample is probed
an be varied accordingly. Moreover, an increase in inward
ngle of an illumination fiber also results in a decrease in a
ariation of the penetration depth. The changes in light inter-
ction with the sample when using an obliquely oriented illu-
ination fiber are also characterized by a decreased number

f scattering events, as shown in Fig. 8.
The spectral data obtained using Monte Carlo simulations

see Fig. 7�, qualitatively support our experimental results
resented in Sec. 4.1 �see Fig. 4�. Namely, �1� as the fiber
ngle increases, the contributions of both water and epoxy
hantom in the spectrum decrease, �2� the total amount of
ight back-reflected from the sample increases, and �3� there is
o significant contribution of the epoxy phantom visible in the
pectrum at 60 deg fiber angle �see Figs. 4�d� and 7�d��,
hich manifests as a diminished epoxy-specific spectral sig-
ature at 1200 nm and its total absence at around 1700 nm.
n order to better distinguish the differences in contribution as
eparate components, a more rigorous analysis can be per-
ormed such as the chemometric techniques employed by
ham et al. and Berger et al.26,27

.2.2 Comparison of a variable-angle oblique
arrangement with a variable-distance
perpendicular arrangement

ur next step was to test whether the effect of using an in-
ard oblique arrangement could be approximated to a de-

rease in fiber-to-fiber separation distance in the case of a
erpendicular fiber arrangement. Our approach was to verify

ig. 7 Dependence of diffuse back-reflectance spectra of a two-layer
hantom on the inward tilt of the illumination fiber, which was �a�
deg; �b� 20 deg; �c� 40 deg; and �d� 60 deg. The spectra were ob-

ained using Monte Carlo simulation. The thickness of the Intralipid
ayer was 125 �m. The data were normalized to unity.
ournal of Biomedical Optics 024026-
that the spectral intensity for the obliquely oriented arrange-
ment could be matched to that of the perpendicular arrange-
ment. In particular, the aim was to determine the fiber-to-fiber
separation distance required in the perpendicular arrangement
for match in light intensity �outside strong absorption bands�
with a single obliquely oriented arrangement at a fixed fiber-
to-fiber separation distance.

For this purpose, we used Monte Carlo simulations to
simulate the spectral response of a single-layer Intralipid-
based phantom of 5 mm thickness. The calculations were per-
formed for a fiber diameter of 100 �m. The former was done
to simplify the shape of the spectral response and as a result
the interpretation thereof, while the latter decreased the spread
in the photon paths.

In the first case, the illumination fiber was positioned at a
fixed 500-�m distance with respect to the detection fiber, but
at varying angles of 10, 20, 30, 40, 50, and 60 deg. In the
second case, two perpendicular fibers were used at varying
distances.

Figure 9 shows an example of the spectrum: the intensity
obtained using an inward obliquely oriented arrangement at
an angle of 60 deg and fiber-to-fiber separation distance of
500 �m is matched �outside of strong absorption bands� to
the intensity obtained by using a perpendicular oriented ar-
rangement with a fiber-to-fiber separation distance of
200 �m.

For all other cases, the required fiber-to-fiber separation for
the perpendicular arrangement, which gives the same spectral
intensity as an obliquely oriented fiber arrangement at fixed
separation distance, is shown in Table 2. Note that the corre-

Fig. 8 The number of photon scattering events in the two-layer phan-
tom for �a� perpendicular-oriented fibers; and �b� 60 deg inward ori-
entation of the illumination fiber. The data were obtained by analyz-
ing the photon tracks resulting from the Monte Carlo simulation at
1459-nm wavelength. Note that unscattered photons result from re-
flectance at the interface between glass and immersion fluid
�see Fig. 1�.
March/April 2009 � Vol. 14�2�6
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pondence between an inward tilt of the fiber and the shift in
he separation distance between the perpendicular fibers is
alculated for the given scattering and absorption coefficient
f the sample as well as for the given refractive indices of the
ample and surrounding medium. Yet, in general, the required
ecrease in the fiber-to-fiber distance in the case of a perpen-
icular arrangement will follow a cosine law with respect to
he angle corresponding to the inward tilt, as supported by the
ata shown in Table 2.

The corresponding mean penetration depths at the wave-
engths outside as well as within the strong absorption band
1136-nm and 1459-nm wavelengths, respectively� are given
n Table 3.

The data presented in Fig. 9 and Table 2 confirm that in-
eed the effect of using an inward oblique arrangement can be
pproximated to a decrease in fiber-to-fiber separation dis-

ig. 9 Comparison of the diffuse back-reflectance spectra of a homo-
eneous Intralipid-based phantom obtained using �a� an obliquely ori-
nted arrangement at 60-deg inward tilt with 500-micrometer fiber-
o-fiber distance and �b� a perpendicular arrangement with
00-micrometer fiber-to-fiber distance. The spectra were obtained us-

ng Monte Carlo simulation. 100-micrometer-diameter fibers were
sed in this simulation. The data were normalized to unity.

Table 3 Comparison of the mean penetration d
the oblique arrangement at varying inward tilt an
fiber distance.

