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ABSTRACT OF THE DISSERTATION

Accounting for Motion Artifact and Optical Property Changes
in Laser Speckle Imaging

By
Ben Srun Lertsakdadet
Doctor of Philosophy in Biomedical Engineering
University of California, Irvine, 2019

Professor Bernard Choi, Chair

Quantitative characterization of blood flow is important to assess acute
physiological health and hemodynamic effects of clinical interventions. A critical need
exists for a robust device designed to assess blood flow in biomedical applications. Laser
Speckle Imaging (LSI) is a wide-field non-invasive optical technique that enables superficial
blood flow quantification. A few potential clinical applications of LSI include assessing
blood flow during burn patient triaging, quantifying tissue perfusion in a neonatal intensive
care unit, and real-time blood flow mapping during surgery. The blood flow information
that LSI provides can be helpful for bedside care. However, since LSI systems are highly
sensitive to motion, most LSI studies are typically performed using mounted systems.
Widespread use of LSI in the clinic has not occurred, in part, due to the bulky form factor
and lack of mobility of these systems.

Our proposed solution to address the limitations of these mounted systems is a
handheld LSI device. Handheld LSI would provide clinicians with objective blood flow
measurements in a convenient form factor. However, motion artifact during handheld data

acquisition can lead to unreliable and inaccurate blood flow values. Attempts have been
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made to account for motion artifact noise, but they lack an approach to align (co-register)
images. Co-registration is a necessary step prior to the common practice of image
averaging to improve the signal-to-noise ratio in producing blood flow maps. Our approach
to address both motion artifact and image co-registration for handheld LSI was adding a
fiducial marker (FM) into our imaging protocol.

We developed a portable, handheld LSI device and a protocol that integrated a FM
into the imaging workflow. We automated the processes of sorting frames based on
motion artifact and co-registering misaligned images. We compared the performance of the
mounted and handheld setups using in vitro flow phantom experiments as a proof-of-
concept study. We then demonstrated translation of our imaging protocol into an ongoing
in vivo study with a porcine burn wound model.

We attempted to further reduce motion artifact by making additional modifications
to the handheld LSI device. The modified LSI device was also validated with in vitro flow
phantom experiments and in vivo imaging of vessels within a dorsal skinfold window
chamber model.

In addition to the concerns of motion artifacts for clinical imaging, optical property
changes in dynamic wounds or developing tissues may cause inaccuracies in the measured
blood flow. We addressed this issue by combining LSI and Spatial Frequency Domain
Imaging (SFDI), a non-contact imaging modality used to quantify tissue optical properties,
to obtain corrected blood flow values. We then showed the potential errors in blood flow
values when optical properties are not properly accounted for in the dynamic wounds of a

porcine burn wound model.
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Collectively, these works demonstrate our attempts at providing a viable alternative
for clinical blood flow imaging with our handheld LSI device and imaging protocol and

accounting for motion artifact and optical property changes in LSI.
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INTRODUCTION

Normal functional intestine is necessary to provide nutrients, electrolytes, and fluid
requirements. In neonates, receiving an adequate amount of these supplies is even more
important in order to not only sustain, but also propagate growth and development.
Insufficiencies in absorbing and transporting these compounds can lead to malnutrition,
which can cause neurodevelopmental complications and other developmental issues. This
state of inability to absorb enough nutrients to sustain and propagate growth is known as
intestinal failure (IF)1.

In the case of intestinal failure (IF), there is a reduction in functional intestinal mass,
which leads to a lack of intestinal nutrition’.In a study of 272 preterm infants followed for a
period of 27 months, 73 patients died (27% mortality rate), which demonstrates the
severity of IF2. The cause of death in majority of the cases (n=58) was multiorgan system
failure; emphasizing the importance of the intestine to absorb and transport nutrients to
the rest of the body for metabolic processes?. IF leads to malnutrition which is the cause for
other neurodevelopmental, wound healing, and health complications. Other intestinal
conditions include gastrointestinal infection, gastroschisis, atresia, aganglionosis, volvulus,
and necrotizing enterocolitis (NEC), all of which are associated to abnormal blood flow to
the intestine and can lead to IF12, Since adequate blood flow to all living tissue within the
body is essential for oxygen transport and sustaining metabolic demands3, developmental
issues or injuries that lead to inadequate adequate blood supply, or ischemia, can lead to
infection and necrosis3. Therefore, proper quantification of blood flow is important for

assessing physiological health and hemodynamics associated with clinical symptoms.



Current methods of assessment used at Children’s Hospital of Orange County
(CHOC) include the physician checking the abdomen for redness, tautness, and
inflammation in appearance. These are all potential signs of infection of the intestine.
Physical examination of the abdomen may also reveal tenderness in the subcutaneous
layer, edema, induration, or peritonitis, which further indicate that the issue lies deeper.
Unfortunately, the only way to positively identify that a specific part of the intestine is
ischemic is during surgery when the bowels are fully exposed. Even at this point in
assessment, distinguishing healthy from ischemic tissue is purely subjective.

There is currently no objective way to thoroughly assess the progression of IF in
neonates, and clinicians are forced to rely upon physical observations. This is partially due
to neonates being a vastly understudied patient population; therefore, there is a shortage in
neonate specific treatment for many health conditions*. With the lack of an objective
method for diagnosing IF, physicians are at a disadvantage for treating this complex
condition. Thus, a critical need exists for a robust device designed to quantify blood flow in
a wide range of biomedical applications. We propose Laser Speckle Imaging (LSI) as the
imaging modality to fulfill this need.

LSI is a wide-field non-invasive optical technique that enables superficial blood flow
quantification5-7. It requires a camera (CCD) with a lens for imaging, a diffuse laser source,
and a computer for processing the data (Fig. 0.1). In LSI, a speckle contrast value, K, is

computed through the following relationship:
K="/ (Eq.0.1)
where o is the standard deviation of the intensity values of the pixels within a sliding

window, and <I> is the mean intensity of the same window.



D

Lens

— Solid Phantom

Figure 0.1: Example of Laser Speckle Imaging (LSI) set-up.

In a static sample, the speckle pattern is preserved and results in bright and dark
spots as a result of constructive and destructive interference of coherent light as it interacts
with the sample (Fig. 0.2a). When motion/movement occurs, a blurring of the speckle

pattern is observed (Fig. 0.2b).



(b)

Figure 0.2: Speckle pattern of a stationary vs moving tissue phantom. (a) A raw image of a tissue
phantom showing the preservation of the speckle pattern when the phantom remains stationary. (b) The
speckle pattern is blurred when the phantom is moved.

LSI was first discussed in a publication by Fercher and Briers who used it for flow
visualization in single exposure photography8. Boas and Dunn® discussed the theoretical
background behind LSI that was previously published by Briers and Webster> where K is a
function of exposure time, T, and is related to the autocovariance of the intensity

fluctuation in a single speckle, C¢(t), by:®

2(T 2 (T
= S (1) E.02

If speckle correlation time is defined as:®
T = [2 ly(®)2dt (Eq.0.3)
where y(t) the normalized autocorrelation function of the reflected laser light. Assuming a

Gaussian velocity distribution for ordered flow, K becomes:

17, 1, T 1,
K=t Zerf(n'2 D)) (Eq. 0.4)

2T
to achieve maximum sensitivity of K, T is chosen to be comparable to t.. We then use the

following relationship to equate K to speckle flow index (SFI):

1
2K2T

SFI = (Eq. 0.5)



which has been shown to correlate linearly with flow speeds ranging from 2 to 20mm/s
when T is 1ms and 0 to 5mm/s when T is 10ms?0. Figure 0.3 shows the processing method
from a set of RAW images to the Speckle Contrast map, and finally, to the Speckle Flow

Index map, which is proportional to 1 /K2

K=<7>
———

Figure 0.3: Processing method of converting a raw image to a speckle contrast (K) image to a speckle
flow index (SFI) image.

In a research setting, some applications of LSI include measuring blood flow in the
animal brain during externally stimulated conditions 11, measuring blood flow in a window
chamber as a response to therapies 12-14, and measuring blood flow in varying severities of
induced burn wounds 1516, In a clinical setting, LSI can also provide assistance in assessing
medical conditions such as peripheral vascular disease 17, diabetes 18, and burn wounds at
the bedside through measured blood flow 1°. In addition, LSI is capable of providing real-
time blood flow mapping during surgery20-23, However, since LSI systems are highly
sensitive to motion, most LSI studies are typically performed using mounted systems.
Widespread use of LSI in the clinic has not occurred, in part, due to the bulky form factor
and lack of mobility of these systems.

Can we create an alternative form factor of a LSI device that will address the current

limitations of mounted systems? How do we account for motion artifact (Chapter 1)?

Our proposed solution to address the limitations of these mounted systems is a

handheld LSI device. Handheld LSI would provide clinicians with objective blood flow



measurements in a convenient form factor. However, motion artifact during handheld data
acquisition can lead to unreliable and inaccurate blood flow values. Attempts have been
made to account for motion artifact noise, but they lack an approach to align (co-register)
images. Co-registration is a necessary step prior to the common practice of image
averaging to improve the signal-to-noise ratio in producing blood flow maps. Our approach
to address both motion artifact and image co-registration for handheld LSI was adding a
fiducial marker (FM) into our imaging protocol.

We previously developed a portable, handheld LSI device, but the field of view
(FOV) was only 25mm x 18.7mm, the system used a 650nm laser pointer, and motion
artifact was not quantifiable24. We made significant changes to the handheld LSI device
which included machining custom components to allow the handheld LSI device to be
easily mounted to a tripod, switching to a near infrared laser (809nm) and adding a long
pass filter for data acquisition with room lights turned on, and increasing the FOV to 90mm
x 67.5mm. We changed our imaging workflow by placing a FM into the FOV of our handheld
LSI device. The FM played two roles in addressing motion artifact.

First, by determining the K value of the FM, Krum, with a mounted system, we can
determine the amount of motion artifact by quantifying the reduction of Kem in each frame.
This allowed us to sort the images within each data set and identify useable frames by
determining a cut-off or threshold value for Krm. Second, we were able to use the FM within
each image to co-register useable frames even if they were translationally shifted. We
automated the processes of sorting frames based on motion artifact and co-registering

misaligned images.



We compared the performance of the mounted and handheld setups using in vitro
flow phantom experiments as a proof-of-concept study. The results from these experiments
showed that handheld LSI, once we accounted for motion artifact, is comparable to
mounted LSI. We then demonstrated translation of our imaging protocol into an ongoing in
vivo study with a porcine burn wound model. We imaged superficial and full thickness burn
wounds and quantified the blood flow within the burn region. Without using the FM to
account for motion artifact, handheld LSI device was not able to distinguish the difference
between a superficial and full thickness burn wound. However, when the FM was utilized,
handheld LSI data was comparable to mounted LSI data and we were able to distinguish
the difference between superficial and full thickness burns. Although the results of this
study showed the viability of the a handheld LSI device, we wanted to further reduce
motion artifact.

If we incorporate a handheld gimbal stabilizer (HGS), can we further reduce motion artifact

utilizing our handheld LSI device paired with our FM imaging protocol (Chapter 2)?

We attempted to further reduce motion artifact by incorporating a HGS to the
handheld LSI device. HGS are commonly used in photography and videography to reduce
shakiness and vibrations associated with handholding a camera. Adding a HGS to a LSI
device, which we called the Motion Stabilized LSI (msLSI) device, is a novel concept that we
wanted to test. Recently, another group published on the “stabilized” use of handheld LSI
device to quantify retinal blood flow, but their stabilized condition was actually referring to
a mounted condition in which the device was attached to a table?>.

In addition to the HGS, we increased the FOV to 140mm x 105mm, which would be

desirable for measuring larger samples in a clinical setting. We compared the handheld use



of our msLSI device with and without the HGS using in vitro flow phantom experiments.
The msLSI device showed improved K compared to handheld LSI without the HGS at all
flow speeds. The mean number of images above the threshold Krm value was also
significantly greater when using the msLSI device.

To test a more extreme case, we reduced the FOV of the msLSI device to 20mm x
15mm to image the vasculature in a dorsal skinfold window chamber model. For these in
vivo experiments, we also developed an image processing workflow that automated the
identification of the window chamber, sorted images based on the mean K of the tissue
within the window chamber (Kwc) , and aligned all images using the window chamber. In
doing so, the tissue within the window chamber acted as the FM for these experiments.
Using the msLSI device resulted in a greater number of images above a threshold Kwc value
compared to handheld LSI without the HGS. We wanted to compare the signal-to-
background ratio (SBR) of the average SFI images that resulted from the msLSI and
handheld without HGS data sets. The signal was determined from the SFI value from the
vessels and the background was determined from the SFI value from the background
tissue. Less motion artifact is associated with higher SBR, and msLSI data resulted in higher
SBR compared to handheld without HGS. We were able to show that by pairing a HGS with
handheld LSI, we could further reduce motion artifact in handheld LSI data acquisition.

