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Abstract. Extending the wavelength range of spatial frequency domain imaging (SFDI) into the short-wave infra-
red (SWIR) has the potential to provide enhanced sensitivity to chromophores such as water and lipids that have
prominent absorption features in the SWIR region. Here, we present, for the first time, a method combining SFDI
with unstructured (zero spatial frequency) illumination to extract tissue absorption and scattering properties over
a wavelength range (850 to 1800 nm) largely unexplored by previous tissue optics techniques. To obtain images
over this wavelength range, we employ a SWIR camera in conjunction with an SFDI system. We use SFDI to
obtain in vivo tissue reduced scattering coefficients at the wavelengths from 850 to 1050 nm, and then use
unstructured wide-field illumination and an extrapolated power-law fit to this scattering spectrum to extract
the absorption spectrum from 850 to 1800 nm. Our proof-of-principle experiment in a rat burn model illustrates
that the combination of multispectral SWIR imaging, SFDI, and unstructured illumination can characterize in vivo
changes in skin optical properties over a greatly expanded wavelength range. In the rat burn experiment, these
changes (relative to normal, unburned skin) included increased absorption and increased scattering amplitude
and slope, consistent with changes that we previously reported in the near-infrared using SFDI. © The Authors.
Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires
full attribution of the original publication, including its DOI. [DOI: 10.1117/1.JB0.19.8.086011]
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1 Introduction

Over the past two decades, optical methods have been widely
employed to obtain information about the absorption and scat-
tering content of biological tissues.' Recently, spatial frequency
domain imaging (SFDI) has been developed to extract spatially
resolved tissue properties at multiple wavelengths from reflec-
tance measurements at multiple spatial frequencies.? SFDI stud-
ies have typically employed wavelengths in the near-infrared
(NIR) (650 to 1000 nm).

Expanding the wavelength range of SFDI to include the
short-wave infrared (SWIR) can potentially provide increased
sensitivity to water’ and lipids,** both of which have absorption
features throughout the SWIR that are more prominent than
those found in the NIR. Thus, SWIR imaging has the potential
to complement NIR imaging approaches.’

SWIR optical sensing of skin has previously been employed
to spectrally characterize porcine®’ and human®® skin proper-
ties. However, these measurements have largely been performed
on ex-vivo tissue samples using integrating sphere based tech-
niques.®”’

In this letter, we report on integration of SFDI methods,
which we have previously described elsewhere,'>! with planar
illumination and a SWIR camera capable of spectral imaging
from 850 to 1800 nm. This combination of SWIR instrumen-
tation and a hybrid SFDI procedure (using data from both
structured and uniform planar light) enables us to obtain tissue
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absorption and scattering spectra well into the SWIR wave-
length range.

2 Experimental Methods

The outline of this hybrid SFDI technique is as follows:
(1) SFDI data from 850 to 1050 nm is employed to extract
the tissue reduced scattering coefficient using a Monte Carlo
fitting method. (2) The reduced scattering coefficients are fit
with a power law to extrapolate the scattering spectrum at
SWIR wavelengths. (3) The reflectance data from unstructured
illumination and the extrapolated scattering spectrum are
employed to solve for the absorption spectrum over the entire
wavelength range. The hybrid SFDI method can extract tissue
optical properties over a greatly expanded wavelength range
(850 to 1800 nm) that has not been heavily explored by
SFDI or other tissue optics methods.