Mean penetr

Inward
tilt �deg�

Fiber-to-fiber
distance for

oblique
arrangement ��m� 1136 nm 14

60 500 265

50 500 285

40 500 291

30 500 338

20 500 365

10 500 367
ournal of Biomedical Optics 024026-
tance in the case of a perpendicular fiber arrangement. Note
that a significant reduction of fiber-to-fiber separation between
perpendicular fibers is required to achieve the same intensity
as yielded when using a single obliquely oriented arrange-
ment.

Furthermore, although this approximation is valid in the
regime of weak or no absorption ��a��s��, it does not hold
completely for the regions of high absorption. This observa-
tion is based on the data presented in Fig. 9 and Table 3.
Namely, as can be seen in Fig. 9, while outside the strong
absorption band there is an intensity match between the spec-
tra obtained using an obliquely and perpendicular oriented
fiber arrangement, no such match is observed at the position
of the strong absorption band, i.e., around 1440 nm. In par-
ticular, absorption was slightly higher for the case of the ob-
lique arrangement. This mismatch in the intensity was highest
for the largest angle of the inward tilt �in our case, 60 deg�
and decreased with decreasing inward tilt. Table 3 shows the

Table 2 Comparison of the fiber-to-fiber separation distances for the
oblique arrangement at varying inward tilt and the perpendicular ar-
rangement and varying fiber-to-fiber distance.

Inward tilt
�deg�

Fiber-to-fiber distance for
oblique arrangement

��m�

Fiber-to-fiber distance for
perpendicular arrangement

��m�

60 500 200

50 500 220

40 500 260

30 500 310

20 500 360

10 500 550

tside and within the strong absorption band for
perpendicular arrangement and varying fiber-to-

Mean penetration

Fiber-to-fiber
distance for

perpendicular
arrangement ��m� 1136 nm 1459 nm

200 262 88

220 283 89

260 308 93

310 321 97

360 351 103

550 334 110
epth ou
d the

ation

59 nm

109

109

112

115

116

112
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ean penetration depths for the obliquely and perpendicularly
riented cases calculated both outside and within the strong
bsorption—namely, at 1136 nm and 1459 nm. It can be seen
hat the effect of using an inward oblique arrangement can
ndeed be approximated to a decrease in fiber-to-fiber separa-
ion distance, in the case of a perpendicular fiber
rrangement—there is a good correspondence in mean pen-
tration depth between the oblique and the perpendicular ar-
angements at 1136 nm, i.e., outside the strong absorption
and. However, there is a mismatch between the calculated
ean penetration depths corresponding to the 1459-nm wave-

ength. The penetration depth is larger for the inward oriented
blique configuration when compared to that of the perpen-
icular arrangement. This difference is more pronounced at
arger angles, e.g., the corresponding difference is around 1%
or the 10 deg angle and reaches 20% for angles of 50 and
0 deg. This increase in penetration depth corresponds to an
ncrease in light absorption in the case of the oblique arrange-

ent, as shown in Fig. 9. This effect can be accounted for as
ollows. First, by launching light into the sample under an
blique angle, the virtual isotropic point source, to which the
eam can be approximated, is located closer to the surface. In
ther words, light is more confined to the superficial layers
see Ref. 2�. The larger the angle, the more confined the light
s to the surface of the sample. Therefore, to achieve an in-
ensity match between an obliquely and a perpendicularly ori-
nted arrangement, one needs to significantly decrease the
ber-to-fiber separation of the perpendicular-oriented fibers.

As a result, the larger fiber-to-fiber separation distance in
he case of the inward obliquely oriented arrangement yields a
onger average photon trajectory. This in turn increases the
robability of an absorption event, which results in stronger
ight absorption within the absorption band �see Fig. 9�.

Conclusions
o summarize, in this investigation, we demonstrated the ef-
ect of using obliquely positioned fibers on depth selectivity
n near-infrared diffuse reflectance spectroscopy. Our experi-

ental results combined with Monte Carlo simulations con-
rm that by using obliquely oriented fibers, significant im-
rovement of depth selectivity can be achieved. This supports
he benefit of using a dual obliquely oriented fiber configura-
ion for improved selectivity in measurements.

We also demonstrated that a symmetrical arrangement of
utwardly obliquely oriented fibers can yield light confine-
ent to a volume at some depth within the superficial layers.
his result is of particular importance if, for example, features
ithin the dermis are to be studied without significant influ-

nce from the uppermost skin layers. This has not, to our
wareness, been previously demonstrated in the literature.

Additionally, we have compared an obliquely oriented ar-
angement at a fixed fiber-to-fiber distance with a perpendicu-
arly oriented arrangement at varying fiber-to-fiber separation.
he results support a statement that the effect of using an

nward oblique arrangement can be approximated to a de-
rease in fiber-to-fiber separation distance in the case of a
erpendicular fiber arrangement outside strong absorption
ands.

These results assert the advantages of using obliquely ori-
nted fibers in near-infrared diffuse reflectance when attempt-
ournal of Biomedical Optics 024026-
ing to specifically address superficial tissue layers, for ex-
ample, at depths of up to 100 �m for skin cancer detection, or
selectively probing the deeper layers at 300 �m for noninva-
sive glucose monitoring. Such flexibility could be further ad-
vantageous in a range of minimally invasive or noninvasive
applications, including catheter-based interventions.
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