In addition to motion artifact concerns for LSI imaging, optical property changes in
dynamic wounds can also lead to inaccuracies in measured blood flow. This is an issue for

currently commercialized, mounted LSI devices as well.



How will optical property changes in dynamic wounds affect the measured blood flow by an

LSI device (Chapter 3)?

LSI has been utilized for measuring blood flow in burn wounds for assessing burn
severity. However, burn wounds are highly dynamic wounds making them an ideal model
for comparing the effects of optical property changes on actual blood flow. The American
Burn Association approximates 450,000 burn injuries occur in the United States annually?®.
Current clinical protocol for assessing these burn wounds are based on visual observations
by an experienced surgeon, which can be subjective?’-29. The dynamic nature of burn
wounds within the first 48-72 hours makes them extremely difficult to diagnose
accurately30. However, early and accurate assessment of burn wounds is vital for
determining the path of treatment and outcome of the wound?31-33,

Although studies have shown that blood perfusion is an adequate method for
assessing burn wounds, they do not take into account the structural changes that occur. A
non-contact imaging modality capable of quantifying these structural changes is Spatial
Frequency Domain Imaging (SFDI). SFDI is an imaging technique that provides optical
properties of tissue (reduced scattering coefficient, us’, and absorption coefficient, pa)
along with oxy- and deoxy-hemoglobin information34-3°. SFDI utilizes a spatial light
modulator, such as a digital micromirror (DMD) or liquid crystal on silicone (LCOS) device,
to project light with spatially varying patterns3>. The reflected light captured by the CCD
camera can be interrogated to determine the optical properties by processing individual
pixels using a photon propagation model3>. The spatially projected light takes on the

form:3540

Iy = 5;0 [1+ Mycos(mfx+x)] (Eq. 0.6)



where Sy is the illumination source intensity, Mo is the modulation depth, fx is the spatial
frequency, and a is the spatial phase. The reflected light takes on the form:3540

Loyr = Myc(x) cosrfix+x) + Ipe (Eq.0.7)
where Mac(x) is the envelope function that modifies the reflected photon density wave. The
Mac(x) is a product of the source intensity and the modulation transfer function (MTF) of
the sample (Rq) and imaging system (MTFsystem):3°

Myc(x) = 1o - MTFsystem(xi) "Ra(x;) (Eq. 0.8)
A reference/calibration measurement is taken using a tissue phantom with known optical
properties and allows us to recover the diffuse reflectance. A Monte Carlo light-transport
model is then used in conjunction with a lookup table to determine optical properties at
each pixel3549,

We hypothesized that by utilizing SFDI to determine optical property of the burn
wounds, we can improve the accuracy of the perfusion information measured by LSI. We
attempted to quantify the error in LSI measured perfusion units when (1) the dynamic
optical properties are determined and used to correct perfusion units (2) the pre-burn
optical properties are used to correct perfusion units and (3) commonly assumed optical
properties are used to correct perfusion units. In addition, we attempted to use LSI to
correlate perfusion measurements immediately post-debridement with successful vs failed
outcome of varying burn severity and debridement depths.

We showed that the errors associated with assuming optical properties or using the
optical properties from a single time point can lead to a high error in measured blood flow

to the actual characterized diffusion (Dg) value associated with the imaged tissue.
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Collectively, these works demonstrate our attempts at providing a viable alternative
for clinical blood flow imaging with our handheld LSI device and imaging protocol and the
importance of properly accounting for motion artifact and optical property changes in LSI.
With these considerations, a msLSI device may be suitable for clinical use to assist

physicians in assessing patients in the neonatal intensive care unit (NICU) and burn unit.
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CHAPTER 1: Correcting for motion artifact in handheld laser speckle
images
This work was originally published in Journal of Biomedical Optics.

1.1 Abstract

Laser Speckle Imaging (LSI) is a wide-field optical technique that enables superficial
blood flow quantification. LSI is normally performed in a mounted configuration to
decrease the likelihood of motion artifact. However, mounted LSI systems are cumbersome
and difficult to transport quickly in a clinical setting for which portability is essential in
providing bedside patient care. To address this issue, we created a handheld LSI device
using scientific grade components. To account for motion artifact of the LSI device used in a
handheld setup, we incorporated a fiducial marker (FM) into our imaging protocol and
determined the difference between highest and lowest speckle contrast value for the FM
within each data set (Kpest and Kworst). The difference between Kpest and Kworst in mounted
and handheld setup was 8% and 52%, respectively, thereby reinforcing the need for
motion artifact quantification. When using a threshold FM speckle contrast value (Krm) to
identify a subset of images with an acceptable level of motion artifact, mounted and
handheld LSI measurements of speckle contrast of a flow region (Kr.ow) in an in vitro flow
phantom experiments differed by 8%. Without use of the FM, mounted and handheld Krrow
values differed by 20%. To further validate our handheld LSI device, we compared
mounted and handheld data from an in vivo porcine burn model of superficial and full
thickness burns. The speckle contrast within the burn region (Kgurn) of the mounted and
handheld LSI data differed by <4% when accounting for motion artifact using the FM,

which is less than the speckle contrast difference between superficial and full thickness
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burns. Collectively, our results suggest the potential of handheld LSI with a FM as a suitable
alternative to mounted LSI, especially in challenging clinical settings with space limitations
such as the intensive care unit.

1.2 Introduction

Laser Speckle Imaging (LSI) is a wide-field optical technique that enables superficial
blood flow quantification. Pre-clinical applications of LSI include blood flow monitoring in
rodent skin!2-1441 and in porcine burn models?>. Potential clinical applications include
blood flow monitoring in patients undergoing treatment of port-wine stains?! and breast
tissue perfusion during radiation therapy#2. A coherent light source (laser) is used to
illuminate a tissue region of interest. LSI devices typically use a two-dimensional sensor
array (camera) to capture the interference pattern detected at the imaging sensor plane.
The resulting fluctuations in the pattern can be quantified to provide maps of relative blood
flow.

Blood-flow information can be helpful in a clinical setting for bedside care. However,
since the speckle pattern is sensitive to motion, LSI systems are conventionally designed as
mounted, or immobile, often mounted on a tripod or a cart with articulating arm (PeriCam
PSI System, Perimed AB, Jarfalla, Sweden). Hence, widespread use of LSI in the clinic has
not occurred due to the bulky form factor and lack of mobility of the system.

Our proposed solution to address the limitations of these mounted systems is a
handheld LSI device. Handheld LSI would provide clinicians with objective blood flow
measurements in a convenient form factor. However, using an LSI device in a handheld
setup introduces problems due to motion artifact from the user end, which leads to

unreliable and inaccurate data observed as variable speckle contrast (K) values. Attempts
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have been made to account for motion artifact noise. Farraro et al** found that if a
particular number of images is acquired per data set, the coefficient of variation in speckle
contrast can be reduced below 5%. Omarjee et al*3 used adhesive opaque surfaces (AOS)
for signal identification during post processing of collected LSI data. The AOS was used to
denoise LSI data collected to measure cutaneous blood flow.

Although these methods attempt to account for motion artifact, they both lack
incorporation of an approach to align (co-register) images. Co-registration is a necessary
step prior to the common practice of image averaging to improve the signal-to-noise ratio
in LSI flow maps. Our approach to address both motion artifact and image realignment for
handheld LSI is incorporation of a fiducial marker (FM) into our imaging protocol. We
hypothesize that by using a FM, we are able to collect LSI data using a handheld device that
approximates the performance of a mounted/fixed LSI system.

The FM should fulfill the following criteria: 1) it must have a reproducible measured
speckle contrast value that can be accurately characterized in a mounted setup; 2) as in
Omarjee et al*3, the FM must have sufficient thickness and optical scattering to ensure that
the K of the FM (Krm) is independent of the underlying tissue; and 3) it must have
sufficiently different optical properties from the surrounding tissue regions to facilitate
unambiguous identification of the FM during image realignment.

Here we demonstrate that with integration of a FM into the imaging protocol
executed with a handheld LSI device, we can improve the accuracy of K values towards
those measured with a gold-standard mounted setup. We compare the performance of the

mounted and handheld setups using in vitro flow phantom experiments as a proof-of-
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concept study. We then demonstrated translation of our imaging protocol into an ongoing

in vivo study with a porcine burn wound model.
1.3 Materials and Methods

1.3.1 Handheld Laser Speckle Imaging Device

The handheld laser speckle imaging (LSI) device (Fig. 1.1) used in all of the
experiments consisted of an 8-bit, 1.32 megapixel CCD camera (CMLN-13S2M-CS, FLIR
Integrated Imaging Solutions, Inc., Richmond, BC, Canada) acquiring 640 x 480 pixel frames
at 15Hz as the imaging sensor. An imaging field of view (FOV) of approximately 90mm x
67.5mm (4:3 ratio) at an imaging distance of 300mm was obtained using a C-mount lens
(Computar C-Mount 13-130mm Varifocal Lens, Computar). Imaging parameters were
selected to achieve ~3 pixels per speckle, thus satisfying the Nyquist sampling criterion0.
The data were collected and processed on a tablet computer (Microsoft Surface Pro 2,
Microsoft Inc.) using a custom-written GUI in MATLAB (The Mathworks, Natick MA).

The coherent light source was an 809nm near-infrared laser diode (140mW, Ondax
Inc., Monrovia, CA) positioned at a slightly oblique angle to assist with alignment. A 300mm
ruler was used to check the distance from the LSI device and the sample being measured. If
the device were too close during data acquisition, the irradiated region would shift towards
the upper left quadrant in the FOV; if the device were too far, the irradiated region would
shift towards the lower left quadrant. Data acquisition was initiated only after the
irradiation region was in the approximate center of the FOV. The exposure time used for

each image was 5ms, based on the findings of Farraro et al.8
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The tablet was placed inside a protective case (Urban Armor Gear), which was
modified to allow direct mounting of the lens, camera, and laser to the tablet. The device
was designed for use in both mounted and handheld configuration.

1.3.2 Fiducial Marker

The fiducial marker (FM) was a 18% reflectance grey card (Neewer, model
#10079934) commonly used in photography. The FM was used to sort and align the
acquired images (see Section 1.3.3). It was attached to the surface of a solid silicone
phantom (see Section 1.3.4) and imaged using our LSI device in mounted and handheld
setups (Fig. 1.1a,b). Each data set contained 150 images for analysis. All images were
converted into spatial speckle contrast (K) images using a 7 x 7 pixel sliding window with
the equation K=0/<I>, where K is the contrast, o the standard deviation within the window,
and <I> the mean intensity of the pixels contained within the window2132141 Ky was

quantified from each image.

(b)

Figure 1.1: Assembled handheld LSI device. (a) Fully assembled device and (b) device in a tripod-mounted
setup.

1.3.3 Estimation of Motion Artifact and Image Alignment using FM
Motion artifact was estimated using the quantified Krm in each image. All images within a

data set were sorted in descending order based upon the Kgm associated with each image.
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This approach was based on the assumption that with increasing motion artifact, Krm
would decrease from the “true” value (0.50, in this study) measured with the mounted LSI
setup. We set arbitrary threshold Krum differences of 10% and 20% (i.e., Kem,thres=0.45 and
0.40, respectively) and determined the number of images in the collected data sets whose
Krm values exceeded the threshold, and the corresponding K values of a specified region of
interest (ROI) extracted from the subset of images (see Sections 1.3.4 and 1.3.5 below). As
a comparison, average K images were also created using all 150 images to compare
differences in average Krm values using the FM-based approach and an unsupervised
approach.