Here, for a proof-of-principle experiment, we employed this
hybrid SFDI procedure to characterize SWIR tissue optical
properties in an in vivo rat model of partial-thickness burns.
Following the controlled rat burn protocol, detailed in Nguyen
et al. [10], partial thickness burns were produced on the lateral
side of a shaved 500 g Sprague-Dawley rat using a brass burn
comb heated to 100°C. The comb was placed in contact with
the skin for 8 s, producing four deep partial thickness burn
areas, 1 X 2 cm? in size. Upon conclusion of the experiment, the
burn areas were resected and prepared for histological examina-
tion. This in vivo preclinical work was approved by the Animal
Care and Use Committee at University of California, Irvine
(#1999-2064).
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The imaging setup for the rat burn measurements is similar to
that employed previously,'® except with a SWIR camera for
detection. The sample was illuminated with multiple spatially
modulated patterns of broadband light from a tungsten halogen
lamp projected through a digital micromirror device (DMD,
Texas Instruments, Dallas, Texas).2 A Raytheon Vision Systems
minSWIR camera was employed to detect reflectance over 850
to 1800 nm. The camera contained an InGaAs detector array
and a SB373 CMOS readout, and the lens was attached to a
Perkin-Elmer (Waltham, Massachusetts) liquid crystal tunable
filter (#131928 LNIR 850 to 1800 nm, FWHM = 6 nm at
850 nm, FWHM = 32 nm at 1790 nm). The camera integration
time was set to 32 ms. Images were acquired preburn and ~2 h
postburn. At both time points, the data consisted of reflectance
images taken in 50 nm steps from 850 to 1800 nm, using three
spatial frequencies: 0, 0.05 mm~!, and 0.10 mm~'. A solution
of 2% Intralipid’ was used as a reference phantom.

3 Data Analysis Methods and Results

With the hybrid SFDI method, we can use both efficiently trans-
mitted unstructured light in the SWIR range and spatially modu-
lated wavelengths in the NIR to extract the absorption coefficient
(u,) and reduced scattering coefficient (u,) spectra over the entire
850 to 1800 nm range. First, spatially resolved maps of u, and p/
were obtained at the five shortest wavelengths (850, 900, 950,
1000, and 1050 nm) by fitting the spatial frequency-dependent
reflectance images pixel-by-pixel to a Monte Carlo model'® of
light transport. The extracted p] maps at the aforementioned
five wavelengths were fit with a power-law model: u;(1) =
A(A/4,)7f, where 1 is the wavelength of the light and 1, is a
“reference” wavelength (set here to 850 nm). This power law
is a well-known approximation for bulk tissue scattering'™'* and
has previously been shown (via comparison with integrating
sphere data) to be an accurate model for the scattering coefficient
of biological tissue over the 850- to 1800-nm wavelength range.>’
This procedure produced spatial maps of the reduced scattering
amplitude A and slope b.

Second, a power law was employed to extrapolate the
reduced scattering spectrum over the 1100 to 1800 nm
range.'> This method has been extensively employed in the
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Fig. 1 Reduced scattering spectra of rat tissue preburn (blue) and
postburn (red), with extrapolated (850 to 1800 nm) power-law reduced
scattering spectra (solid curves) plotted alongside reduced scattering
coefficient values obtained directly by pixel-by-pixel fitting (circles)
with a Monte Carlo model for the wavelengths from 850 to 1050 nm.
The error bars represent the standard deviation of the extrapolated
reduced scattering coefficient over the region of interest. The error
bars for the direct-fit scattering coefficient are not pictured, as they
are within the diameter of the circles.
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time/frequency domain for diffuse optical spectroscopy
“point-measurement” studies of breast and skin.'>!* Here, we
have extended the approach to SFDI. The mean u/ spectra
over aregion of interest were calculated for the rat tissue preburn
and postburn (Fig. 1). Over this region of interest, the
(mean = standard deviation) value of the reduced scattering
amplitude was calculated to be A = 1.33 +0.02 prior to the
burn and A = 1.55 £ 0.01 at ~2 h postburn, while the value
of the reduced scattering slope was calculated to be b = 0.61 +
0.02 prior to the burn and b = 0.68 + 0.01 at ~2 h postburn.
This result suggests that the scattering parameters A and b
have the potential to distinguish between burned and nonburned
tissues as we have seen in our NIR rat burn studies.'
Finally, the extrapolated u/ values were employed to extract
the u, maps from the unstructured illumination reflectance
images.'? The extracted scattering amplitude A and absorption
coefficient y, obtained by this hybrid SFDI method at 1350 nm
are shown in Fig. 2 for rat tissue preburn and ~2 h postburn.
We use 1350 nm as a representative example of an SWIR wave-
length at which water absorption is notably (~5X) greater
than at the 970 nm NIR absorption peak.'* The mean preburn
and postburn SWIR pu, spectra over the region of interest
denoted by the white box in Fig. 2 are shown in Fig. 3. As
Fig. 3 suggests, many of the detected SWIR wavelengths (espe-
cially those in the 1100 to 1600 nm range) have the potential to
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Fig. 2 (a) Digital color images (preburn and ~2 h postburn) of the
region of the rat that was contacted with the burn comb. (b) Map
of reduced scattering amplitude A (preburn and ~2 h postburn),
from extrapolated power-law fit to reduced scattering coefficient
obtained with SFDI from 850 to 1050 nm, over the region of the rat
that was contacted with the burn comb. (c) Map of absorption
coefficients at 1350 nm (preburn and ~2 h postburn), over the sub-
region denoted by the white box in the color images and scattering
amplitude maps, obtained by using the extrapolated reduced scatter-
ing coefficient and the unstructured illumination reflectance data R(f,)
at 1350 nm.
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Fig. 3 (a) Mean extracted absorption coefficients from 850 to
1050 nm for rat tissue preburn (blue) and ~2 h postburn (red) for
the region of interest shown in Fig. 2. (b) Same as (a) but for 1100
to 1300 nm. (c) Same as (a) and (b) but for 1350 to 1800 nm. For
all three panels, the error bars represent the standard deviation of
the absorption coefficient over the region of interest.

