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Portable (handheld) clinical device for quantitative spectroscopy
of skin, utilizing spatial frequency domain reflectance techniques

Rolf B. Saager,"? An N. Dang,' Samantha S. Huang,' Kristen M. Kelly,-?

and Anthony J. Durkin'

'Beckman Laser Institute and Medical Clinic, University of California, Irvine, 1002 Health Sciences Road East,
Irvine, California 92612, USA

2Department of Dermatology, University of California, Irvine, 118 Medical Surge I, Irvine,

California 92697, USA

(Received 25 April 2017; accepted 21 August 2017; published online 7 September 2017)

Spatial Frequency Domain Spectroscopy (SFDS) is a technique for quantifying in-vivo tissue optical
properties. SFDS employs structured light patterns that are projected onto tissues using a spatial light
modulator, such as a digital micromirror device. In combination with appropriate models of light prop-
agation, this technique can be used to quantify tissue optical properties (absorption, \,, and scattering,
us’, coefficients) and chromophore concentrations. Here we present a handheld implementation of an
SFDS device that employs line (one dimensional) imaging. This instrument can measure 1088 spatial
locations that span a 3 cm line as opposed to our original benchtop SFDS system that only collects a
single 1 mm diameter spot. This imager, however, retains the spectral resolution (~1 nm) and range
(450-1000 nm) of our original benchtop SFDS device. In the context of homogeneous turbid media,
we demonstrate that this new system matches the spectral response of our original system to within 1%
across a typical range of spatial frequencies (0-0.35 mm™"). With the new form factor, the device has
tremendously improved mobility and portability, allowing for greater ease of use in a clinical setting.
A smaller size also enables access to different tissue locations, which increases the flexibility of the
device. The design of this portable system not only enables SFDS to be used in clinical settings but
also enables visualization of properties of layered tissues such as skin. Published by AIP Publishing.

@ CrossMark
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[http://dx.doi.org/10.1063/1.5001075]

I. INTRODUCTION

Biological tissues, such as skin, contain a variety of phys-
iological properties that can be probed non-invasively by light.
Chemical constituents present in tissues, such as oxygenated
and deoxygenated hemoglobin, melanin, lipids, carotenoids,
and water, can absorb light at differential energies, produc-
ing a distinct spectral signature across both visible and near
infrared regimes. Light can also elastically scatter off of sub-
cellular (e.g., nuclei and mitochondria) and extra-cellular (e.g.,
collagen) structures, where the size and orientation of these
structures can influence the tortuous paths photons travel
through the tissue. Techniques based on models of light trans-
port in tissues have been developed to extract and isolate the
effects of tissue absorption and scattering and thereby quantify
functional parameters (hemoglobin concentrations, melanin
concentration, etc.)! and gain insight of the bulk structural
organization of the tissue,” respectively.

These techniques may be deployed in a variety of
reflectance based measurement geometries ranging from
fiber probe-based point spectroscopy to wide-field imag-
ing approaches, while also utilizing a number of illumi-
nation/detection schemes to exploit temporal and/or spatial
responses from light interactions with tissues.>® One of the
significant challenges in terms of these approaches is related
to the accurate interpretation of measurements obtained from
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the tissue that is highly structured and/or heterogeneous in
depth. This is of particular concern for skin, since melanin may
only be present in proximity to the epidermis, often within the
most superficial 100 ym of skin. For example, the melanin
associated with normal pigmented nevi has been reported to
lead to errors in measurement of oxygen saturation within the
dermis lying beneath these lesions. This is a consequence of
inadequate accounting for superficial melanin.” Similarly, in
normal skin, the average local tissue oxygen saturation has
been shown to trend inversely with the amount of melanin in
the skin as assessed across different skin colors (corresponding
to pigmentation differences spanning Fitzpatrick types I-V).
This indicates that the presence of melanin, if incompletely
accounted for, can directly influence the interpretation of spec-
tral signatures related to blood.'*!! Several methods have since
been proposed and developed to address this issue in skin.
Among these are multi-layer models to describe light transport
within structured tissues'>"'> and semi-empirical methods to
minimize cross talk between depth-specific chromophores. '

A. Benchtop spatial frequency domain spectroscopy
(SFDS) instrument

In order to solve some of these problems, our group has
developed a novel quantitative spectroscopic method using
a combination of projected structured patterns that illumi-
nate the tissue and enables exploitation of the differential
response in scattering and absorbing properties over a wave-
length range that spans visible and near infrared portions of

Published by AIP Publishing.
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the spectrum.!” This approach, which is referred to as Spatial
Frequency Domain Spectroscopy (SFDS), interrogates tissues
with a series of sinusoidal intensity patterns and detects the
remitted light over arange of 450-1050 nm with ~ 1 nm spectral
resolution.