Prior to ROI extraction from a given subset of LSI images, we used the FM to align
the LSI images using custom-written MATLAB software. First, a median sliding filter with a
7 x 7 pixel window filter was run on each of the images. Next, the software calculated the
necessary transformation matrices. The transformation matrices were found by
performing a translation, rotation, and scaling in multiple axes to align each raw image to
the highest ranked raw image.!! These transformation matrices were created by combining
MATLAB functions with our custom-written software. We converted the raw images to
spatial K images and then used the transformation matrices on their respective K images.
1.3.4 Invitro Flow Phantom

Flow phantom experiments were performed using a solid silicone phantom created
with the methods outlined in Ayers et al.12 We also incorporated a clear plastic tube
(diameter 10mm) as a surface-level inclusion flow tube. The flow medium was a 1%
Intralipid solution (Fresenius Kabi) infused into the flow tube using a mechanical pump

(NE-1000 Single Syringe Pump, Pump Systems Inc.). Two ranges of flow speeds were used:
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1) 0.0 to 1.0mm/s, in 0.2mm/s increments; and 2) 1 to 5mm/s in 1mm/s increments.
Sequences of 150 images were acquired using mounted and handheld setups at each flow
speed. As described in the previous section, Krv was identified based on specified threshold
values and aligned using the FM, followed by quantification of K within a ROI selected
inside the flow tube (KrLow). The difference in KrLow resulting from data collected with
mounted and handheld setups was determined. Bland-Altman analysis!3 was performed
with Prism 7 software (GraphPad Software, Inc.) to study the measurement performance of
the handheld and mounted LSI setups.
1.3.5 Invivo Mounted Versus Handheld Imaging of Porcine Burn Wound Model

All experiments were performed in accordance with the Animal Care Use Committee
of University of California, Irvine (IACUC # 2015-3154). We performed a graded burn
wound experiment using a porcine model described previously.5 Briefly, 30mm diameter
burns were created using a brass tool heated to 100°C. The burn severity was based upon
the contact time of the burn tool to the porcine skin. Contact time was varied from five
seconds (superficial) to 40 seconds (full thickness) to generate a full range of burn
severities (16 burns per pig, two pigs). For in vivo validation of the handheld LSI approach,
we collected data from both superficial and full thickness burns. Each data set was acquired
with mounted and handheld LSI setups and contained 100 images to reduce acquisition
time. The FM was placed in the FOV of the images and Krum calculated from each image. An
average K image was created using the sort, threshold, and align methods described above.
Quantification of K from a ROI within each burn (Kgurn) was performed and compared for

mounted and handheld setups.
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1.4 Results

1.4.1 KFM s indicative of motion artifact

To investigate the influence of motion artifact on handheld LSI measurements, the
FM was included in all images acquired for each data set (Fig. 1.2a). The Krm on a static
phantom was quantified with mounted and handheld setups. The true Krm measured with
the mounted LSI setup was 0.50. After imaging the marker with these solid phantoms, we
sorted the K values of the FM in descending order. Krm decreased more quickly in handheld
measurements than in mounted measurements (Fig. 1.2b). The relative stability of the Krm
across the mounted data set (Fig. 1.2b), compared to a handheld data set (Fig. 1.2b),
demonstrated the sensitivity of K values to motion artifact. Please note that the reduction
in Krm in the mounted data set was associated with the button press on the tablet screen to
initiate data acquisition. The image with the highest Krm value was considered the “best”
image and contained the least motion artifact (Kpest). The image with the lowest Kem value
was considered the “worst” image and contained the most motion artifact (Kworst). To
analyze the range of motion artifact within each data set, the percent difference between
Kbest and Kworst Was calculated. In the mounted setup, the percent difference was found to
be 8%, whereas the percent difference in the handheld setup was 52%. Furthermore, Kpest
measured with the handheld setup (0.47) was lower than the true Kem value,
demonstrating that, even in the best-case comparison, user motion introduces an error.

We then applied threshold Kem (Kem,wmres) Values to identify subsets of images with
Krm differences ranging between 0 and 20% (Fig. 1.2c). As expected, the number of images
in each subset decreased as Kgwm,tres approached the true Kem value. The maximum Krym

value from the handheld data sets consistently was below the true Krum value,
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demonstrating that some motion artifact was present within each image of the handheld
data sets. Collectively, these data demonstrate the issues related to motion artifact. If we
were to use all of the images within a handheld data set to quantify the mean K of a RO], the

handheld setup would potentially result in grossly inaccurate K values.

Sorted K, - Handheld (C) Sorted K, - Mounted
’ 0.45+

W N

= .
o 0.354
\ 0.304

T T T T T T T T ™ T T T T T T T
10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100
Image Number Image Number

Figure 1.2: Fiducial marker included into imaging protocol allows for motion artifact detection based
on speckle contrast (K). Fiducial marker included into imaging protocol allows for motion artifact detection
based on speckle contrast (K). (a) The 18% gray card used in our imaging protocol was placed in the lower
left hand corner of all frames during data acquisition to allow for sorting based upon motion artifact and
image alignment when calculating average speckle contrast images. Here, the FM was placed on the surface of
a flow phantom. The FM was identified and the speckle contrast value of the FM (KFM) was quantified and
plotted in descending order for all images within each data set. (b) The handheld KFM values plotted show a
rapid decline within a representative sorted handheld data set. The KFM mounted values plotted remain
relatively stable across all images within a sorted mounted data set. (c) The table shows the number of
images in the handheld data set that satisfies each selected KFM values and how these KFM values are related
to the mounted KFM in terms of percent difference.

1.4.2 Using the FM to account for motion artifact improves accuracy of K values
calculated from data acquired with the handheld LSI setup

To investigate how the FM can help with motion artifact correction, the image
processing protocol outlined in section 1.3.3 was applied to use the FM to identify images
with the least motion artifact. We first compared the mounted LSI data with Kgm = 0.50 (i.e.,
data with no motion artifact) with handheld LSI data using all images, to mimic
unsupervised analysis of the data; the median difference in K values from a ROI centered
on the flow tube inclusion (KrLow) was 20% (range: 7-26%) (Fig. 1.3a). We then applied
Krm,thres Values of 0.45 and 0.40 to extract subsets of images with Kem values above these

thresholds, to analyze further. Each image subset was then aligned using the FM. Using
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KM, thres Of 0.45 and 0.40 resulted in median differences in Krrow values of 5% (range:1-
12%) and 8% (range: 0.3-16%), respectively (Fig. 1.3b), demonstrating the improved
accuracy resulting from use of the FM. Bland-Altman analysis with the two thresholds
showed biases in Krow values of -0.0051 and -0.014 for Kgm,thres of 0.45 and 0.40,
respectively (Fig. 1.3(c-d)). Since the 95% confidence limits of agreement with both Kgm;thres
values are similar (-0.023 to 0.0047 for Kem,thres = 0.40; -0.031 to 0.0029 for Kgm,thres = 0.45),

we selected Krm,tres = 0.40 to apply in the subsequent in vivo study described in the next

section.
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Figure 1.3: K values of handheld and mounted setups from in vitro flow phantom experiments. (a)
With an unsupervised approach, use of all 150 handheld LSI images resulted in an error of up to 20%. (b)
When using the FM to select a subset of images with a minimum Krm value to account for motion artifact and
to re-align images, the accuracy of handheld LSI improves, with errors of 8 and 5% for Kem values of 0.40 and
0.45, respectively. (c) Bland-Altman plot of Krm data collected using Kem,thres = 0.40. We observed a systematic
bias of -0.0051 between the two measurement approaches (95% confidence limits of agreement =-0.023 to
0.0047. (d) Bland-Altman plot of Krm data collected using Kem,thres = 0.45. We observed a systematic bias of -
0.014 between the two measurement approaches (95% confidence limits of agreement =-0.031 to 0.0029).
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1.4.3 Accounting for motion artifact with the FM improved handheld LSI
performance: in vivo porcine burn model

To determine the translational potential of the in vitro findings to in vivo use, we
imaged porcine burn wounds. Fig. 1.4(a-b) shows a comparison of speckle contrast maps
calculated from speckle image sequences captured with the mounted LSI setup, either
without (Fig. 1.4a) or with (Fig. 1.4b) use of the FM to align the images. Without alignment,
the speckle contrast map appears blurred due to movement occurring during data
collection. In this specific case, the K values were only slightly affected without use of the
FM [median difference in K values of 2% (range:0.1-4.0%)], which may have been due to
the homogeneity of K values within the burned region. In a more heterogenous flow map,
the accuracy is expected to degrade without use of an alignment technique.

We used our FM and processed the handheld data using Kem,thres of 0.40. This
resulted in 10.2 £ 5.4 images used to create the speckle contrast map. Due to motion
artifact resulting from subject breathing, Kpes: collected with the mounted setup was 0.46,
which is less than the true FM value of 0.50. Hence, we also applied Krm,thres 0of 0.40 to the
mounted LSI data sets.

By imaging superficial and full thickness burns using the LSI device in mounted and
handheld setups, we determined the magnitude of K values measured within the burn
(Kgurn) for both imaging setups. On day 1 post-burn, the percent difference of Kgurn
between the mounted and handheld data was 4% for each burn type. In contrast, Kgurn of
full-thickness burns was 27% higher than that of superficial burns (Fig. 1.4c).

On the final day (day 4) of imaging, the burn wounds have stabilized and are more

indicative of the burn type!>. The percent difference of Kgyrny on day 4 for mounted versus
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handheld was ~1%. Kgurn of full-thickness burns was 32% higher than that of superficial
burns. These data suggest that, regardless of mounted or handheld LSI setup, we still were
able to use K values alone to differentiate between a superficial and full thickness burn.
Without use of the FM to threshold and align the LSI images, handheld LSI reported Kgurn

values that were ~20% lower (range:16-25%) than handheld LSI with use of the FM.
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Figure 1.4: Mounted versus handheld speckle contrast of superficial and full thickness burns induced
on a porcine model. For both the mounted and handheld data sets, we applied Krm thres = 0.40. (a,b) Average
K image of sequence of mounted LSI images of a full-thickness burn wound, (a) without and (b) with use of
the FM for alignment and thresholding. Within the image the larger circular region is the burn region, and the
smaller four circular region are biopsy points taken over the course of the study. (c) Day 1 Ksurn data was
obtained at approximately 24 hours post burn. The difference in Ksurn between thresholded mounted and
handheld data sets was 4%, and the difference between superficial and full thickness burns was 27%. (d) Day
4 Ksurn data was acquired 4 days post burn, when the burn wounds have stabilized. The difference in Ksurn
between thresholded mounted and handheld data sets was 1%, and the difference between superficial and
full thickness burns was 32%. The uncorrected handheld data reported Ksurn values ~20% lower than
handheld with use of the FM.
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1.5 Discussion and Conclusion

LSI is a simple, noncontact method for mapping superficial blood flow. We
previously used LSI in both pre-clinical and clinical imaging studies, including monitoring
of blood flow in a rodent dorsal window chamber model'?-14, pre-clinical imaging of a
graded burn wound porcine model, and clinical imaging of pulsed-dye laser treatment on
port-wine stain patients521, Although the system components used in these studies and
the associated fields of view varied considerably, each system used mounted setups with a
stable platform for imaging.

In a clinical setting, the ease and ability of transportation of a device is expected to
increase clinical acceptance and use. A handheld LSI device would enable measurements in
settings in which it is not possible to use a mounted or bulkier system, such as in the
crowded intensive care units and in portable military or civilian medical units. Previous
work was done using a first-generation tablet-based, handheld LSI device, capable of
performing non-contact, wide-field measurements.2* The imaging protocol did not consider
quantification of motion artifact or alignment of images collected within a given data set.
To mitigate the contributions of motion artifact to measurements of K was achieved only
through averaging over 100 raw speckle images to obtain an accurate K value.

Here, we have demonstrated that inclusion of a FM into our imaging field of view
and subsequent analysis of measurements from the FM addresses two important aspects
that otherwise affect handheld LSI measurements. First, the FM selected has a different K
value compared to the silicone phantoms in vitro and surrounding tissue in vivo. We used
the K value of the FM to sort images collected in a sequence in descending order of Kgm.

This approach allowed us to identify images with the least motion artifact. Second,
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following identification of the images with the least motion artifact, we used the FM to align
these select images. With the FM in the image FOV, image co-registration was achieved by
aligning based on the edges of the FM in each image. Collectively, use of the FM accounted
for motion artifact and enabled image alignment.

Previous reports on clinical speckle contrast image registration and correction exist
in the literature. Richards et al.1* describe image alignment of the speckle contrast images
using rigid translation. They did not require use of a FM because their intraoperative
images contained distinct microvascular structure that facilitated image rotation and
translation. In speckle contrast images of cutaneous blood flow, distinct architectural
landmarks are not always present, so a more generic approach such as use of a FM is
required. Mahe et al.> described use of an opaque material known as Leukotape and
correction of speckle flow values using a simple linear relationship. However, with their
method, an individual calibration was required for each subject, which limits the utility of
this approach as a general motion artifact removal technique. Omarjee et al.? subsequently
studied other materials and identified a bilayer material that they could apply towards
calibration-free removal of motion artifact from LSI data. Although their approach appears
to decrease the noise associated with motion artifact in LSI measurements, they do not
present analysis on how different degrees of motion artifact affect K values. In this work,
we chose to use the FM strictly to identify the degree to which raw speckle images are
affected by motion artifact, to study how the FM can be used to identify a subset of images
with an acceptable degree of motion artifact, and to serve as a guide for automated image

alignment and quantification from that subset of images.
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Methods for blood flow assessment of burn wounds are able to identify a difference
in burn severity.15> Burn severity is normally assessed by the physician, but assessment is
accurate only 60-80% of the time and only once the burn wound has stabilized days after
the initial burn.16-18 The importance of an acute, objective method for distinguishing
different burn severities is that the treatment plan will differ depending on the type of
burn. Commercial LSI systems are readily available for burn wound measurements, but
these systems are expensive and not easily transportable. We showed that our approach of
a handheld LSI device with a FM potentially can enable accurate measurements of K with
reduced cost and increased portability. Future studies are warranted.