provide p, maps that may provide insight into tissue functional
status, such as changes in hydration/edema, as suggested by
Fig. 2. For instance, we report an absorption coefficient (attrib-
uted primarily to water in the SWIR regime) of normal rat tissue
that is 3.4x greater at 1200 nm [Fig. 3(b)] than at 1000 nm
[Fig. 3(a)] and 100x greater at 1450 nm [Fig. 3(c)] than at
1000 nm.

The multispectral SWIR data illustrate a mean postburn
increase of greater than 10% in u, over the 1150 to 1800 nm
range. This change is attributed to increased water fraction
caused by edema, as previously observed in partial-thickness
burns using SFDI in the NIR regime.'” The SWIR data also
show a postburn decrease in p, from 850 to 900 nm, a postburn
increase of 16% in the reduced scattering amplitude, and a post-
burn increase of 11% in the reduced scattering slope. Similar
burn-related trends in absorption and reduced scattering slope
were observed in Ref. 10, attributed to changes in hemoglobin
content and denaturation of collagen, respectively.

4 Discussion and Conclusions

This proof-of-principle experiment was constrained by several
factors. First, at many wavelengths greater than 1050 nm that are
associated with water absorption, the signal-to-noise ratio of the
collected reflectance at spatial frequencies greater than f, =0
was insufficient to determine optical properties by direct fit.
Second, the light engine, through which excitation from the
source must pass in order to obtain structured illumination, is
a source of significant transmission loss through the optical sys-
tem. Third, the integration of the SWIR camera with the SFDI
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system was not optimized to maximize SNR for the entire wave-
length range (due to proprietary software constraints related to
the Raytheon SWIR camera). Future work will involve refine-
ments to the light delivery and detection method over the entire
850 to 1800 nm range, to improve signal-to-noise and enhance
precision in the SWIR reflectance and tissue optical property
measurements.

In this study, we have combined an SFDI system with a
SWIR camera that detects light from 850 to 1800 nm. This
experiment serves as a proof of principle for two key concepts:
(1) integration of SFDI with unstructured illumination and (2)
use of this hybrid SFDI technique to measure tissue optical prop-
erties over an expanded wavelength range (850 to 1800 nm). As
a specific biological example, we used the hybrid SFDI method
to quantify in vivo burn related changes in the optical properties
of rat skin over this wide wavelength range, which is not typi-
cally employed in SFDI experiments. The SWIR range provides
two key advantages for enhanced tissue characterization: lower
u, relative to the NIR (enabling a ~20% increase in penetration
depth at some wavelengths, such as 1100 nm, as compared to a
typical penetration depth in the 650 to 1000 nm range®) and
increased sensitivity to absorption from water and lipids.'>®
These features of the SWIR regime also suggest potential for
quantitative, noninvasive, wide-field burn severity analysis,
which will be the topic of our future study.
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