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Abstract. Traditional slit-based spectrometers have an inherent trade-off between spectral resolution and
throughput that can limit their performance when measuring diffuse sources such as light returned from highly
scattering biological tissue. Recently, multielement fiber bundles have been used to effectively measure diffuse
sources, e.g., in the field of spatially offset Raman spectroscopy, by remapping the source (or some region of the
source) into a slit shape for delivery to the spectrometer. Another approach is to change the nature of the instru-
ment by using a coded entrance aperture, which can increase throughput without sacrificing spectral resolution.
In this study, two spectrometers, one with a slit-based entrance aperture and the other with a coded aperture,
were used to measure Raman spectra of an analyte as a function of the optical properties of an overlying scat-
tering medium. Power-law fits reveal that the analyte signal is approximately proportional to the number of trans-
port mean free paths of the scattering medium raised to a power of −0.47 (coded aperture instrument) or −1.09
(slit-based instrument). These results demonstrate that the attenuation in signal intensity is more pronounced for
the slit-based instrument and highlight the scattering regimes where coded aperture instruments can provide an
advantage over traditional slit-based spectrometers. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0
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1 Introduction
Measuring analytes in biological tissue both noninvasively and
in vivo has become the focus of a growing body of research in
optical spectroscopy. For example, near-infrared, vibrational
Raman spectroscopy has been extensively used to diagnose
and monitor disease in a variety of tissues.1–4 Historically,
these measurements have been acquired with traditional, slit-
based spectrometers, which have an inherent trade-off between
spectral resolution and throughput (also known as étendue)—
larger slits yield greater throughput, but result in decreased
spectral resolution. Measuring diffuse sources, such as light
returned from highly scattering biological tissue, with high
spectral resolution, can therefore be challenging with slit-
based instruments.

The étendue, or flux gathering capability, of a spectrometer is
given by

G ≈ AΩ; (1)

where A is the area of the entrance window and Ω is the solid
angle subtended by the entrance pupil as seen from the entrance
window. For a slit-based spectrometer with a given optical
arrangement, the étendue can only be adjusted by changing
the size of the entrance slit—a larger slit will yield greater
étendue, but it will also negatively impact the spectral

resolution. Because Raman-scattered light returned from bio-
logical tissue is generally large in both spatial and angular extent
(i.e., A and Ω), the étendue of the returned light is often greater
than that provided by high-spectral resolution, slit-based
spectrometers.

One method that has been developed to measure diffuse
sources involves using a bundle with multiple optical fibers
to remap the spatial distribution of the source into a slit
shape for delivery to the spectrometer.5,6 Although this approach
has the same trade-off between spectral resolution and étendue
that is inherent in slit-based instruments, it is useful when the
spatial distribution of the source does not match the shape of
the entrance slit. Practically, by using a multielement fiber bun-
dle, the full height of a two-dimensional detector can be used,
which can provide superior sensitivity relative to conventional
slit-based detection. Multielement fiber bundles have also been
widely used to measure subsurface layers by taking advantage of
an offset between the illumination and collection regions on the
surface of the sample.7–13 This approach, known as spatially off-
set Raman spectroscopy (SORS), was developed to isolate
Raman signals from subsurface layers with the depth sensitivity
governed by the offset between illumination and collection
regions. Other techniques used to measure analytes beneath tur-
bid media include transmission Raman spectroscopy,14 surface-
enhanced SORS,15 and Kerr-gated Raman spectroscopy.16 A
thorough review of these technologies was recently completed
by Matousek and Stone.17 These studies have shown that multi-
element fiber bundles can effectively acquire Raman spectra of
diffuse sources, with only minor losses introduced by the fiber*Address all correspondence to: Adam Wax, E-mail: a.wax@duke.edu
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packing fraction and coupling losses to the individual elements
of the bundle.