A diagram of our benchtop SFDS instrument (also known
as spatially modulated quantitative spectroscopy, SMoQS)
showing its typical configuration used in several previous
in vivo investigations is illustrated in Fig. 1.17-%0

A 100 W Quartz-Tungsten-Halogen (QTH) light source
(Moritex, MHF-D100LR) is coupled to a digital micro-mirror
device—DMD (Alligator XGA DMD module, GFMesstech-
nik, Berlin, Germany) in order to project structured light
patterns with spatial frequencies from 0 to 0.3 mm™'. The pro-
jection field of view (FOV) for this system is 22 x 17 mm. The
distal end of a I mm core optical fiber (TechSpec, NA 0.39,
Thorlabs, Inc.) is imaged at the center of the projection field
of view (1:1 magnification). This defines the collection area of
interest, 1 mm, and is an example of what we refer to as point
spectroscopy. The light collected by this fiber is delivered to
a spectrometer (Oriel 77480) enabling measurements over the
range 450-1000 nm. Crossed 2-in. diameter wire-grid polariz-
ing filters are used to reject specular reflection from the surface
of the sample. The polarizer is inserted between the DMD and
projection optics, and the analyzer is located between the fiber
and collection optics.

SFDS can quantify the absorption and scattering prop-
erties in both visible and near-infrared regimes and we can
employ this to estimate the depth each wavelength interro-
gates in tissues.”!?> This allows SFDS to interpret every part
of the measured spectrum in terms of the volume of tissues
it interrogates. This is uniquely advantageous, as (1) skin is

1000 um Fiber

Spatial Light
Modulator (DMD)

Lamp

Spectrometer

tissue or phantom
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highly structured, consisting of epidermis (~100 pm) and der-
mis (~millimeters), and (2) the typical depth penetrance of
visible light is on the order of 100’s microns, while near-
infrared is on the order of millimeters. Based on this, we have
developed a semi-empirical method to estimate chromophore
concentrations in skin as a function of depth via a two-layer
model that leverages the differential depth penetrance between
visible and near infrared light.'® This model has been validated
in vivo in terms of its ability to estimate melanin concen-
tration and epidermal thickness across a wide range of skin
pigmentation (skin types I-VI on the Fitzpatrick scale).?’ We
have also validated the ability of SFDS to minimize the role
of melanin in terms of corrupting the estimation of under-
lying chromophores oxy- and deoxyhemoglobin, which are
associated with hemodynamics.'®

While the benchtop configuration illustrated in Fig. 1 has
been useful for the development and validation of quantitative
layered model approaches that can address the depth specific
structures in tissues such as skin, that device can acquire only
a single, 1 mm diameter spot at a time, enabling limited lat-
eral spatial resolution. Furthermore, the system is large, cum-
bersome, and difficult to transport (including misalignment).
For those reasons, in vivo data collection has been typically
relegated to the proof of principle studies rather than engag-
ing in more translational studies to address specific clinical
challenges, such as those that might enable early melanoma
screening. To that end, we present a new compact instrument
design that exploits the quantitative spectroscopic attributes
of previous SFDS in vivo studies however executes this tech-
nique through a portable, handheld imaging system that also
introduces spatial imaging capabilities along a single lateral
dimension.

Analyzer

Lens

FIG. 1. System diagram for benchtop SFDS instrument
used in previous experiments. Note that light is collected
only from a 1 mm diameter spot centered within the
illuminated 22 X 17 mm area.
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In this paper, we describe the design and fabrication of
this new instrument. The performance of this device will be
compared to that of the benchtop, point-spectroscopy system
in terms of (1) independently characterized tissue simulating
phantoms to validate the accuracy and fidelity of the SFDS
system and (2) an in vivo measurement of a benign pigmented
lesion to illustrate the application of this technique in a clinical
context.