Other possible applications for handheld LSI in a clinical setting include blood flow
imaging of the extremities for patients with diabetes® or monitoring of peripheral vascular
disease?0. A need also exists for non-invasive blood flow measurements of preterm
neonates with potentially abnormal blood flow due to developmental issues.?! LSI has the
potential to provide important diagnostic information for these and other applications. An
advantage of LSl is that it is a non-contact, wide-field imaging methodology, unlike
currently used point measurement techniques such as laser Doppler flowmetry. The wide-
field nature of LSI inherently provides spatial information potentially at video rates. With
integration of a graphical user interface (GUI) and tablet-based form factor, our intention
was to develop a LSI device that could be used by a non-specialist, such as a member of
clinical staff, to facilitate data collection at any time by minimizing barriers to access and
use of the device.

Our study has limitations. The current processing time required to sort through

each data set and align the images to identify Krm is approximately 30 seconds, and hence is
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not a real-time protocol. The severity of this limitation can be mitigated with more efficient
software development, perhaps using algorithms written in C. Similarly, real-time image
alignment would require revisions made to the software.

In summary, our in vitro and in vivo data collectively suggest that handheld LSI with
use of a FM is feasible and a potentially viable approach for bedside blood-flow monitoring.
With incorporation of a FM, we can account for motion artifact and reduce its influence on
the data, and we can align images to improve the quantitative accuracy resulting from
image averaging.
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CHAPTER 2: Handheld Motion Stabilized Laser Speckle Imaging

2.1 Abstract

Laser speckle imaging (LSI) is a wide-field, noninvasive optical technique that
allows researchers and clinicians to quantify blood flow in a variety of applications.
However, traditional LSI devices are cart or tripod based mounted systems that are bulky
and difficult to maneuver in a clinical setting. We previously showed that the use of a
handheld LSI device with the use of a fiducial marker (FM) to account for motion artifact is
a viable alternative to mounted systems. Here we incorporated a handheld gimbal
stabilizer (HGS) to produce a motion stabilized LSI (msLSI) device to further improve the
quality of data acquired in handheld configurations. We validated the LSI device in vitro
using a flow phantom experiments and in vivo using a dorsal skinfold window chamber. For
in vitro experiments, we quantified the speckle contrast of the FM (Krm) using the mounted
data set and tested 80% and 85% of Krm as thresholds for useable images (Krm Mounted,80%
and Kgm,Mounted,85%). Handheld data sets using the msLSI device (stabilized handheld) and
handheld data sets without the HGS (handheld) were collected. Using Krm Mounted,80% and
KFM Mounted,85% as the threshold, the number of images above the threshold for stabilized
handheld (38 £ 7 and 10 * 2) was significantly greater (p=0.0312) than handheld (16 + 2
and 4 + 1). We quantified a region of interest within the flow region (KrLow), which led to a
percent difference of 8.5% *+ 2.9% and 7.8% = 3.1% between stabilized handheld and
handheld configurations at each threshold. For in vivo experiments, we quantified the
speckle contrast of the window chamber (Kwc) using the mounted data set and tested 80%

of Kwc (Kwe,Mounted,80%). Stabilized handheld provided 50 + 7 images above Kwc Mounted,80%,

29



while handheld provided only 23 + 13 images. We quantified the speckle flow index (SFI) of
the vessels and the background to obtain signal-to-background ratio (SBR) of the window
chamber. Stabilized handheld provided a greater SBR (2.04+0.09) compared to handheld
(1.67+0.15). These results display the improved usability of handheld data acquired with

an msLSI device.
2.2 Introduction

Laser speckle imaging (LSI) is a wide-field, noninvasive optical technique that
allows researchers and clinicians to quantify blood flow in a variety of applications. In a
research setting, some applications of LSI include measuring blood flow in the animal brain
during externally stimulated conditions 1, measuring blood flow in a window chamber as
aresponse to therapies 12-14, and measuring blood flow in varying severities of induced
burn wounds 1516, In a clinical setting, LSI can also provide assistance in assessing medical
conditions such as peripheral vascular disease 17, diabetes 18, and burn wounds at the
bedside through measured blood flow 1°.

The widespread use of LSI in the clinic has been hindered by the bulky form factor
of currently available LSI devices such as cart or tripod mounted systems [Pericam PSI
System, Perimed AB, Sweden]. They can be cumbersome and difficult to maneuver in a
crowded hospital setting, which requires increased portability and convenience. A
potential solution for portable clinical blood flow imaging is a handheld LSI device 24 We
have shown that a handheld LSI device enables the collection of meaningful data if issues
related to motion artifact are properly addressed #4.

Two concerns of handheld LSI are image misalignment and motion artifact (Fig. 2.1).

Figure 2.1 (a) and (b) show examples of these issues when acquiring data during an in vitro
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flow phantom experiment (Section 2.3.3) and an in vivo window chamber measurement
(Section 2.3.4). Both of these can be addressed by using a fiducial marker (FM) 4. Using a
FM, we can account for motion artifact by sorting through images to identify frames with
the least amount of motion artifact. To account for issues with image misalignment, we can
use the fiducial marker to align (co-register) images to produce average blood flow maps,
or speckle flow index (SFI) images, which can provide more reliable flow maps that are less
sensitive to these motion artifacts.
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Figure 2.1: Motion artifact during data acquired using LSI device in handheld configuration. A sample
data set of K images from an in vitro flow phantom measurement (a) and an in vivo window chamber
measurement (b) are shown. In both cases, the sample translationally shifts within the field of view and K
decreases or increases with increasing or decreasing amounts of motion artifact, respectively, present during
data acquisition. In (b), the loss of visualization of the blood vessels within the window chamber is due to
motion artifact.

In addition to the use of a fiducial marker, we propose that the use of a handheld
gimbal stabilizer further reduces motion artifact associated with data acquired in a
handheld manner. Handheld gimbal stabilizers (HGS) are commonly used in video
recording to reduce vibrations and shakiness when holding cameras. However, HGS have
never been paired with LSI systems for measuring blood flow. We hypothesize that pairing
a LSI system with a HGS, we can further reduce motion artifact than LSI in a handheld

manner.
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In this work we show that a handheld gimbal stabilized laser speckle imaging
device, which we refer to as our motion stabilized LSI (msLSI) device, reduces motion
artifact when acquiring data in a handheld manner. This leads to an increased number of
useable frames above our predefined threshold, which was determined from our mounted
data sets. We validate the improved motion artifact correction in both in vitro flow

phantom experiments and in vivo dorsal skinfold window chamber measurements.
2.3 Materials and Methods

2.3.1 Motion Stabilized Laser Speckle Imaging Device

The LSI device consisted of an 8-bit, 1.32 megapixel CCD camera (CMLN-13S2M-CS,
FLIR Integrated Imaging Solutions, Inc., Richmond, BC, Canada, pixel size = 3.75um), a
variable zoom C-mount lens (Computar C-Mount 13-130mm Varifocal Lens, Computar,
Cary, NC), and 809nm near-infrared laser diode (140mW, Ondax Inc., Monrovia, CA). The
laser was attached to the camera and lens setup with a custom 3D-printed camera mount.
The imaging system acquired 1280 x 960 pixel frames at 15Hz, which resulted in a field of
view (FOV) of approximately 140mm x 105mm (4:3 ratio). The imaging system was
attached to a HGS (Crane v2 3-Axis Handheld Gimbal Stabilizer, Zhiyun-Tech) to create the
msLSI device (Fig. 2.2). The msLSI device was connected to a tablet computer (Surface Pro
2, Microsoft Inc.) via a six-foot-long A-Male to Mini-B USB cable. Data were collected using
the FlyCap2 Software (FLIR Integrated Imaging Solutions, Inc., Richmond, BC, Canada) and

processed using custom code written in MATLAB (The Mathworks, Natick MA).
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Figure 2.2: Motion Stabilized Laser Speckle Imaging (msLSI) Device. Fully-assembled device utilizing a
gimbal stabilizer with the laser speckle imaging device.

2.3.2 Fiducial Marker Identification

To test motion artifact reduction, the imaging system was used in a handheld
manner both with and without the HGS. The setup for each configuration was comparable
in weight to control for potential advantages if one load was lighter. We ensured Nyquist
was satisfied at all magnifications with the LSI device. A spatial processing algorithm was
used to convert all raw images to speckle contrast images. The spatial processing algorithm
utilized a 7x7 pixel sliding window with the relationship K=o /<I> calculated for each
sliding window position. K is the contrast, ¢ the standard deviation of the pixel intensities
within the window, and <I> the mean intensity of the pixels within the window. As
previously described in Lertsakdadet et al., a FM made from an 18% grey card, (Neewer,
model #10079934) commonly used to correct for white balance in photography, was
incorporated into the imaging protocol. We utilized this FM for thresholding and image co-
registration. Custom written MATLAB code identified the FM in each frame and quantified

the speckle contrast of the fiducial marker (Krm) (Fig. 2.3). Images within each data set
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were then sorted based on Krm. Using the mounted LSI data, thresholds of 80% and 85%
Krm from a mounted configuration (Krm,Mounted,80% and Kem,Mounted,85%) were then used to
identify the acceptable images from each handheld data set. Custom MATLAB code
automatically co-registered these images in each data set to create an average speckle
contrast image (Fig. 2.3). Regions of interest within the flow region were selected using the

average speckle contrast image (KrLow).
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Figure 2.3: Workflow to co-register each speckle contrast image contained within a sequence of
images. (a) Representative raw speckle image. The fiducial marker (denoted by red box) in each raw image
is identified and the mean speckle contrast value of the marker (Kgwm) is calculated. (b) False-color image
showing degree of misalignment among raw images. Green and purple shading of pixels is used to highlight
the fixed and misaligned images, respectively. (c) After identifying the speckle contrast images with Krm
above Krm,Mounted,80% and Krm,Mounted,85%, the misaligned images are aligned and cropped to produce the final co-
registered average speckle contrast image. An ROI within the dynamic flow region is selected (in red).
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2.3.3 InVitro Flow Phantom Experiment

To test the hypothesis that msLSI performs better than standard handheld LSI, we
performed an in vitro flow phantom experiment using the LSI device in four configurations:
1) mounted, 2) mounted with gimbal stabilizer (stabilized mounted), 3) handheld, and 4)
handheld with gimbal stabilizer (stabilized handheld). The FOV of the device was set to
~140mm x 105mm (4:3 ratio) and the exposure time of the device set to 10ms. We used a
solid silicone phantom with a surface-level inclusion flow tube (inner diameter 10mm). The

flow medium was a 1% Intralipid solution (Fresenius Kabi, Lake Zurich, IL) that was
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infused into the tube using a mechanical pump (NE-1000 Single Syringe Pump, Pump
Systems Inc.). The flow speed of the flow medium was changed from Omm/s to 5mm/s in
1mm/s increments. Sequences of 150 images were acquired with all configurations.

We wanted to compare the differences in stability due to the hardware change of
acquiring data with or without the HGS, so after acquiring data with all four configurations,
we determined the number of images above Krm Mounted,80% and Kem Mounted,85% in the
handheld and stabilized handheld data sets. Although the number of images above each
threshold was different, we used the number of images determined in the stabilized
handheld data sets to create the average speckle contrast images for both the handheld and
stabilized handheld configurations. This was done to remove biases associated with using
differing number of images to create the average speckle contrast image. For handheld and
stabilized handheld configurations, multiple users (n = 4) operated the device.

2.3.4 InVivo Dorsal Window Chamber Experiment

As a demonstration, we collected LSI data of the microcirculation from a mouse
dorsal window chamber. The animal surgery was carried out according to the protocol
outlined in Moy et al. 2011 and was performed under protocol AUP-17-074 approved by the
Institutional Animal Care and Use Committee at University of California, Irvine. The animal
was anesthetized using isoflurane (2%, balance oxygen) and the LSI device used to acquire
data with each of the four previously mentioned configurations. The window chamber
consisted of a 10mm viewing window of the vascular network on the subdermal side.

To account for the smaller features of the window chamber model, the FOV of the
LSI device was changed to approximately 20mm x 15mm. An exposure time of 5ms was

used to account for the smaller FOV. Sequences of 150 images were acquired with each
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configuration. Since each frame in a data sequence may have varying amounts of motion
artifact, custom MATLAB code was written to take into account these fluctuations in K and
automate identification of the window chamber in each image (Fig. 2.4).