Another approach that has been used to measure diffuse
sources involves placing coded apertures (e.g., multiple slits)
in the entrance and exit planes of the instrument.18 Unlike tradi-
tional slit-based detection, this approach can increase the
étendue of the spectrometer without sacrificing spectral resolu-
tion. Modern coded aperture spectrometers that utilize multi-
channel detectors require only one coded aperture and are
often referred to as static, multimodal, and multiplex spectrom-
eters.19 Over the past decade, new classes of aperture codes have
been studied;19,20 the approach has been extended to hyperspec-
tral imaging;21 the signal-to-noise ratio (SNR) properties of
coded aperture instruments have been examined;22 and coded
apertures have been coupled with Raman spectroscopy to mea-
sure ethanol concentrations in tissue phantoms.23 Generally
speaking, and as discussed in further detail below, coded aper-
ture instruments are best suited to applications where the
étendue of the source is larger than that of more traditional
detection schemes and where high spatial resolution is not
required.

Many applications of Raman spectroscopy involve measur-
ing concentrations of analytes beneath highly scattering turbid
media. In the subfield of biomedical Raman spectroscopy, these
include transcutaneous measurements of blood glucose levels,24

breast tumor tissue,25 bone,26 and the pharmacokinetics of vari-
ous topically applied drugs.27 Our laboratory is particularly
interested in validating pharmacokinetic models of topically
applied drugs used for prophylaxis against human immuno-
deficiency virus.28 Although the methods described above
can increase instrument étendue, collection efficiency, and/or
sensitivity to these targeted analytes, the obtained signal is
still attenuated by the presence of the overlying layer.
However, the rate of attenuation may be modified by the collec-
tion and detection method. In this study, we seek to characterize
how the measured Raman signal from an analyte is attenuated as
a function of the optical properties of an overlying scattering
medium. To capture the range of possible attenuation rates,
we used two instruments at the extremes of the range, a slit-
based spectrometer that is expected to have a large attenuation
rate because of the relatively small collection area and a coded
aperture instrument that is expected to have a lower attenuation
rate due to the significantly larger collection area. Results from
Intralipid scattering phantoms as well as samples of chicken
breast and porcine buccal tissue are presented and quantify
the attenuation in signal intensity versus increased scattering.
These results illustrate the range of attenuation rates than can
be expected for this application and is intended as an informative
guide for selecting the optimal instrument for a given sens-
ing task.

2 Methods and Results
Tissue-simulating Intralipid phantoms, chicken breast tissue,
and porcine buccal tissue were each used as turbid scattering
samples. The scattering layer was constructed by sandwiching
the Intralipid solution (Liposyn II, Hospira, Lake Forest,
Illinois) or tissue sample between two glass microscope slides,
which facilitated comparison of measurements acquired with
different instruments. For the Intralipid phantoms, the glass
slides were separated by a physical thickness of ∼500 μm,
and the concentration of Intralipid was varied between 0.2%
and 4.0% (N ¼ 7 Intralipid phantoms). A constant thickness

across all Intralipid samples was chosen to reduce experimental
error in phantom construction. The tissue samples were prepared
with a Stadie–Riggs tissue slicer (Thomas Scientific,
Swedesboro, New Jersey) and varied in thickness between
250 and 2250 μm (N ¼ 6 chicken breast tissue samples) and
250 and 750 μm (N ¼ 4 porcine buccal tissue samples). The
optical path length (i.e., physical thickness × refractive index)
of each sample was measured with an optical coherence tomog-
raphy (OCT) system (Spark DRC, Wasatch Photonics Inc.,
Durham, North Carolina). The refractive index of the
Intralipid or tissue sample was then used to convert each meas-
urement to physical length.29 Representative OCT images of an
Intralipid phantom and a sample of porcine buccal tissue are
shown in Fig. 1.

The scattering coefficients of the Intralipid phantoms and tis-
sue samples were determined by measuring the on-axis, narrow
solid-angle transmission of each sample. An optical power
meter (Model 1830-C with 818-ST, Newport Corp., Irvine,
California) was placed ∼40 cm from the sample holder and illu-
minated with a 785-nm diode laser (LDCU5, Power Technology
Inc., Alexander, Arkansas). An iris with a diameter of 5 mm was
placed before the power meter to block any low-angle, forward-
scattered light. The reduction in optical power was then mea-
sured after inserting each sample into the beam path. The
power drop from a sample without an Intralipid or biological
tissue scattering layer was also measured to account for attenu-
ation caused by the glass microscope slides. Because the optical
properties of Intralipid and biological tissue are dominated by
scattering rather than absorption in this wavelength range, scat-
tering coefficients were approximated as μs ¼ − lnðI∕I0Þ∕L,
where I and I0 are the optical powers measured at the detector
with and without the scattering sample, L is the thickness of the
sample, and ln is the natural logarithm.30 The empirically deter-
mined scattering coefficients of the Intralipid samples versus
their concentrations are presented in Fig. 2(a). Extrapolating
the data to a concentration of 10% Intralipid yields a scattering
coefficient of μs ¼ 190 cm−1, which is broadly consistent with
values reported in the literature.30–32