Il. INSTRUMENT DEVELOPMENT
A. System design criteria

The primary emphasis on the design of this SFDS imag-
ing system is that it (1) is compact and easily portable and (2)
collects data along one spatial dimension (line imaging spec-
troscopy as opposed to single “point” spectroscopy), while (3)
maintains the spectral range and resolution of our the benchtop,
system (Fig. 1). These three objectives translate to a number
of specific design criteria when considering the selection of
hardware components and the device assembly.

As clinical space is often limited and distributed across a
number of examination rooms, our device is designed to pos-
sess a small footprint and be portable such that it can be easily
moved between adjacent clinical exam rooms. To that end, our
design considers compact components, such as commercial
micro-projectors, miniature, fixed slit imaging spectrographs,
coupled light-sources, and laptops to operate the device. These
components can then be either integrated into a handheld
imaging head or stored within a small cart.

Melanoma lesions are often spatially heterogeneous in
terms of the distribution of tumor cells within a suspect
pigmented area of tissues (and occasionally non-pigmented
regions, amelanotic melanoma). It is, therefore, highly desir-
able for a spectroscopic instrument design to be able to collect
spatially distributed data from a tissue region of interest in
order to assess the relative distribution and compositional vari-
ance from both the suspect lesion and adjacent tissue. To this
end, the design presented here employs a line imaging spec-
trometer that enables collection of data from a 30 mm line at
the opening of the nose cone (nose cones will be described in
Sec. I B 4).

Spectral resolution and range are also important for SFDS
as the technology was expressly developed as a method to
characterize the spectral properties (and chromophore con-
centrations) of in-vivo tissues. By spanning visible and near
infrared ranges with ~1 nm resolution, SFDS is capable
of quantifying both tissue scattering and absorption proper-
ties without any a priori assumptions of the chromophores
present in tissues. This enables documentation of characteris-
tic spectral features of normal tissues as well as identifying
potential alterations in spectral components due to disease
states.

B. Hardware description
1. Hlumination/projection unit

In order to provide broadband illumination for the device
described here, we have selected a 150 W Quartz Tungsten

Rev. Sci. Instrum. 88, 094302 (2017)

Halogen light source (Model 21DC, Techniquip, Pleasanton,
CA). While this unit is relatively large (18 x 20 x 10.5 cm),
it is designed to couple light into a fiber bundle or liquid light
guide. This unit is stored on a compact cart and a 2 m long
liquid light guide (77639, Newport, Irvine, CA) is employed
to deliver the broadband light to the handheld imaging
head.

An Optoma pico-projector (PK320, Optoma, Fremont,
CA) is employed for our compact projection unit as it uses a
digital mirco-mirror device (DMD), which has been the basis
of the majority of SFDS instruments.”-!7-23-26 It is an off-the-
shelf commercial “pocket projector” with physical dimensions
of 3 X 8 X 12 cm and a cost of ~$150-300. In contrast, our
benchtop system uses a research-grade DMD-based projection
unit (Alligator XGA DMD module, GFMesstechnik, Berlin,
Germany) with dimensions of 12 x 7 x 20 cm and a cost of
~$10-15 k.

As a commercial product intended for projecting com-
puter screens over large distances and fields of view, the
Optoma projector requires several modifications before it can
be used in a SFDS instrument. The projector uses red, blue,
and green (RGB) light-emitting diodes (LEDs), while SFDS,
for our skin investigations, requires broadband illumination
spanning 450-970 nm in order to enable quantification of
melanin, hemoglobin, and water fraction. In order to convert
the projector to employ broadband illumination, the red and
green LEDs were removed from the projector along with their
respective dichroic mirrors (Fig. 2). (The blue LED is cov-
ered/blocked, unused as part of the light source, but kept in
the system because it also serves as an electrical interlock that
enables the system firmware to operate.) A slot has been carved
out of the plastic housing through which we introduce a lig-
uid light guide for the broadband light source and secure it
into the position formerly occupied by the red LED. With this
modification to the optical light path, broadband illumination
is directed through the remaining optical components of the
projector.