In order to automate identification of the tissue region within the window chamber
of each data sequence, we first utilized a scanning quantile to account for the dynamic K
images. Using quantiles allows us to scan each image column-wise and row-wise and sort
the K of each pixel #>. In doing so, we can identify the location of the tissue within the
window chamber since the K associated with the tissue differs from the K associated with
the titanium window chamber (Fig. 2.4a,b). By multiplying the row-wise and column-wise
quantile images, we are able to increase the contrast between the tissue and the window
chamber (Fig. 2.4c). Since we expected the FM in the window chamber to have a lower K,
we were able to identify the window chamber after thresholding the quantiled image (Fig.
2.4d). The resultant threshold image was inverted to create a mask of the window chamber
(Fig. 2.4e). A size threshold was applied to remove smaller masked regions that were not
the tissue region (Fig. 2.4f). A fill was performed to create a solid mask for blob counting-
based identification of a circular region (Fig. 2.4g). The tissue region was identified and a
logical mask was created (Fig. 2.4h,i). Using the logical mask, we are able to create a
masked K image showing only the tissue region within the window chamber, which will be

used for co-registration (Fig. 2.4j).
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Figure 2.4: Automated identification of mouse dorsal window chamber from raw speckle image
sequence. (a) Column-wise quantile K image (b) Row-wise quantile K image (c) Multiplied column-wise and
row-wise K image (d) Binarization of multiplied K image (e) Inverted binarized image (f) Feature removal of
smaller regions (g) Filled remaining feature (h) Circular geometric identification of tissue within window
chamber (i) Create mask using identified circle (j) Mask applied to K image.

For the in vivo experiments, the mean speckle contrast value of the window
chamber was calculated as the threshold (Kwc). We used the mounted data set to determine
the 80% threshold of Kwc (Kwc,Mounted,80%) and applied this threshold to the handheld and
stabilized handheld data sets to determine the number of frames whose contrast was above
the threshold. These images were used for coregistration and calculation of an average
speckle contrast image for the window chamber. This image was then converted into
speckle flow index (SFI) images using the simplified speckle imaging equation SFI =
1/(2*K?*T), where T is the exposure time in seconds and K the contrast value at each pixel
10, SFT has been shown to correlate linearly with blood flow over the flow speeds observed
in the window chamber 1046, Lastly, we select an ROI within the vessel and an ROI of the
background tissue to quantify the mean SFI value of the signal (vessel) and background,
respectively. These mean SFI values are used to quantify the signal-to-background ratio

(SBR).
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2.3.5 Statistical Analysis

All handheld and stabilized handheld data were treated as paired data since the
same users were involved in each group. As such, a Wilcoxon matched-pairs signed rank
test was used to test the statistical significance of both the number of images above the
80% threshold and the signal-to-background ratio between handheld and gimbal stabilized
data sets. The analysis assumes that the data set is non-parametric, which we assumed due
to the small sample size. We considered p-value < 0.05 to be significant, and significance is
denoted by * on the relevant figures.

2.4 Results

2.4.1 InVitro Flow Phantom Experiment

Both the mounted and stabilized mounted data sets resulted in all images with Krm
above the Krm,Mounted,80% and Kem,Mounted,85%. The number of images above Krm Mounted,80% and
KrM Mounted,85% Was significantly greater in the stabilized handheld compared to handheld
data sets (p=0.0312). Using Krm Mounted,80%, the number of images above the threshold with
handheld and stabilized handheld were 16 + 2 and 38 £ 7, respectively (Fig. 2.5a). Using
KFrM Mounted,85%, the number of images above the threshold with handheld and stabilized
handheld were 4 +1 and 10 * 2, respectively (Fig. 2.5b). Kr.ow was greater in stabilized
handheld compared to handheld data sets in all data sets (Fig. 2.5c). The percent difference
in Krrow between the handheld and stabilized handheld data sets across all flow speeds

using Kem,Mounted,80% and KemMounted,85% were 8.5% + 2.9% and 7.8% * 3.1%, respectively.
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Figure 2.5: A HGS significantly improves the performance of handheld LSI. The mounted speckle
contrast of the fiducial marker (Krm) was quantified and used to set an 80% and 85% threshold, Krv,Mounted,80%
and Krm,Mounted,85%, respectively. We then determined the number of images in handheld and stabilized
handheld data sets with Kem above these thresholds. (a,b) The number of images above KrmMounted,80% and
KrM,Mounted,85 % in the stabilized handheld data sets was significantly greater than for the handheld data sets
(p=0.0312). With mounted and stabilized mounted configurations, the value of Krm in the entire image
sequence (150 images) was above 80% Krm (not shown). (c) The speckle contrast within the flow region
(KrLow) of the tissue phantom was greater in stabilized handheld vs handheld at all flow speeds when using
both Krm,Mounted,80% and Krm Mounted,85 %, Which resulted in a 8.5% +2.9% and 7.8% + 3.1% percent differences,
respectively.

2.4.2 InVivo Window Chamber Experiment

After identifying the window chamber using the workflow outlined in Figure 2.4, we
applied the KwcMounted,80% threshold and quantified the number of images in each data set
above our threshold. The number of images above Kwc,mounted,80% Was greater in the
stabilized handheld data sets compared to the handheld data sets (Fig. 2.6). Using the
msLSI device provided handheld data sets and stabilized handheld data sets provided
23413 and 50+7 images, respectively (Fig. 2.6a). We coregistered the images based on the
window chamber and created an average SFI image for each data set (Fig. 2.6b,c). The SBR
of the SFI images were quantified using the SFI value within a ROI of the vessels over the
SFI value of the static background. A higher SBR is associated with reduced motion artifact.

The SBR in the handheld data sets was 1.67+0.15 compared to 2.04+0.09 in stabilized

39



handheld data sets (Fig. 2.6d). These resulted in p=0.25.
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Figure 2.6: Use of a gimbal stabilizer improves the performance of handheld LSI for imaging
microvasculature. (a) The number of images above KwcMounted,80% was quantified. The mean and standard
deviation of number of images above threshold in the handheld and stabilized handheld data sets were 23+13
and 507, respectively (p = 0.25). Sample average SFI images from a single user for handheld (b) and
stabilized handheld data (c) sets show that handheld leads to a higher SFI in the background. ROIs of the
vessel (red) and background (black) are outlined. The mean and standard deviation of the signal-to-
background ratio for handheld and stabilized handheld data sets were 1.67+0.15 and 2.04+0.09, respectively
(p=0.25).

2.5 Discussion and Conclusion

LSI can be applied to a wide range of pre-clinical and clinical studies 11-1421,24,46-48,
However, a portable device is desirable for clinical applications where space is limited. A
handheld LSI device is a potential solution for clinical blood flow imaging at the bedside. In
our previous study, we showed the viability of using LSI in a handheld manner 2444, Other
handheld LSI devices have been created, but the primary application space is for retinal
blood flow imaging 25. They also state that they acquire data in a “stabilized” configuration;
however, the stabilized method they refer to is attaching their handheld LSI device to a
rigid mount on a table. Our stabilized approach is novel in that we are using a HGS in both a

handheld configuration and a mounted configuration. By incorporating a HGS to a LSI
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device, we have shown that msLSI can further reduce motion artifact when acquiring
handheld LSI.

Stabilized handheld data sets provided significantly more frames above
KFM Mounted,80% and Krm,Mounted,85% thresholds compared to handheld only. Since all data sets
contained the same number of images, stabilized handheld data resulted in a higher rate of
useable frames. This can reduce imaging times by allowing a lower number of frames
acquired using stabilized handheld but resulting in the same number of useable frames as
handheld. By reducing data acquisition times and motion artifact, stabilized handheld
becomes a more viable option for clinical use compared to bulky conventional LSI devices.

An additional consideration for clinical blood flow imaging is the desired FOV for
specific applications. Hence, LSI devices used in clinical studies have a large range of FOV.
The Pericam PSI device provided a 120mm x 120mm FOV when imaging scald burn in
patients, while a LSI dermascope provided a 5mm x 3.75mm while measuring skin lesions
[9,14]. Using a smaller FOV amplifies motion artifact making it less feasible for non-contact
handheld LSI. However, when we reduced the FOV of the msLSI device from 140mm x
105mm to 20mm x 15 mm we were able to show there is an improved SNR in the stabilized
handheld configuration.

Although we have shown that msLSI is a viable alternative to conventional LSI
systems for clinical use, there are some limitations to consider. By incorporating a HGS to a
handheld LSI device, we increase both overall cost and weight of the system. The added
weight may make it more difficult to steadily operate. However, we plan to address this in
future generations of the device by miniaturizing the LSI device and HGS. Another

limitation of handheld LSI is the inherent motion due to using the device in a handheld
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configuration, which will decrease K in an entire image. We plan to account for this by
continuing to utilize a FM in the imaging protocol.

In summary, we further displayed the potential for handheld LSI by testing a msLSI
device. We validated the improved stability and reduced motion artifact in both in vitro and
in vivo experiments with multiple users. We varied the FOV of the device and showed that
msLSI can provide useable blood flow maps even at smaller FOV where motion artifact is
amplified. The msLSI is a viable alternative to conventional LSI devices for a variety of
clinical applications. Future studies will attempt to use the msLSI device for clinical blood

flow measurements.
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CHAPTER 3: Optical Property Corrected Flow

3.1 Abstract

Early and accurate assessment of burn wound severity is important for both
identifying the path of treatment and minimizing complications during recovery. In the
case of more severe burn wounds, such as deep partial thickness and full thickness burns,
debridement of dead tissue and application of a skin graft is necessary. Current methods
for assessing burn wound severity rely on clinical examination, which are subjective. The
use of non-invasive imaging modalities can provide an objective method for assessing burn
wound severity. Laser Speckle Imaging (LSI) is one such imaging modality that provides
wide-field blood flow quantification. However, due to the dynamic nature of burn wounds
in the first 48-72 hours, optical property changes associated with these wounds may lead
to inaccuracies in the measured blood flow. By measuring these optical property changes
with Spatial Frequency Domain Imaging (SFDI) at each time point and combining this
information with LSI, we can calculate a dynamically corrected characterized diffusion,

DB dyn,corrected, Value that takes into account the changing optical properties in the burn
wound. In addition, we calculated a characterized Dg value using pre-burn optical
properties at all time points, Dpstat,corrected, and another characterized Dg value using
assumed optical properties, Dguncorrected- We used a varying-burn depth and varying-depth
of debridement porcine burn model in an attempt to identify a Dgdyn,corrected Value that
would distinguish adequately debrided wound beds for successful vs failed grafts. We
compared Dg dyn,corrected t0 DB stat,corrected aNd DB uncorrected at pre- and post-burn on Day -4 and
pre- and post-debridement on Day 0. We showed that Dg dyn,corrected and Dguncorrected differed

by up to 47.6% and Dg dyn,corrected and Dg stat,corrected differed by up to 19.6%. Thus, correcting
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for optical property changes in dynamic burn wounds can greatly improve the accuracy of
LSI measurements. However, we were unable to determine a threshold value for

DB dyn,corrected to distinguish successful vs failed grafts.
3.2 Introduction

American Burn Association approximates 450,000 burn injuries occur in the United
States annually?6. Current clinical protocol for assessing these burn wounds are based on
visual observations by an experienced surgeon, which can be subjective?’-2%, Burn wounds
can be classified into superficial, partial, deep partial, and full thickness burns. Superficial
burn wounds are minor and will heal on their own, whereas full thickness burns require
surgical intervention?>. Partial thickness burns may transform into superficial thickness or
deep partial thickness burns, making them more difficult to properly assess and treat. The
dynamic nature of burn wounds within the first 48-72 hours makes them extremely
difficult to diagnose accurately. However, early and accurate assessment of burn wounds is
vital for determining the path of treatment and outcome of the wound31-33,

Surgical intervention to treat deeper thickness burns requires debridement of the
necrotic tissue in preparing the wound bed for application of a meshed split thickness skin
graft (mSTSG)15. However, it can be difficult to determine how much debridement is
considered adequate. We set out to determine the adequate depths of debridement
associated with varying burn severities to provide a successful graft. Non-invasive imaging
modalities were utilized in order to correlate outcome with quantifiable metrics provided
by each modality.

Laser Doppler Imaging (LDI) has been the gold standard modality for quantifying

blood perfusion in burn wounds#°->1, LDI measures the Doppler shift of the detected light
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due to scattering by red blood cells (RBC)>%5253, LDI is desirable in that it is a non-contact
method, but it is plagued by long measurement times and high costs#°.

Laser Speckle Imaging (LSI) is another optical technique for measuring blood
perfusion. LSI uses diffuse laser light to illuminate the entire sample instead of the laser
scanning method used in LDI>1516214447 [,S] measures the fluctuation in the intensity of the
reflected light in a single snapshot’. Millet et al. also showed excellent correlation between
the measured blood perfusion by LSI and LDI across a wide range of human skin perfusion
values>*. Hence, LSI can address the limitations of LDI in providing comparable blood
perfusion information with greater temporal resolution. Both LSI and LDI have shown
promise in improving upon clinical assessment of burn wounds51655, In addition, the
perfusion units of LSI, in Speckle Flow Index (SFI), have been shown to correlate linearly
with blood flow rates found in tissuel0.