Two Raman spectrometers were used to study the scattering
samples described above: a nonconfocal, slit-based instrument
(LabRam ARAMIS, Horiba Jobin Yvon, Edison, New Jersey)
fitted with a 50× objective lens (LMPLFLN 50×, Olympus

(a)

(b)

Intralipid

tissue

Fig. 1 Representative, cross-sectional optical coherence tomography
images of (a) Intralipid and (b) porcine buccal tissue samples. The flat
reflectors near the top and bottom of each image are the interfaces
between the glass microscope slides and the scattering sample. The
scale bars represent a physical length of 250 μm.
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Corp., Center Valley, Pennsylvania) and a coded aperture instru-
ment (MFL-3000, Centice Corp., Morrisville, North Carolina).
The technical specifications of the instruments can be found in
Table 1. It should be noted that the instruments were configured
to approximately match their spectral resolutions and collection
numerical apertures (NAs). Differences in instrument perfor-
mance attributable to the difference in collection areas were
then quantified as discussed below.

A pure caffeine powder target (1750-μm thickness) was
placed beneath each scattering sample as depicted in
Fig. 2(b) and spectra were acquired for 10 s (slit-based instru-
ment) or 6 s (coded aperture instrument). The exposure times
were chosen to utilize the full dynamic range of each instru-
ment, and the focal plane was fixed at the surface of the caffeine
sample (slit-based instrument) or at an optical path depth (i.e.,
physical depth × refractive index) of 1.5 mm below the surface
of the scattering phantom (coded aperture instrument). Because
the Intralipid phantoms were each constructed with a physical
thickness of 500 μm, the focal plane of the slit-based instru-
ment was established with an optically clear 0% sample and
remained fixed in place for measurements of the other
Intralipid samples. For the tissue measurements, the instrument

was focused on the caffeine target in a region adjacent to the
edge of the tissue. This region was filled with optically clear
saline solution to approximately match the refractive index
of the tissue. After focusing the instrument, the sample was lat-
erally translated to the location where the optical path length
and scattering coefficient had been previously measured.

The measured spectra (five per sample per instrument) were
least-squares fit with a combination of pure spectra of the under-
lying components, as well as fifth-order polynomial, in order to
determine the spectral contribution of the underlying layer of
caffeine. Representative spectra acquired with both the slit-
based and coded aperture instruments are displayed in Fig. 3.
As shown in Fig. 3, interfering signal from the overlying
layer was primarily due to fluorescence from the glass micro-
scope slides. As a reminder, the glass slides were used to aid
in phantom construction and to facilitate coregistration of mea-
surements acquired with different instruments. Because this
interfering signal was not from caffeine or the overlying turbid
layer, the glass fluorescence was modeled and removed prior to
all subsequent analyses. The figure shows that the relative caf-
feine signal measured by the slit-based instrument through the
overlying 1%-Intralipid sample drops to ∼10% whereas the
coded aperture system retains ∼20% of the maximum signal.
It should also be noted that both instruments were operated
above their detection limits, which were defined as a spectral
SNR of unity. The SNR of each measurement was calculated as

SNR ¼ c · s∕
ffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 · σ2

p
; (2)

where c is the spectrum of pure caffeine, s is the spectral con-
tribution of the underlying layer of caffeine, and σ2 is the wave-
length-dependent variance of the measured spectrum. This
expression is equal to the caffeine fit coefficient divided by
the uncertainty in the coefficient provided that the model com-
ponents are orthogonal, and the measurement noise is Gaussian,
independent, and identically distributed.33 The SNRs varied
between 20 and 730 (slit-based instrument) and 230 and
1870 (coded aperture instrument).