The second modification to the projector addresses the
working distance and field of view of the projection optics
that are native to the Optoma. Our objective is to project sinu-
soidal intensity patterns over a ~40 mm field of view. This is
because the pigmented lesions that we are interested inimaging
typically range 5-30 mm in diameter.”’ Given that the instru-
ment is designed to be handheld, we also want to limit the
distance between the device and the tissue of interest. Insert-
ing a 100 mm focal length field lens at the distal end of the
projection lens system resulted in a 39 mm field of view and a
working distance of 65 mm.

2. Detection unit

A compact slit-imaging spectrometer (ImgSpec, BaySpec,
Inc., San Jose, CA) was chosen to provide spectral dispersion
of light collected from a line transecting the tissue region of
interest. The BaySpec device is a ruggedized unit with dimen-
sions of ~22 X 6 X 6 cm and weighs approximately 5 Ib. It
uses a transmission grating that covers a range of 400-1100 nm
and a large format (1 in.) CMOS sensor as the detector. With
an entrance slit of 14.2 mm X 30 um, the resulting spectral
resolution on the 2048 x 1088 pixel sensor is ~1 nm. Relative
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FIG. 2. Modification of the Optoma pico-projector. Left: Image (top) and schematic (bottom) of the optical path of the original projector. Right: Image and
schematic of the modified optical path. Here the red and green LEDS are removed. The blue LED also serves as a system interlock, so it was left in place but
blocked by black electrical tape. The dichroic mirror that combines the green and blue LEDs with the red LED was removed and a liquid light guide, delivering

broadband light, was inserted into the red LED light path.

to the spectrometer used in the benchtop (Fig. 1) system (Oriel
4770, Newport, Irvine, CA), this compact unit shares an equiv-
alent spectral range and resolution. The BaySpec spectrometer,
however, can resolve 1088 spatial locations simultaneously by
imaging the vertical dimension of the 14.2 mm tall slit, while
our benchtop system relies on an Oriel spectrometer that is
limited to data collection from a single 1 mm diameter spatial
location.

Integrating the line-imaging spectrometer into a hand-
held system with the modified projector also required custom
mounting components and minor modifications. To achieve a
target field of view (FOV) and working distance of ~30 mm
and 150 mm, respectively, via the 35 mm visible and near
infrared (Vis/NIR) fixed focal length C-mount lens (#67-716,
Edmund Optics) provided with the unit, a 1 mm brass spacer
was added to the C-mount thread to modify back focal plane
between entrance slit and lens system (Fig. 3).

3. Handheld imager assembly

This portable system was designed with two partic-
ular sub-components in mind: a handheld imaging head
and a small, mobile computer cart [not shown, dimensions:
45 cm (W) x 56 cm (L) x 76 cm (H)] to house the light.
There is a 2 m umbilical that connects all power, univer-
sal serial bus (USB) and optical cables between the cart and
imager.

Figure 3 depicts the handheld imager assembly. All optical
components are mounted to a single aluminum base plate (6.4
x 30 x 0.3 cm).

a: Spacer b: Polarizers

c: Webcam

Imaging Spectrograph Nose cone Projector
FIG. 3. Clinical imaging head: Top figure shows the imaging head schematic,
identifying the (a) brass spacer that modifies the field of view and focal length
of the standard 35 mm marco-lens, (b) locations of the crossed polarizers
to reject specular reflection, and (c) the endoscopic webcam that localizes
the relative positions of projector and slit imaging spectrograph, relative to
the tissue. Bottom image depicts the physical device, indicating the relative
placements of the imaging spectrograph to the projector and nose cone.
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The projector was designed with a single %4-20 mount-
ing thread at its base. Through this thread, the projector is
mounted directly to the aluminum base plate. This, how-
ever, only secures the projector to the base plate at a single
point. To prevent any rotational misalignment of the projec-
tor, the nose cone of this system (described in more detail
below) was designed to fit securely over the projection unit.
The nose cone is secured via 8-32 thread screws to the base
plate at four locations (2 in front and 2 behind the projec-
tor), thereby securing the projector in a fixed location and
orientation.