Although studies have shown that blood perfusion is an adequate method for
assessing burn wounds, they do not take into account the structural changes that occur. A
non-contact imaging modality capable of quantifying these structural changes is Spatial
Frequency Domain Imaging (SFDI). SFDI is an imaging technique that provides optical
properties of tissue (reduced scattering coefficient, us’, and absorption coefficient, pa)
along with oxy- and deoxy-hemoglobin information34-39, Ponticorvo et al. used s’ from
SFDI and perfusion units from LSI to categorize burns 30. They showed that at 24 hours
post-burn, LSI provided a sensitivity and specificity of 66% and 90%, respectively. At 72
hours, sensitivity improved to 100%, but specificity decreased to 58%. Whereas, SFDI
provided a sensitivity and specificity of 93% and 74% at 24 hours, and 83% and 90% at 72

hours.
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LSl is a relative blood perfusion method, which does not take into account changes
in tissue optical properties. We hypothesize that by utilizing SFDI to measure optical
property of the burn wounds, we can improve the accuracy of the perfusion information
measured by LSI. Here, we use LSI and SFDI to measure burn wounds in a variable-burn
depth and variable-debridement depth porcine burn wound model. In this work, we
attempt to quantify the error in LSI measured perfusion units when (1) the dynamic optical
properties are determined and used to correct perfusion units, (2) the pre-burn optical
properties are used to correct perfusion units, and (3) commonly assumed optical
properties are used to correct perfusion units. In addition, we attempted to use LSI, with
and without SFDI information, to correlate perfusion measurements immediately post-
debridement with successful vs failed outcome of varying burn severity and debridement

depths.

3.3 Materials and Methods

3.3.1 Spatial Frequency Domain Imaging Device

The Spatial Frequency Domain Imaging (SFDI) device (ReflectRS, Modulated
Imaging, Inc., Irvine, CA) consisted of an imaging head mounted to a mobile cart with an
articulating arm. The device provides a FOV of 20cm x 15cm from a height of 32cm from
the sample. Images were acquired using the MI Acquire V1.34.00 software and the device
was set to acquire 3 data sets of each sample. Each data set consisted of 8 wavelengths
from 471nm - 851nm with 5 sinusoidal spatial frequencies, evenly spaced between 0 mm-1
and 0.2mm-1. A planar reflectance image was also acquired for each data set. The resulting
data sets were used to produce the reduced scattering coefficient (us’) and absorption

coefficient (p1a) images used for this study (Fig. 3.1). We selected a region of interest (ROI)
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using the us’ and pa images for each treatment site (Fig. 3.1). We quantified the mean ps’
and p, within these ROIs using an interpolation for 808nm to correspond with the laser
wavelength used in the LSI device (Fig. 3.1). All mean optical properties quantified for each
burn treatment at the pre- and post-burn and pre- and post-debridement time points can

be found in the Appendix.

K'=471nm K '=526nm

47ifnm  526nm  591nm 621nm 659nm 691nm 731nm  851nm
Wavelength

Figure 3.1: Sample data set of wavelength vs ps’ quantified using the mean of the ROI. Interpolation for
808nm was performed to determine the ps'sosnm (red ‘x).

3.3.2 Laser Speckle Imaging Device
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The Laser Speckle Imaging (LSI) system used in this study consisted of an imaging
head mounted to mobile cart with an articulating arm. The imaging head consisted of an 8-
bit, 1.32 megapixel CCD camera (CMLN-13S2M-CS, FLIR Integrated Imaging Solutions, Inc.,
Richmond, BC, Canada), a variable zoom C-mount lens (Computar C-Mount 13-130mm
Varifocal Lens, Computar), and 808nm near-infrared laser diode (140mW, Ondax Inc.,
Monrovia, CA). A 785nm longpass filter was placed in front of the CCD sensor to allow data
acquisition with room lights. A 750nm-850nm near-infrared linear polarizer (Edmund
Optics) was placed in front of the variable zoom lens in order to remove specular
reflectance on the surface of the sample. The device provided a FOV of approximately 14cm
x 10.5cm at 35cm away from the sample. Each data set contained 150 raw images acquired
at 15Hz. All raw images were converted into speckle contrast (K) images usinga 7 x 7
sliding window and the relationship of K = 6/<I>, where ¢ is the standard deviation and
<[> is the mean intensity of all pixels within the window. All speckle contrast images from
each data set were used to create an average speckle contrast image. The speckle contrast
images were also converted in speckle flow index (SFI) images to show relative blood flow,
using the relationship of SFI = 1/2TK?, where T is the exposure time in seconds. SFl is a
measure of arbitrary units (a.u.). A ROI comparable to the ones selected for the ps’ and pa
was selected using the average speckle contrast image (Fig. 3.2). We quantified the mean K

and SFI within the ROI.
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Figure 3.2: SFDI guided LSI ROI selection. (a) A planar reflectance image at 851nm is masked using a
selected ROI. This masked SFDI image is used to guide LSI ROI selection (b).

3.3.3 Porcine burn model with varying-burn depth and varying-depth of
debridement

All experiments were carried out under an US Army Institute for Surgical Research
approved IACUC protocol. Animal research was conducted in compliance with the Animal
Welfare Act, the implementing Animal Welfare Regulations, and the principles of the Guide
for the Care and Use of Laboratory Animals, National Research Council. The burn
treatments varied in severity of burns and depths of debridement (Table 3.1). The severity
of the burn was based upon contact time of the burn tool. Burn treatments were
randomized and induced on the dorsal side of each pig. Each pig received 10 burn
treatments varying from no burn to full thickness burns. The burn tool used was a 5cm x
5cm brass burn tool with active temperature control>¢. Figure 3.3 outlines the timeline of
the burn treatment and imaging protocol. LSI and SFDI data was acquired pre- and post-
burn on Day -4 of the study. On Day 0 of the study, debridement of the wound bed was
performed. The depths of debridement varied from 0.030 inches to 0.120 inches. After
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post-debridement imaging was performed, and a meshed split thickness skin graft
(mSTSG) was applied to the debrided wound bed. The treatment site is then bandaged in
between imaging timepoints to minimize contamination and infection from external
sources.

In addition to the 10 burn treatments, 2 control sites were located adjacent to the
first and last burn treatments for each pig. LSI and SFDI data was acquired pre- and post-
debridement on Day 0 and additionally on Days 3, 7, 10, and 14. A total of 8 pigs were
included in this study resulting in LSI and SFDI data on 80 experimental and 16 control
sites for post processing and data analysis. The time points of interest for this study were

Day -4 pre- and post-burn and Day 0 pre- and post-debridement.

~ANEEEN
1
Ll
LAY |

Donor sites:
Meshed Split
Thickness Skin

Grafts
(mSTSG)

Cranial

Induce Burn * Perform » SFDI and LSI * SFDI and LSI * SFDI and LSI e SFDI and LSI
* SFDI and LSI Debridement imaging imaging imaging imaging
imaging pre * SFDI and LSI
and post-burn imaging pre
and post-
debridement

¢ Apply mSTSG

Figure 3.3: Porcine model burn treatment diagram with timeline for burn treatment and SFDI and LSI
imaging.
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Table 3.1 Burn treatments varied in both burn severity and depth of debridement. Desired burn depth was determined by

contact time of the burn tool onto tissue. Depths of debridement listed are associated with each burn depth.

Burn Severity (Contact Time) Depth of Debridement (inches)

Partial Thickness — 6s 0.030” 0.060”

Partial Thickness — 9s 0.030” 0.060” 0.090”
Deep Partial Thickness — 12s 0.030” 0.060” 0.090”
Full Thickness — 15s 0.060” 0.090” 0.120”
No Burn 0.090”

3.3.4 Optical Property Corrected Flow
Using the relevant equations from Mazhar et al. we were able to observe the effects
of changing optical properties on resultant contrast, K>7. We use the following correlation

diffusion equation used to quantify intensity fluctuations in LSI measurements:>7

_ 7lo BEE@(-T/p)ar

2
K Gf(z=0)

(Eq.3.1)

G1(7) is the electric field temporal autocorrelation function, which is related to the intensity
autocorrelation function, Gz( z), through the Siegert relationship:6->7
9.(1) =1+ 1g:(®I? (Eq.3.2)
The correlation diffusion equation used to model G;(7) in turbid media allows us to
associate optical property influence on the resultant speckle contrast (K):57
V26, (1) - terrG1(T) = q (Eq.3.3)
q is the source, pert is the effective optical properties, which can be obtained using:
Herr = [BUaaynber]'? (Eq.3.4)
Here, u is the total attenuation coefficient defined by u;, = (1, + u5), and pa,dyn is the

dynamic absorption term defined by:
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Ha,dayn = Ha T+ é/,tslkg(ATZ(T))
(Eqg. 3.5)

In padyn, Ko is the wave number of propagating photons, defined by k, = 2%, and (Ar?(7)) is

the mean square displacement of dynamic scattering particles. Assuming Brownian motion,
(Ar?(7)) = 6Dg, where Dg is the Brownian diffusion coefficient. G1 becomes:57

Poaks’

Gl(T) = <M+1><{e—zf+3A> (Eq 36)

Htr

Po is the incident optical power and A is a constant dependent upon the boundary

conditions. A is defined as:

= S ry Repr  0.0636n + 0.668 + ==+

(Eq. 3.7)

n2
Where Rer is the effective reflection coefficient and n is the index of refraction of the turbid
media.

For each of the treatment sites, we used the above equations to create a look up
table for K using a range of Dg from 10-8 to 10-4 and the mean s’ and pa values from the
SFDI images. We then used the mean K value obtained from our ROIs within each
treatment site and performed an interpolation using the look up table to determine a
dynamically corrected characterized Dg associated to the wound, Dg,dyn,corrected- This term is
considered dynamic because the optical properties used for correction were updated at
each time point. We consider this term our characterized diffusion coefficient because it is
representative of the tissue being sampled and is not an absolute measurement of
diffusion. In order to obtain an absolute measurement of diffusion, we would need to

quantify the hemoglobin saturation and blood volume fraction of the tissue sampled.
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Unfortunately, we do not currently have the resolution to distinguish these values. In
addition to D dyn,corrected, We used only the pre-burn optical properties to determine the
corrected Dg at all time point, which we refer to as the statically corrected characterized D,
or DB stat,corrected. Lastly, to compare a condition where optical properties are not measured
and must be assumed, we used ps’=1mm-1! and p.=0.01mm-! to create an additional look up
table to determine an uncorrected characterized Dg, D uncorrected- The values of Dg dyn,corrected,
DB stat,corrected, and DBuncorrected Were used to convey the potential errors associated with
assumed optical properties and to calculate the error between using dynamic, static, and
uncorrected optical properties in determining characterized Dg.
3.3.5 Statistical Test

A linear regression fit was used to assess each data set to determine the line-of-best-
fit. The x-intercept was forced to 50 SFI (a.u.) as this is representative of the condition in
which K = 0, in which there is no movement. The slopes of each data sets were compared in
Prism 8 (GraphPad Software, Inc.) using the method outlined in Ref 5859, The results of this
analysis tested the slopes of each data set against the null that the slopes were the same for

all data sets. A p-value < 0.05 indicated statistically significant differences in slopes.
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3.4 Results

Figure 3.4 shows Dg dyn,corrected, Which used pre-burn ps’ and pa values from pre-burn
SFDI measurements, with respect to the measured SFI values obtained from the LSI device.
The Dguncorrected, Which used used ps'=1mm- and p.=0.01mm-1! as the optical property
values for quantifying Dg, was plotted in comparison. The slopes of the linear regression fit
of each data set were significantly different (p < 0.0001). The mean percent error between
pre-burn Dg dyn,corrected and DB uncorrected individual values was -47.6%. The Dguncorrected OVEr
estimated Dg values compared to Dg dyn,corrected, hence the negative percent error. The mean

us and pa measured at the pre-burn time point with SFDI were 1.34mm-! and 0.0043mm-1,

respectively.
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Figure 3.4: Pre-burn SFI vs Dg,dyn,corrected and DBg,uncorrected. The mean percent error between pre-burn
Ds,dyn,corrected and DB,uncorrected Was significantly different with a mean percent error of -47.6%.
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Figure 3.5 shows Dg dyn,corrected, Which used post-burn ps" and pa values from post-
burn SFDI measurements, with respect to the measured SFI values obtained from the LSI
device. The Dgstat,corrected, Which used pre-burn ps’ and pa from SFDI measurements, and
DB uncorrected, Which used ps’'=1mm-1 and p.=0.01mm-1, were plotted in comparison. The
slopes of the linear regression fit of each data set were significantly different (p < 0.0001).
The mean percent error between post-burn Dg dyn,corrected and DB stat,corrected individual values
was 6.89%. Dgstat,corrected Underestimated Dg. The mean ps’ and pa measured post-burn were
1.44mm1 and 0.0056mm-1, respectively. The mean percent error between Dg,dyn,corrected and