The magnitude of the caffeine signal versus the number of
scattering mean free paths (MFPs ¼ μsL) of the overlying
Intralipid phantom is plotted in Fig. 4. The signal is plotted
on a relative scale, normalized by the signal strength of pure
caffeine with a 0% Intralipid overlying layer. The absolute signal
strength is not directly compared here because the specific
instrument parameters (e.g., illumination power and sensor inte-
gration time) are not related to the signal attenuation rates, i.e.,
these parameters may be varied to increase or decrease absolute
signal (or SNR) of either instrument, but not the attenuation rate.
Power-law relationships between the MFPs of each phantom
and the corresponding caffeine signal measured by each instru-
ment were established by linear least-squares fitting of the
logarithm-transformed data. Approximately 90% of the variance
in the caffeine signal is described by these fits (R2 ¼ 0.88 and
0.93 for the coded aperture and slit-based instruments,
respectively).

In order to compare measurements from the Intralipid and
tissue samples, scattering anisotropy must be taken into account.
The scattering anisotropy parameter g of a material is defined as
the average cosine of the scattering angle and varies between
zero and one for perfectly isotropic and perfectly forward direc-
tional scatterers, respectively. Samples with different scattering
anisotropies can be compared by calculating their reduced

0.2 0.5 1 2 4

5
10

50
100

caffeine
(1750 µm)

Intralipid/tissue
(250-2250 µm)

glass slide

glass coverslip

(a) (b)

percent Intralipid

µ
s

/ c
m

-1

Fig. 2 (a) Calculated scattering coefficients for the Intralipid scattering
phantoms (yellow circles) along with a linear least-squares fit to the
logarithm-transformed data (black line). Error bars are omitted
because they are smaller than the size of the markers.
(b) Measurement geometry and thicknesses of the scattering sample
(Intralipid/tissue) and caffeine powder target.

Table 1 Technical specifications of the slit-based and coded aper-
ture instruments. Notice that the coded aperture instrument provides a
larger collection area than the slit-based instrument (15.4 × 106 ver-
sus 52.0 μm2) while maintaining a similar spectral resolution and col-
lection numerical aperture (NA). This is because of the sharp
difference in étendue, which is nearly 6 orders of magnitude greater
for the coded aperture instrument.

Slit based Coded aperture

Illumination wavelength (nm) 785 785

Illumination power (mW) 10 85

Illumination area (μm2) 80 (circular) 8 × 106 (elliptical)

Working distance (mm) 10.6 1.5

Spectral resolution (cm−1) 10 7

Collection NA 0.5 0.45

Collection area (μm2) 52.0
(2 × 26)

15.4 × 106

(4400 × 3500)

Étendue (μm2 sr) 43.8 10.4 × 106
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scattering coefficients: μ 0
s ¼ μsð1 − gÞ. The number of transport

MFPs is then given by μ 0
sL. This approximation follows obser-

vations that anisotropic scatters behave like isotropic ones with
reduced values for their effective scattering coefficients.32 The
scattering anisotropy parameters used to calculate the transport
MFPs of each sample were 0.65 (Intralipid), 0.97 (chicken
breast tissue), and 0.88 (porcine buccal tissue).32,34,35

Similar to Fig. 4, the magnitudes of the caffeine signals mea-
sured through each overlying Intralipid phantom are presented
in Fig. 5(a). In this case, however, the data are plotted versus the
number of transport MFPs and presented on a log-log scale.
Like before, a linear least-squares fit was performed on the log-
arithm-transformed data. Because the transport MFPs of the
Intralipid phantoms are equal to their MFPs scaled by 0.35
(i.e., one minus the scattering anisotropy parameter g of
Intralipid), the coefficients of determination are identical to
those reported above (R2 ¼ 0.88 and 0.93 for the coded aperture
and slit-based instruments, respectively). The slopes of the fits to

the slit-based and coded aperture data were significantly differ-
ent (p < 0.001) as determined by an analysis of covari-
ance model.