Angled mounting brackets were fabricated via 3D print-
ing with an 8° pitch. These brackets are secured by two 8-32
screws (each) to the base plate and the top of the brackets also
aligns with the four mounting 8-32 tapped mounts at the base
of the imaging spectrograph. Offset from the projector, these
mounting brackets allow the imaging spectrometer to collect
an image at a plane that is not only coincident with the projec-
tor’s image plane but centered in the projector’s field of view,
given the bracket’s height and angle.

4. Additional features

a. Rejection of specular reflection from tissue surface. Since
the tissue volume of interest lies in the superficial subsurface,
it is important to avoid collecting specular reflections from
the skin surface. To address this, a cross-polarizer configura-
tion is employed between the light output from the projector
and the collection lens of the imaging spectrograph. A wire
mesh polarizer is fixed to the distal end of the modified pro-
jection lens system, thereby only allowing linearly polarized
light to reach the tissue. Additionally, a crossed polarizer was
fixed to the front of the 35 mm lens system of the imaging
spectrograph, rotated 90° relative to the polarizer on the illu-
mination/projection unit. Figure 3 illustrates the placement of
these polarizers.

b. Nose cone. A plastic enclosure was designed and fab-
ricated that covers the light-paths from the projector to the
tissue of interest and from that tissue to the imager. The cone
is open at the end which is placed in contact with the skin
during the imaging process. The nose cone was designed
in SolidWorks 3D CAD 2015 (SOLIDWORKS, Waltham,
MA) as a single piece and fabricated from Polylactic Acid
(PLA) via 3D printing (FabWorks, University of California,
Irvine).

This component serves several purposes to assist in the
robust acquisition of SFDS data. One consequence of the com-
pact design of the handheld imager is that both projection and
imager optics have relatively short working distances. This
results in a narrow depth of focus. As this is a co-planar imag-
ing system, the positioning of the subject within the focal
volume of both projector and imager is critical. By presenting
a physical contact and a fixed distance, this nose cone ensures
that the subject is within ~+1 mm of the focus of both the
projector and imager. By maintaining tissues within this tight
range of the ideal imaging plane, estimated errors due to defo-
cus will contribute less than 2% of the determined absorption
and scattering values.

Rev. Sci. Instrum. 88, 094302 (2017)

Physical contact with tissues also minimizes any potential
motion artifacts. It has been shown that motion is a big factor
in introducing errors into spatial frequency domain imaging
techniques. If left uncompensated, subject’s movements will
result in a large variance of the measured optical properties.”®
By keeping contact between the imager and tissue, the nose
cone helps minimize motion artifacts to produce accurate opti-
cal properties, even when data acquisition times exceed the
desired target acquisition time of <10 s.

Lastly, the nose cone helps block stray light. This allows
us to acquire images in the presence of ambient room light,
which is typically difficult to control in clinical exam rooms.
The black material, from which the nose cone is fabricated,
helps reduce the propagation of internally reflected stray light
within the imaging head.

c. Webcam. Since the spectroscopy system only acquires
image data along a single line, it is difficult to accurately
visualize and identify where the line image data are being
collected from the tissue. In order to assist the user with accu-
rate positioning of the device with respect to a tissue region of
interest, a simple video graphics array (VGA) webcam (2 m
USB waterproof endoscope, VicTsing), stripped of its com-
mercial housing, was placed next to the projection optics of
this device (Fig. 3). Matching the working distance of the pro-
jection optics, this webcam can provide a 3-color 2D image of
tissues across the entire fields of view of both the projector and
spectral imager. With both the projector and spectral imager
having a fixed, co-planar field of view, the webcam can over-
lay the location of where the imager collects the spectral data
in relation to the region of tissues illuminated by the projec-
tor. At the start of every acquisition, this webcam image (with
the software overlay of the spectral imager data collection) is
automatically saved through our LabVIEW acquisition code,
providing a documented reference of the spatial location from
which imaging data were collected.

C. Software
1. Software control of the projector

Using a commercially available consumer grade projector
limits the ability to directly control the full functionality of
the DMD within the projector via software. Thus, we employ
the projector as a second monitor to project a sequence of
spatial frequency dependent patterns in the video mode. While
any number of programming languages can generate codes to
automatically project images through a second monitor (C#,
Matlab, LabVIEW, etc.), these will be limited by the embedded
firmware of the projector itself.