DB uncorrected at the post-burn time point was -40.1%. Dg uncorrected OVerestimated Ds.
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Figure 3.5: Post-burn SFl vs DB,dyn,corrected and DB,stat,corrected and DB,uncorrected. Post-burn DB,dyn,corrected and
Dg stat,corrected Was highly correlated with a mean percent error 6.89%. However, the mean percent error
betWeen pOSt-burn DB,dyn,corrected and DB,uncorrected was '401%
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Figure 3.6 shows Dg dyn,corrected, Which used pre-debridement ps’ and pa values from
pre-debridement SFDI measurements, with respect to the measured SFI values obtained
from the LSI device. The Dgstat,corrected, Which used pre-burn ps” and pa from SFDI
measurements, and Dguncorrected, Which used ps’=1mm-1 and p.=0.01mm-1, were plotted in
comparison. The slopes of the linear regression fit of each data set were significantly
different (p < 0.0001). The mean percent error between pre-debridement Dg dyn,corrected and
DB stat,corrected individual values was 19.3%. The mean pis’ and p. measured pre-debridement
were 1.45mm-! and 0.0093mm-1, respectively. The mean percent error between

DB,dyn,corrected al’ld DB,uncorrected at the pOSt-burl’l tlme pOll’lt was ‘211%
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Figure 3.6. Pre-debridement SFI vs Dg,dyn,corrected and DB;stat,corrected aNd Dg,uncorrected. The mean percent
error between pre-debridement Dg,dyn corrected and DB stat,corrected Was 19.3%, whereas the mean percent error
between post-burn DB,dyn,corrected and DB,uncorrected was -21.1%.
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Figure 3.7 shows Dg dyn,corrected, Which used post-debridement s’ and pa values from
post-debridement SFDI measurements, with respect to the measured SFI values obtained
from the LSI device. The Dgstat,corrected, Which used pre-burn ps” and pa from SFDI
measurements, and Dguncorrected, Which used ps’=1mm-1 and p.=0.01mm-1, were plotted in
comparison. The slopes of the linear regression fit of each data set were significantly
different (p < 0.0001). The mean percent error between post-debridement Dg dyn,corrected and
DB stat,corrected individual values was 19.6%. The mean ps” and g, measured pre-debridement
were 1.42mm-! and 0.0097mm-1, respectively. The mean percent error between

DB dyn,corrected aNd DB uncorrected at the post-burn time point was -16.7%.
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Figure 3.7: Post-debridement SFI vs DB, dyn,corrected and DB stat,corrected aNd DB,uncorrected. The mean percent
error between post-debridement Dg,dyn,corrected and DB stat,corrected Was 19.6%, whereas the mean percent error
betWeen pOSt-burn DB,dyn,corrected and DB,uncorrected was '167%



We also compared Dg dyn,corrected Values at the pre- and post-debridement time points
with respect to the burn treatments received for each site (Fig 3.8). An overall increase in
DB dyn,corrected post-debridement was observed (mean percent increase of 115% from pre-
debridement) (Fig 3.8a,b). The mean percent error post-debridement of successful grafts
and failed grafts were 121% and 76%, respectively (Fig 3.8c). However, the results were
inconclusive in determining a threshold for Dg values associated to failed vs successful
grafts at the post-debridement time point as seen in the receiver operating characteristic
(ROC) curve in Figure 3.8d. The ROC curve showed 85% sensitivity paired with 40%

specificity.
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Figure 3.8: Burn treatment vs Dg,dyn,corrected and resulting ROC curve. (a) Pre-debridement Dg dyn,corrected
displays decreasing mean values with increasing burn severity. (b) Post-debridement Dg,dyn,corrected Shows
overall increased values compared to pre-debridement (mean percent increase of 115% compared to pre-
debridement). (c) Mean percent error at post-debridement from pre-debridement for successful and failed

grafts were 121% and 76%. (d) The ROC curve showed poor sensitivity and specificity with specificity of 40%
when sensitivity was 85%.

3.5. Discussion and Conclusion

LSI can provide meaningful blood flow information in assessing burn wound
severity1>161930.37.60-62 However, since burn wounds are dynamically changing in the first
48-72 hours post-burn, optical properties are constantly changing during this time point as

well1663, Here, we have shown the potential errors associated with assuming optical
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properties and how they affect measured blood flow. If the assumed ps’ is less than the
measured ps’, which occurred at all time points in this study, Dg dyn,corrected Will be less than
DB uncorrected- This is due to the increase in scattering that would lead to a higher SFI value at
the same Dg value, so Dg must actually be a lower value in order to represent the same
measured SFI value if us’ is greater. If assumed p. is greater than measured pa, DB dyn,corrected
will be greater to achieve the same SFI value. This is due to the reduction in SFI as
absorption increases, so the value of Dg must increase in order to achieve the same SFI
value. A plot of varying optical properties and their effect on the SFI vs Dg relationship can
be found in the Appendix.

In the case where s’ and pa. were assumed (ps'=1mm-1, u,=0.01mm-1), we observed
mean percent errors up to 47.6% from Dg dyn,corrected (0OCCurred at pre-burn). An explanation
was the greater actual ps’ and lower actual pa at pre-burn (ps'=1.34mm-1, p,=0.0043mm-1).
If us’ and pa are used from the pre-burn time point and assumed to remain constant at post-
burn and pre- and post-debridement, we observed mean percent errors up to 19.6%
(occurred at post-debridement). At post-debridement, p. increased to 0.0097mm-1 from
0.0043mm-1! at pre-burn, which resulted in an increase in Dg dyn,corrected associated with the
same SFI value. Therefore, continually measuring optical properties plays an important
role in obtaining more accurate values of blood flow using LSI.

In comparing Dg dyn,corrected against burn treatments at post-debridement, we were
unable to obtain a threshold value for Dg dyn,corrected that would lead to high sensitivity and
high specificity for distinguishing burn wounds that were not adequately debrided.
However, we believe that by using a single or double normalization to account for local and

global changes in blood flow, respectively, we may be able to determine a threshold value
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for D dyn,corrected- Additional failed graft sites from future experiments and their associated
DB dyn,corrected Values should improve our sensitivity and specificity.

Although we have shown that we can quantify the errors associated with assuming
or not properly correcting for optical property changes, there are limitations to our study.
First, we did not include superficial burn and superficial partial burn wounds in our study.
Having the full spectrum of burn severities would provide us with a greater understanding
of how Dg dyn,corrected Changes over the course of wound healing. By debriding the burn
wounds, we disturbed wound healing progression as well. Future studies will monitor
changes in D dyn,corrected longitudinally without debridement. Second, we used ps’
interpolated at 808nm to match the wavelength used in our LSI system. However, we are
aware that SFDI penetrates depths of ~5mm35, whereas LSI has penetration depths are
<1mm. Therefore, the s’ of shorter wavelengths may interrogate comparable tissue
depths, but the amount of scattering and absorption of chromophores at these shorter
wavelengths may not be representative of the 808nm wavelength.

In summary, LSI and SFDI are both promising optical techniques capable of
providing clinicians with quantitative and objective measurements of burn wound severity.
We were able to quantify the potential errors associated with assuming optical properties
and not properly accounting for optical property changes in dynamic burn wounds. By
pairing LSI with SFDI, we can reduce inaccuracies in blood flow measurements by properly

accounting for the changing optical properties in burn wounds.

61



3.6 Acknowledgement

This material is based upon work supported by the Air Force Office of Scientific
Research under award numbers FA9550-17-1-0193, FA9550-14-1-0034, and FA9550-16-
1-0342, which funded development of the LSI technology at the Beckman Laser Institute
and the imaging of the 5cm burns and skin grafts at the Institute of Surgical Research . We
also acknowledge support from the Arnold and Mabel Beckman Foundation, the NIH Laser
Microbeam and Medical Program Grant P41 EB015890, and the NIH funded Institute of
Clinical and Translational Science TL1 TR001415 Fellowship to Ben Lertsakdadet. This
research was also supported in part by an appointment of Gordon T. Kennedy to the
Postgraduate Research Participation Program at the U.S. Army Institute of Surgical
Research administered by the Oak Ridge Institute for Science and Education through an
interagency agreement between the U.S. Department of Energy and USAISR. The content is
solely the responsibility of the authors and does not necessarily represent the official views
of the NIGMS, NIBIB or NIH. Any opinions, finding, and conclusions or recommendations
expressed in this material are those of the authors and do not necessarily reflect the views
of the United States Air Force. We would like to thank the staff and technicians at the
Institute of Surgical Research and the Wide-field Functional Imaging Lab members and
Microvascular Therapeutics and Imaging Lab members for their support and invaluable

feedback.

62



CHAPTER 4: Summary and Conclusion

We originally set out to address the issue of intestinal failure (IF) monitoring in
premature neonates in the neonatal intensive care unit (NICU). Our proposed method was
to apply a non-invasive optical imaging modality to objectively quantify and monitor blood
flow changes in the abdominal region of these premature neonates. Laser Speckle Imaging
(LSI) was our choice modality for this task. Since LSI systems are highly sensitive to
motion, most LSI studies are typically performed using mounted systems. However, in
order to make LSI more accessible for a NICU, and clinical use in general, we first needed to
explore alternative form factors of the LSI device.

Our first goal was to identify a suitable form factor for ease-of-use and ease-of-
transportation. Our proposed solution was a handheld LSI device. We made significant
modifications to our previous handheld LSI device by incorporating more modular
components and increasing the field of view (FOV) to sample larger areas. However,
motion artifact remained a concern for using LSI in a handheld configuration. We
incorporated a FM into our imaging protocol to sort images based on motion artifact and to
identify “useable” images, which had a speckle contrast (K) of the FM above a predefined
threshold value. We then aligned these images using the FM as a reference for co-
registration. We automated the process of FM identification, sorting images based on Kgw,
and co-registering useable frames. We showed that our handheld LSI device with our FM
imaging protocol could provide comparable results to a mounted LSI device.

Next, we wanted to see if we can further reduce the motion artifact in handheld LSI
measurements. So we incorporated a handheld gimbal stabilizer (HGS) to the handheld LSI

device, which we called the Motion Stabilized LSI (msLSI) device. Adding a HGS to a LSI
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device provided additional stabilization when acquiring data in a handheld configuration
and was a novel concept that we wanted to test.

In addition to the HGS, we increased the FOV to 140mm x 105mm, to allow for even
larger samples to be measured in a single image. We compared the handheld use of our
msLSI device with and without the HGS using in vitro flow phantom experiments. The
msLSI device showed improved K compared to handheld LSI without the HGS at all flow
speeds. The mean number of images above the threshold Krm value was also significantly
greater when using the msLSI device.

To further test our msLSI device, we reduced the FOV of the msLSI device to 20mm
x 15mm to image the vasculature in a dorsal skinfold window chamber model. For these in
vivo experiments, we also developed an image processing workflow that automated the
identification of the window chamber, sorted images based on the mean K of the tissue
within the window chamber (Kwc) , and aligned all images using the window chamber. In
doing so, the tissue within the window chamber acted as the FM for these experiments.
Using the msLSI device resulted in a greater number of images above a threshold Kwc value
compared to handheld LSI without the HGS. We wanted to compare the signal-to-
background ratio (SBR) of the average SFI images that resulted from the msLSI and
handheld without HGS data sets. The signal was determined from the SFI value from the
vessels and the background was determined from the SFI value from the background
tissue. Less motion artifact is associated with higher SBR, and msLSI data resulted in higher
SBR compared to handheld without HGS. We were able to show that by pairing a HGS with

handheld LSI, we could further reduce motion artifact in handheld LSI data acquisition.
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Lastly, in addition to motion artifact concerns for LSI imaging, optical property
changes in dynamic wounds can also lead to inaccuracies in measured blood flow. This is
an issue for currently commercialized, mounted LSI devices as well.