The relationships between measured caffeine signal and the
corresponding optical properties of the overlying scattering
medium were initially established with Intralipid phantoms
because the optical properties of Intralipid are more spatially
homogeneous than those of biological tissue (e.g., as shown
qualitatively in Fig. 1). The fits relating measured caffeine signal
to the number of transport MFPs of the overlying Intralipid
phantom are compared with the data acquired from the tissue
samples in Fig. 5(b). Although the Intralipid and tissue data
show reasonable agreement, the variance in the tissue measure-
ments is not fully described by the relationships established with
Intralipid. As mentioned above, this may be partly because of
the fact that the optical properties of biological tissue are more
heterogeneous than those of Intralipid. In addition, the transport
MFPs of the samples were established with collimated

Raman shift / cm−1

R
am

an
 in

te
n

si
ty

 / 
a.

u
.

600 800 1000 1200 1400 1600 1800

0

0.5

1

1.5

Raman shift / cm−1

R
am

an
 in

te
n

si
ty

 / 
a.

u
.

600 800 1000 1200 1400 1600 1800

0

0.05

0.1

0.15

0.2

Raman shift / cm−1

R
am

an
 in

te
n

si
ty

 / 
a.

u
.

600 800 1000 1200 1400 1600 1800

0

0.5

1

1.5

2

2.5

3

3.5

4

Raman shift / cm−1

R
am

an
 in

te
n

si
ty

 / 
a.

u
.

600 800 1000 1200 1400 1600 1800

0

0.5

1

1.5

2

2.5

measured

fit

caffeine

glass

polynomial

residual

(a) (b)

(c) (d)

SNR = 730
SBR = 0.50

SNR = 1870
SBR = 0.14

SNR = 180
SBR = 0.26

SNR = 650
SBR = 0.05

Fig. 3 Representative Raman spectra acquired with the slit-based [(a) and (b)] and coded aperture [(c)
and (d)] instruments. The measured data were acquired with a 0% [(a) and (c)] or 1% [(b) and (d)]
Intralipid overlayer and are well fit by the pure spectral components as evidenced by the small amplitudes
of the fit residuals. The signal-to-noise ratio (SNR) and signal-to-background ratio (SBR) of each rep-
resentative measurement are also provided.
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transmission measurements that are most accurate in the ballistic
or single-scattering regime (i.e., samples with thicknesses cor-
responding to less than one MFP); therefore, the transport MFPs
of the thickest tissues may have been underestimated because of
the effects of multiple forward scattering.36,37 If the two thickest
samples are omitted (chicken breast samples with thicknesses of
1850 and 2250 μm, which each correspond to greater than 8
MFPs) and a linear least-squares fit is performed on the remain-
ing logarithm-transformed tissue data, strong relationships
between transport MFPs and relative caffeine signal are recov-
ered (R2 ¼ 0.95 and 0.84 for the coded aperture and slit-based
instruments, respectively). The least-squares fits to the truncated
tissue data are overlaid on the fits to the Intralipid data in Fig. 6.
The slopes of the tissue and Intralipid fits associated with each
instrument show reasonable agreement and are not significantly

different (p ¼ 0.15 for coded aperture data and p ¼ 0.26 for
slit-based data) as determined by an analysis of covari-
ance model.

3 Discussion
Although spontaneous Raman spectroscopy provides high
chemical specificity, measuring analyte concentrations with
this technique can be difficult because of the relatively small
Raman scattering cross section. Acquiring Raman spectra
from diffuse sources, such as light returned from highly scatter-
ing biological tissue, is even more challenging because the
étendue of the Raman-scattered light is often larger than that
afforded by traditional slit-based spectrometers. Coded aperture
instruments offer a solution to this problem by providing greater
étendue without sacrificing spectral resolution. Despite this ad-
vantage, it should be noted that some applications require more
traditional detection schemes. For example, confocal Raman
microscopy offers better spatial resolution and can be used
for optical depth-sectioning with lateral and axial resolutions
on the micron scale.38 Confocal detection, as well as more
recently developed techniques such as SORS, can also be
used to preferentially reject interfering signals (e.g., fluores-
cence or Raman scattering from analytes in the overlying layers)
that impart shot noise to the signal of interest.