The first limitation of this approach is that consumer grade
projectors are encoded to project color images at a typical
frame rate of 30 Hz. For these LED driven projectors, the
DMD produces 8-bit patterns at 90 Hz (3 LEDs are sequen-
tially projected to form RGB images at a combined 30 Hz rate).
Since we have replaced the LEDs with a steady state broadband
light source, we have illumination at a rate of 90 Hz, but it will
run asynchronously from our line imaging spectrometer. This
limits the acquisition speed of this system to ~100 ms/pattern
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to ensure that any artifacts resulting from a partial projection
frame (<11 ms) are eliminated.

Additionally, video projections do not display images lin-
early across the dynamic range of the DMD. Monitors and
projectors are tailored to the nonlinear response of human per-
ception and hence convolve any input image with a gamma
function, before projecting it.° In this case, if a purely sinu-
soidal intensity image were to be used as an input to the pro-
jector, the intensity distribution projected onto tissues would
no longer be sinusoidal. We have characterized the intensity
throughput function (gamma correction) for this specific pro-
jector by measuring the intensity of a series of grayscale planar
images reflected from a known reflectance standard (SRT-99-
100, Labsphere, North Sutton, NH) and used this to precon-
dition every spatial frequency image used, ensuring that the
resulting intensity pattern projected onto tissues will represent
a pure sinusoid (Fig. 4).

2. System initialization and data acquisition

A graphical user interface (GUI) was developed using
LabVIEW (National Instruments, Austin, TX) to manage the
initialization of the individual components in the imager as
well as to execute the image acquisition sequence. The GUI
allows the user to specify the number and range of spatial fre-
quencies to be used in the acquisition sequence. The program
will then generate a sequence of gamma compensated images
(Sec. I C 1) that covers the specified range of spatial fre-
quencies in evenly spaced increments. Following the demod-
ulation procedure that we have previously described,’ three
images are generated at even phase intervals [0°, 120°, 240°]
at each spatial frequency that is employed. This enables the
spatial frequency specific reflectance response to be demod-
ulated at every pixel location. Once the imager has been
positioned over the tissue region of interest, an auto-exposure
routine is executed to determine the optimal integration time
for the spectrograph while avoiding saturation of any pixels
in the sensor. This auto-exposure feature requires <1 s to

run.

Rev. Sci. Instrum. 88, 094302 (2017)

When the acquisition sequence is initiated, the projector
DMD is illuminated by the light source. Configured as a second
monitor, the Optoma unit projects the modulated illumination
in a window that fills the entire field of view of the projector.
The imaging spectrograph then acquires data within the prede-
fined integration time. Once the image acquisition is complete,
the data are saved to a disk in an uncompressed format (TIFF)
and the next image is sent to the projector. This sequence is
repeated until all patterns are projected and spectral images
are acquired.

Once data acquisition from the tissue region of interest
is completed for any given subject, a reference calibration
measurement is then acquired.” Here, the imager acquires
spectral image data from a polydimethylsiloxane tissue simu-
lating phantom with stable and rigorously characterized optical
properties. We have described the fabrication of these phan-
toms in detail previously.’*3! This step is performed using
the same measurement parameters as the tissue measurement,
thereby calibrating the tissue data at each spatial frequency
directly.”

lll. SYSTEM EVALUATION

In order to validate the performance of this imaging sys-
tem, we first compare its performance to that of our benchtop
point-spectroscopy SFDS system for the same homogeneous
tissue simulating phantom.>° The objective of this assessment
is to demonstrate that the system presented here performs com-
parably to our reference system, independent of any depth
sensitivity differences due to slight changes in measurement
geometry.

In order to demonstrate both the spatial resolution and
in vivo utility of the line imaging configuration, an exam-
ple pigmented lesion was imaged in vivo. Though clinically
benign, this example demonstrates that this imager is capable
to measuring a wide range of spatially resolved optical prop-
erties, while maintaining sufficient dynamic range along both
spatial and spectral dimensions. Additionally, because skin is
a layered tissue, this comparison also indicates whether the

FIG. 4. Correcting for native gamma function in projec-
tor. (a) Input intensity pattern image sent to projector
(pre-conditioned for gamma function) and (b) output pat-
tern from projector (now sinusoidal in intensity across the
lateral dimension). Bottom figures show the respective
lateral (line-out) intensity functions.
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measurement geometry of this new imager will be biased
toward more superficial or deeper volumes of tissues, relative
to the benchtop system.