An example of a dynamic wound model is a burn wound. LSI has been utilized for
measuring blood flow in burn wounds for assessing burn severity1>16556061 However, burn
wounds are highly dynamic wounds making them a relevant model for comparing the
effects of optical property changes on actual blood flow. The dynamic nature of burn
wounds within the first 48-72 hours makes them extremely difficult to diagnose
accurately30. Although studies have shown that blood perfusion is an adequate method for
assessing burn wounds, they do not consider the structural changes that occurss. A non-
contact imaging modality capable of quantifying these structural changes is Spatial
Frequency Domain Imaging (SFDI), which is an imaging technique that measures optical
properties of tissue (reduced scattering coefficient, us’, and absorption coefficient, pa)
along with oxy- and deoxy-hemoglobin information34-3°,

We hypothesized that by utilizing SFDI to determine optical properties of the burn
wounds, we can improve the accuracy of the perfusion information measured by LSI. We
showed that assuming optical properties or using the optical properties from a single time
point can lead to the errors up to 47% between the measured blood flow to the actual
characteristic diffusion coefficient (Dg) value associated with the imaged tissue.

Collectively, this work demonstrates our attempts at providing a viable alternative
for clinical blood flow imaging with our handheld LSI device and imaging protocol and the

importance of properly accounting for motion artifact and optical property changes in LSI.
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With these considerations, a msLSI device may be suitable for clinical use to assist

physicians in assessing patients in the neonatal intensive care unit (NICU) and burn unit.
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Appendix
Table A.1 and A.2 show the ps’ and pa at 808nm before burn treatment is performed. The

mean U’ and pa were 1.34mm-1 and 0.0043mm-1, respectively.

Table A.1: Pre-burn p 3.’ (mm) associated with burn treatment

PT9, 0.030" PT9, 0.060" PT9, 0.090" DPT12,0.030" DPT12,0.060" DPT12, 0.090" FT15, 0.060" FT15, 0.090" FT15, 0.120" No burn, 0.090" PT6, 0.030" PT6, 0.060" Controls

1.46 147 1.50 1.60 147 147 1.52 1.49 1.48 1.55 1.44 151 1.48
1.53 1.60 1.45 1.65 1.65 151 1.59 1.55 1.59 1.55 1.66 1.62 1.46
1.53 1.47 1.53 154 1.46 1.46 1.58 161 1.56 154 1.59 1.62 1.53
1.57 1.43 1.45 1.46 147 1.50 1.46 1.48 1.54 1.48 139 1.67 1.52
157 1.47 1.53 1.55 1.56 1.49 1.47 1.40 1.38 1.62 1.59 1.55

1.43 1.42 161 139 1.43 1.39 133 152 1.44

135 1.39 1.60

135 1.60

1.39

1.34

Table A.2: Pre-burn p, go3 (mm-?) associated with burn treatment

PT9, 0.030" PT9, 0.060" PT9, 0.090" DPT12,0.030" DPT12,0.060" DPT12, 0.090" FT15, 0.060" FT15, 0.090" FT15, 0.120" No burn, 0.090" PT6, 0.030" PT6, 0.060" Controls

0.0034 0.0053 0.0062 0.0035 0.0051 0.0060 0.0038 0.0057 0.0050 0.0039 0.0054 0.0051 0.0049
0.0069 0.0047 0.0060 0.0047 0.0049 0.0042 0.0044 0.0050 0.0040 0.0048 0.0056 0.0046 0.0043
0.0030 0.0032 0.0039 0.0037 0.0035 0.0029 0.0052 0.0045 0.0048 0.0044 0.0042 0.0049 0.0037
0.0058 0.0047 0.0071 0.0082 0.0065 0.0069 0.0074 0.0049 0.0036 0.0054 0.0050 0.0058 0.0036
0.0032 0.0073 0.0032 0.0028 0.0033 0.0069 0.0058 0.0096 0.0039 0.0038 0.0038 0.0034
0.0047 0.0039 0.0039 0.0000 0.0054 0.0037 0.0051 0.0049 0.0030 0.0054

0.0045 0.0050 0.0044
0.0045 0.0064

0.0032

0.0046

Table A.3 and A.4 show the ps’ and pa at 808nm at post-burn. The mean ps" and g, were

1.44mm1 and 0.0056mm-1, respectively.

Table A.3: Post-burn 55" (Mm-?) associated with burn treatment

PT9, 0.030" PT9, 0.060" PT9, 0.090" DPT12,0.030" DPT12, 0.060" DPT12, 0.090" FT15, 0.060" FT15, 0.090" FT15, 0.120" No burn, 0.090" PT6, 0.030" PT6, 0.060" Controls

134 1.49 151 141 1.53 137 1.54 134 1.40 1.52 1.44 1.49 1.46
1.48 141 1.46 1.45 136 147 135 1.27 133 158 1.63 151 1.44
154 1.35 1.43 1.23 124 124 1.39 124 1.30 153 1.59 1.63 1.50
1.53 1.50 1.27 151 141 143 1.16 1.23 1.22 1.50 1.49 1.58 1.49
1.63 1.55 157 1.49 153 134 1.38 117 1.42 164 1.66 1.62

1.49 1.62 151 139 143 1.30 1.29 117 1.52 142 1.64 1.59

1.43 1.49 1.42 141 1.23 1.35 151 1.49 1.54

1.49 1.48 131

1.51

1.51

Table A.4: Post-burn i, 3,5 (Mm-%) associated with burn treatment
PT9, 0.030" PT9, 0.060" PT9, 0.090" DPT12, 0.030" DPT12, 0.060" DPT12, 0.090" FT15, 0.060" FT15, 0.090" FT15, 0.120" No burn, 0.090" PT6, 0.030" PT6, 0.060" Controls

0.0050 0.0067 0.0076 0.0045 0.0059 0.0074 0.0051 0.0058 0.0052 0.0042 0.0074 0.0069 0.0046
0.0076 0.0066 0.0073 0.0057 0.0055 0.0050 0.0051 0.0045 0.0049 0.0048 0.0067 0.0067 0.0043
0.0046 0.0045 0.0050 0.0055 0.0045 0.0045 0.0048 0.0043 0.0057 0.0048 0.0058 0.0067 0.0036
0.0060 0.0060 0.0108 0.0095 0.0070 0.0071 0.0098 0.0058 0.0043 0.0054 0.0073 0.0071 0.0041
0.0055 0.0086 0.0046 0.0046 0.0047 0.0068 0.0061 0.0089 0.0036 0.0059 0.0053 0.0047

0.0059 0.0049 0.0060 0.0061 0.0062 0.0034 0.0054 0.0039 0.0045 0.0057 0.0054 0.0073

0.0060 0.0053 0.0053 0.0046 0.0047 0.0047 0.0052 0.0073 0.0043

0.0036 0.0057 0.0047

0.0027

0.0041
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Table A.5 and A.6 show the ps’ and pa. at 808nm at pre-debridement. The mean ps’ and pa

were 1.45mm-! and 0.0093mm-1, respectively.

Table A.5: Pre-debridement i, 505" (mMm'?) associated with burn treatment
PT9, 0.030" PT9, 0.060" PT9, 0.090" DPT12, 0.030" DPT12, 0.060" DPT12, 0.090" FT15, 0.060" FT15, 0.090" FT15, 0.120" No burn, 0.090" PT6, 0.030" PT6, 0.060" Controls

1.40 1.48 1.54 1.25 1.60 1.48 1.47 1.46 1.47 1.45 1.51 151 1.55
1.44 1.48 122 1.52 1.46 121 1.46 1.66 147 1.57 1.55 1.35 138
141 1.44 1.54 1.28 1.40 1.36 1.51 1.54 115 1.54 1.44 1.55 146
157 1.58 1833} 1.62 1.47 1.45 1.30 1.36 1.25 1.56 161 1.46 142
1.56 1.61 1.46 1.46 1.56 1.42 1.36 1.45 1.40 1.59 1.29 1.61

1.48 141 1.57 1.36 1.30 1.29 1.42 137 1.55 1.07 132 1.54

143 1.46 1.50 1.56 154 135 1.46 1.30 142

1.52 1.35 148

1.50

149

Table A.6: Pre-debridement ., 355 (Mm?) associated with burn treatment
PT9, 0.030" PT9, 0.060" PT9, 0.090" DPT12,0.030" DPT12,0.060" DPT12, 0.090" FT15, 0.060" FT15, 0.090" FT15, 0.120" No burn, 0.090" PT6, 0.030" PT6, 0.060"  Controls

0.0093 0.0095 0.0101 0.0139 0.0103 0.0100 0.0095 0.0086 0.0085 0.0047 0.0090 0.0088 0.0038
0.0137 0.0104 0.0122 0.0100 0.0103 0.0138 0.0092 0.0104 0.0098 0.0047 0.0111 0.0132 0.0045
0.0087 0.0081 0.0082 0.0092 0.0102 0.0080 0.0100 0.0092 0.0130 0.0055 0.0103 0.0102 0.0039
0.0114 0.0089 0.0143 0.0114 0.0088 0.0088 0.0142 0.0107 0.0067 0.0041 0.0110 0.0134 0.0046
0.0102 0.0104 0.0123 0.0096 0.0092 0.0100 0.0074 0.0090 0.0050 0.0084 0.0111 0.0047

0.0102 0.0115 0.0102 0.0116 0.0128 0.0078 0.0103 0.0072 0.0045 0.0101 0.0092 0.0066

0.0094 0.0079 0.0083 0.0073 0.0248 0.0072 0.0092 0.0139 0.0036

0.0073 0.0087 0.0053

0.0047

0.0060

Table A.7 and A.8 show the ps’ and pa at 808nm at post-debridement. The mean s’ and pa

were 1.42mm-! and 0.0097mm-1, respectively.

Table A.7: Post-debridement p 3,5’ (mm-1) associated with burn treatment
PT9, 0.030" PT9, 0.060" PT9, 0.090" DPT12, 0.030" DPT12, 0.060" DPT12, 0.090" FT15, 0.060" FT15, 0.090" FT15, 0.120" No burn, 0.090" PT6, 0.030" PT6, 0.060" Controls

1.39 1.38 143 1.25 1.34 1.44 133 137 1.30 1.26 1.18 137 1.52
1.58 135 118 137 1.19 1.20 131 134 1.30 1.53 141 1.25 134
1.15 1.53 132 1.42 1.37 1.37 141 1.25 1.20 1.48 141 1.45 147
1.38 1.48 1.42 1.93 1.57 1.64 1.40 1.40 1.36 1.43 141 117 139
143 1.64 1.40 1.40 1.19 171 1.61 143 1.43 1.29 1.39 1.56

1.61 1.47 1.45 1.43 151 1.45 143 1.40 1.48 132 137 1.48

1.57 151 1.64 1.56 1.55 1.54 151 1.48 151

1.58 1.65 1.42

1.54

133

Table A.8: Post-debridement p, go3 (Mm-?) associated with burn treatment
PT9, 0.030" PT9, 0.060" PT9, 0.090" DPT12,0.030" DPT12,0.060" DPT12,0.090" FT15, 0.060" FT15, 0.090" FT15, 0.120" No burn, 0.090" PT6, 0.030" PT6, 0.060"  Controls

0.0079 0.0075 0.0092 0.0109 0.0091 0.0107 0.0079 0.0143 0.0167 0.0112 0.0059 0.0071 0.0033
0.0079 0.0111 0.0094 0.0117 0.0113 0.0116 0.0115 0.0199 0.0170 0.0125 0.0109 0.0127 0.0036
0.0050 0.0064 0.0107 0.0095 0.0094 0.0085 0.0171 0.0174 0.0261 0.0098 0.0105 0.0103 0.0043
0.0138 0.0051 0.0089 0.0079 0.0084 0.0130 0.0118 0.0106 0.0111 0.0073 0.0068 0.0149 0.0045
0.0083 0.0073 0.0096 0.0080 0.0178 0.0083 0.0087 0.0089 0.0081 0.0065 0.0112 0.0046

0.0111 0.0117 0.0111 0.0110 0.0144 0.0092 0.0161 0.0087 0.0087 0.0058 0.0079 0.0068

0.0072 0.0105 0.0084 0.0060 0.0111 0.0087 0.0073 0.0089 0.0027

0.0069 0.0090 0.0047

0.0040

0.0048
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Dg vs SFI

2500 -

SFl (a.u.)

0.0 5.0%x1077 1.0x106
DB

SFI musp 0.4 mua 0

SFI musp 0.4 mua 0.001
SFI musp 0.4 mua 0.003
SFI musp 0.4 mua 0.01
SFI musp 0.4 mua 0.03
SFI musp 0.4 mua 0.1
SFI musp 0.4 mua 0.3
SFImusp 1 mua0

SFI musp 1 mua 0.001
SFI musp 1 mua 0.003
SFI musp 1 mua 0.01
SFI musp 1 mua 0.03
SFI musp 1 mua 0.1

SFI musp 1 mua 0.3
SFI musp 1.6 mua 0
SFI musp 1.6 mua 0.001
SFI musp 1.6 mua 0.003
SFI musp 1.6 mua 0.01
SFI musp 1.6 mua 0.03
SFI musp 1.6 mua 0.1
SFI musp 1 mua 0.3

Figure A.1: Varying optical properties and their effects on the SFI vs D relationship.
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