In this study, two representative spectrometers, one with a
slit-based entrance aperture and the other with a coded entrance
aperture, were used to study the Raman signal from an analyte as
a function of the optical properties of an overlying scattering
medium. The results demonstrate that the attenuation in signal
intensity versus increased scattering in the overlying layer is
more pronounced for the slit-based instrument. As shown in
Fig. 5, even at relatively low concentrations of Intralipid (cor-
responding to 0.2 to 0.4 transport MFPs), the relative signal col-
lected by the coded aperture system was two to three times
greater than that collected by the slit-based instrument. After
one transport MFP, the signal measured by the slit-based instru-
ment drops to less than 1% while the coded aperture system

MFPs

re
la

ti
ve

 c
af

fe
in

e 
si

g
n

al

0 2 4 6 8 10

0

0.1

0.2

0.3

0.4

0.5
coded aperture instrument

slit−based instrument

MFPs −0.47

MFPs −1.09

Fig. 4 Relative caffeine signal versus the number of mean free paths
(MFPs) of the overlying Intralipid phantom. The solid lines are power-
law fits (along with 95% confidence intervals), and the error bars re-
present 95% confidence intervals for the mean of each measurement.

transport MFPs

re
la

ti
ve

 c
af

fe
in

e 
si

g
n

al

0.1 1 5
10

−3

10
−2

10
−1

10
0

transport MFPs

re
la

ti
ve

 c
af

fe
in

e 
si

g
n

al

0.1 1 5
10

−

10
−

10
−

10
0

coded aperture instrument

slit−based instrument

transport MFPs−0.47

transport MFPs−1.09

(a) (b)Intralipid tissue

Fig. 5 Relative caffeine signal versus transport MFPs for the
(a) Intralipid phantoms and (b) tissue samples. Data from both the
chicken breast (filled markers) and porcine buccal (open markers) tis-
sues are included in panel (b). The solid lines in panel (a) represent
linear least-squares fits (along with 95% confidence intervals) of the
logarithm-transformed Intralipid data. The Intralipid fits are plotted
again in panel (b) for comparison to the tissue data. Error bars re-
present 95% confidence intervals for the mean of each measurement.

transport MFPs

re
la

ti
ve

 c
af

fe
in

e 
si

g
n

al

0.1 1 5
10

−3

10
−2

10
−1

10
0

transport MFPs

re
la

ti
ve

 c
af

fe
in

e 
si

g
n

al

0.1 1 5
10

−3

10
−2

10
−1

10
0

(a) (b)

Intralipid fit
coded aperture tissue data slit−based tissue data

Intralipid fit

tissue fit tissue fit

coded aperture slit-based

Fig. 6 Comparison of the least-squares fits to the Intralipid data with
the corresponding fits to the truncated chicken breast (filled markers)
and porcine buccal (open markers) tissue data. The thick lines re-
present linear least-squares fits (thin lines are 95% confidence inter-
vals) of the logarithm-transformed data and error bars represent 95%
confidence intervals for the mean of each measurement. The differ-
ence in the slopes of the tissue and Intralipid fits associated with each
instrument is not statistically significant.

Journal of Biomedical Optics 117001-5 November 2014 • Vol. 19(11)

Maher et al.: Sensitivity of coded aperture Raman spectroscopy to analytes beneath turbid biological tissue. . .



retains ∼10% of the maximum signal and only gradually loses
further signal with increasing concentrations of Intralipid.
Power-law fits to the Intralipid data reveal that the measured
analyte signal is approximately proportional to the number
of transport MFPs of the scattering sample raised to a power
of −0.47 (coded aperture instrument) or −1.09 (slit-based
instrument).

The performance difference cited above is primarily due to the
larger collection area provided by the coded aperture instrument
(Table 1). It should be noted that the collection area of the slit-
based instrument could be increased by changing the magnifica-
tion between the sample plane and the entrance plane of the spec-
trometer and/or increasing the width of the slit. Although this
adjustment could reduce the observed difference in relative signal
attenuation, it would also negatively impact the collection NA
and/or the spectral resolution of the instrument because of the
inherent trade-offs between these properties. To be specific,
once the optical configuration and width of the entrance slit
are fixed, the étendue of the spectrometer,G ≈ AΩ, is completely
determined. While changing the magnification between the sam-
ple and entrance slit could increase the collection area A, if the
étendue is preserved, this change would be accompanied by a
concomitant decrease in the collection solid-angle Ω and there-
fore the collection NA [NA ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ð1 −Ω∕2πÞ2

p
]. In order to

provide a fair comparison, we chose to approximately match
the spectral resolutions and collection NAs of the instruments
and then quantify performance differences resulting from the dif-
ference in collection areas.