A. Comparison using homogeneous tissue phantom

For this investigation, we used a homogeneous tissue sim-
ulating phantom that uses nigrosin as the absorbing agent and
titanium oxide as the scattering agent.>* Because nigrosin has
strong absorption in the visible wavelength range but rolls off
in the near infrared portion of the spectrum, this enables us
to cover the broad range of absorption values anticipated in
skin in a single sample. The system was set to use the same
spatial frequencies (0, 0.05, 0.1, 0.15, 0.2 mm‘l) and phases
(0, 120, 240). All data were processed the same way. Figure 5
shows the calibrated reflectance at all five spatial frequencies
measured by both systems. Differences in calibrated demod-
ulated reflectance between the two instruments were within
1% agreement. This resulted in differences of the absorp-
tion coefficient of <5%, on average. The difference between
the calculated reduced scattering coefficient was <2%. The
largest spectral differences were observed in 450-500 nm and
950-1000 nm wavelength bands. These differences also lie
in spectral regions where the quantum efficiency is the lowest
for the sensors used in these instruments, resulting in relatively
low levels of light detected. Since the 450-500 nm region held
more than a 10% disparity in absorption between systems,
we have opted to only consider data acquired at wavelengths
longer than 500 nm.

B. In vivo measurement

In vivo measurements of a clinically benign pigmented
lesion were collected by both systems under an Institutional
Review Board (IRB) approved protocol (UCI HS #2008-
6307). Figure 6 illustrates data acquired from each.
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FIG. 5. Calibrated reflectance spectra from a nigrosin tissue simulating phan-
tom at five spatial frequencies. The blue spectra are measured at 0 mm™ ! spatial
frequency (i.e., planar illumination) and the magenta spectra are measured at
0.2 mm~!. Dotted lines are the mean spectra from the handheld imager; solid
lines are from the benchtop system.

The benchtop system collected data from the center of the
pigmented lesion and from normal skin adjacent to the right
of the lesion. The handheld imager collected data from the
same lesion (same orientation) transecting the lesion. It is also
worth noting that, as the benchtop system performs a point-
wise data collection, it can optimize the exposure time based
on the reflectance at a single spatial location, while the line-
imager limits the exposure time to the highest reflectance in the
entire field of view. For this particular pigmented lesion, the
benchtop system recorded the pigmented portion at an expo-
sure time ~3x longer than that set for the normal adjacent
skin. Also, these were serial measurements (co-registration
accuracy ~1 mm) thus the sampling volumes are not the same
(benchtop integrates over a 1 mm spot vs the handheld imager
has a spatial resolution of ~300 um). Figure 6 shows that the
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+«+ Lesion (Benchtop)
=—=Normal (Handheld)
++=» Normal (Benchtop)

FIG. 6. In vivo measurement of a
benign pigmented lesion. Left: Color
image of lesion where the green line
indicates where the handheld imager
acquired the spatially resolved spectra.
Red and blue solid lines represent the
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800 00
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=== Normal (Benchtop)
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scattering (bottom right) spectra mea-
sured by the handheld imager. The error
bars indicate the spatial variance mea-
sured of the ellipses indicated on the left
color image. Cyan and magenta spectra
are the optical properties measured by
the benchtop system at a single loca-
tion from the center of the lesion and
adjacent normal skin, respectively.
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two instruments show strong agreement between each other
in terms of both absorption and reduced scattering spectra,
in spite of differences in the available dynamic range and
precision of co-registration.

IV. DISCUSSION

We have designed and evaluated a handheld SFDS system
utilizing commercially available consumer grade components.
This novel, clinic-friendly imager enables in vivo study of
skin. Our testing and validation have demonstrated that this
instrument performs similarly to our benchtop system. It can
project any number of spatial frequencies ranging between 0
and 0.5 mm™~!, with a spectral resolution of ~1 nm. The cali-
brated reflectance from known tissue simulating phantoms is
within ~1% compared to that obtained for the same sample,
measured using the benchtop system. This indicates that the
calibrated spectral responses are very similar. The agreement
between systems in the context of measuring both normal skin
and a benign pigmented lesion suggests that the measurement
geometry of both systems enables similar tissue interrogation
volumes.

The 1D (one dimensional), line imaging system presented
here has a number of advantages over the benchtop system.
Among these advantages are superior portability and that it
can simultaneously resolve spectral information using 1088
pixels along a line. In addition, the handheld system is based
on relatively inexpensive components and the hardware for this
was less than half the cost of the benchtop system hardware.
The in vivo example demonstrates that the line-imager has
sufficient dynamic range to measure both lightly and more
heavily pigmented tissues simultaneously.

This new instrument is not without limitations. The most
notable limitations are the size of the imager and the acquisi-
tion time. As our initial design criterion required 1 nm spectral
resolution over a spectral range of 400-1000 nm, it is not
the projector, webcam, nor the source that is a limiting fac-
tor of the imager size. The critical component is the means to
provide spectrally resolved measurements over the range and
resolution that we have specified. In the context of Vis/NIR
1 nm spectral imagers, there are limited options available. The
BaySpec hyperspectral imager was the smallest unit available
for purchase at the time that this fabrication was carried out.
Smaller devices that we looked at during the design phase
would have been an unsatisfactory compromise in terms of loss
of wavelength coverage and resolution. This imager is limited
in light throughput due to the 30 um slit of the compact line
imaging spectrograph. This results in total acquisition times
on the order of 15-30 s when five spatial frequencies are used.
This light throughput issue could be mitigated by replacing
the entrance slit of spectrograph with a wider slit, trading off
spectral resolution for light throughput. Once a deeper under-
standing of the spectral resolution requirements informed by
the spectral variance and sensitivity of the initial study of pig-
mented lesions is determined, a wider replacement slit may
be considered in order to leverage light throughput (acqui-
sition speed) over spectral resolution. Alternatively, other
more compact, hyperspectral imaging technologies may be
considered (hyperspectral imagers manufactured by IMEC,
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Spectral Devices, Inc., etc.) should a broadening of spectral
resolution and/or reduction of spectral range bare no sig-
nificant consequence to the robust characterization of tissue
properties in skin imaging.

Additionally, we have elected to acquire spectral
responses from tissues at five spatial frequencies and utilize
the standard three-phase demodulation method. This results in
the acquisition of the remitted signal from 15 sequential illu-
mination patterns. Alternatively, there are methods that could
reduce total acquisition time by limiting the number of pat-
terns projected. Single snapshot spatial frequency techniques
simultaneously extract the spatial frequency and the unstruc-
tured (e.g., DC) component of the remitted light from a single
projection pattern.” In this case, a single pattern can produce
reflectance spectra at two spatial frequencies: 0 mm~! and the
spatial frequency at which the illumination is projected. Multi-
frequency synthesis approaches utilize square-wave patterns
for illumination instead of sinusoidal patterns.* The square
wave illumination is modeled as a superposition of multiple
sinusoidal spatial frequencies and hence allowing for more
than two spatial frequencies to be extracted from a single pat-
tern. While both approaches have the potential to significantly
reduce acquisition time, extracting multiple spatial frequen-
cies from a single pattern comes at the price of the reduced
dynamic range and signal to noise ratio.

While the acquisition time may not be ideal, the total
imaging session only requires less than 5 min of patient time
and the physical contact of the imager’s nose cone suffi-
ciently manages any motion artifacts during the acquisition
sequence. This handheld SFDS imager has the potential, never
the less, to provide substantial insight into the visible and near
infrared optical properties of a wide variety of dermatological
pathologies without significantly impeding the clinical work
flow.

V. CONCLUSION

Translating benchtop systems into clinical settings
involves careful design considerations. Clinical settings typi-
cally involve limited space, time, and control of environment
(including illumination). Under these constraints, we have
developed a translational, research-grade SFDS device that
can measure skin optical properties that compare favorably
with those measured using our original SFDS instrument. The
new instrument is compact, easy to use, and enables relatively
rapid data collection from in-vivo skin. The instrument will
enable investigational skin studies that are quantitative, depth
specific, and spatially resolved in one dimension. This is a
critical foundation to gain a better understanding of the struc-
ture and function of the mesoscopic qualities of pigmented
skin lesions including melanoma, in terms of optical sources
of contrast.
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