The instruments studied here were chosen to represent
extreme cases in order to sharply contrast the difference between
an instrument that collects a relatively small number of spatial
modes (slit-based) and one that collects many more modes
(coded aperture). Collection methods that utilize multielement
fiber bundles could potentially bridge the divide between
these two approaches. Although SORS is often implemented
with fiber bundles, it is a fundamentally different approach
that was developed to acquire spectra of subsurface analytes
with the depth of interest governed by the offset between illu-
mination and collection regions. In order to improve the sensi-
tivity of a SORS instrument, an annular ring of N offset
collection fibers centered about the delivery fiber can be
used. Assuming shot-noise-limited detection, this would offer
a

ffiffiffiffi
N

p
improvement in SNR compared with using a single offset

collection fiber. However, this approach would not modify the
manner in which the signal from a subsurface region is attenu-
ated because of an overlying layer.7 An alternative implemen-
tation is to use a fiber bundle to simultaneously collect
spectra at multiple spatial offsets. Various computational algo-
rithms can then be used to extract spectra of analytes present at
different depths.26

This study reports the generalizable relationship between rel-
ative analyte signal and the transport MFPs of an overlying scat-
tering medium. It should be noted, however, that the ability to
accurately quantify analyte concentrations or biochemical tissue
properties depends not upon absolute signal levels, but rather on
signal-to-background ratios (SBRs) and SNRs. Because these
metrics depend on the Raman scattering and fluorescence
cross sections of the sample constituents as well as specific
instrument parameters, it is not possible to provide universally
applicable, quantitative estimates of these ratios. The specific
SBR and SNR associated with our measurements of caffeine
through overlying Intralipid phantoms are provided in Fig. 7,

where the signal strength was quantified by calculating the spec-
tral contribution from caffeine. This figure shows that regardless
of which metric is used, the response of the coded aperture sys-
tem decays more slowly than that of the slit-based instrument
with increasing scattering in the overlying layer. Unlike these
metrics, the attenuation in relative signal intensity is more
broadly applicable because it specifies the performance of a
given detection modality for any analyte, regardless of varia-
tions in Raman scattering cross sections.

In summary, the results of this work establish the quantitative
relationships between the optical properties of an overlying scat-
tering medium and the analyte signal measured by two repre-
sentative spectrometers: one with a traditional slit-based
entrance aperture and the other with a coded entrance aperture.
Although the sensing capacity is dependent upon the specific
instrumentation (e.g., the étendue of the instrument as deter-
mined by the geometry of the entrance aperture and by the
upstream optics including the objective and tube lenses), the
results shown here qualitatively highlight how analyte signal
detection through scattering media depends on instrument
étendue. Broadly speaking, coded aperture instruments have
the greatest utility in applications where: (1) the étendue of
the source is larger than that of more traditional detection
schemes (e.g., slit based, confocal); (2) micron-level spatial res-
olution is not required; and (3) preferential rejection of interfer-
ing signals from overlying layers is not required (e.g., as
provided by confocal microscopy and SORS). These findings
should be informative to spectroscopists selecting instruments
for studies of analytes beneath turbid media.
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Fig. 7 (a) Relative SNR and (b) SBR associated with each measure-
ment of caffeine through an overlying Intralipid phantom. The SNR is
plotted on a relative scale, normalized by the SNR of pure caffeine
with a 0% Intralipid overlayer. Notice that the slit-based spectrometer
produced superior SBRs from the moderate depth selectively pro-
vided by the narrow entrance slit. The solid lines represent linear
least-squares fits (along with 95% confidence intervals) of the loga-
rithm-transformed data, and the error bars represent 95% confidence
intervals for the mean of each measurement.
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