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A B S T R A C T   

Ischemic stroke leads to a reduction or complete loss of blood supply causing injury to brain tissue, which ul-
timately leads to behavioral impairment. Optical techniques are widely used to study the structural and func-
tional changes that result as a consequence of ischemic stroke both in the acute and chronic phases of stroke 
recovery. It is currently a challenge to accurately estimate the spatial extent of the infarct without the use of 
histological parameters however, and in order to follow recovery mechanisms longitudinally at the mesoscopic 
scale it is essential to know the spatial extent of the stroke core. In this paper we first establish optical coherence 
tomography (OCT) as a reliable indicator of the stroke core by analyzing signal attenuation and spatially 
correlating it with the infarct, determined by staining with triphenyl-tetrazolium chloride (TTC). We then 
introduce spatial frequency domain imaging (SFDI) as a mesoscopic optical technique that can be used to 
accurately measure the infarct spatial extent by exploiting changes in optical scattering that occur as a conse-
quence of ischemic stroke. Additionally, we follow the progression of ischemia through the acute and sub-acute 
phases of stroke recovery using both OCT and SFDI and show a consistently high spatial overlap in estimating 
infarct location. The use of SFDI in assessing infarct location will allow longitudinal studies targeted at following 
functional recovery mechanisms on a mesoscopic level without having to sacrifice the mouse acutely.   

1. Introduction 

In ischemic stroke, a reduction or complete loss in blood supply to a 
region of the brain results in a cascade of events over a varied temporal 
scale of minutes (hyperacute) and hours (acute), to days and ultimately 
weeks (chronic) (Lo et al., 2003; Moskowitz et al., 2010; Murphy and 
Corbett, 2009). The region directly supplied by the occluded vessel sees 
the largest reduction in blood flow (20% of normal flow) and undergoes 
cellular death within minutes of an occlusion. This area of metabolically 
dead tissue is referred to as the core of the stroke and the region sur-
rounding the core contains hypo-perfused tissue that is damaged but not 
yet dead (Lo, 2008). This peripheral area that represents salvageable 
tissue is called the penumbra in the acute phase or the peri-infarct in the 
chronic phase. When properly managed with timely interventions, the 
penumbra can be saved before the core expands into it (Chalela et al., 
2004; Chatterjee, 2012; Parsons et al., 2002). In the chronic phase, the 
peri-infarct undergoes significant spontaneous reorganization and 

restoration that results in functional and behavioral recovery (Cassidy 
and Cramer, 2017; Cramer, 2008a). 

Preclinical animal models provide a great tool to study the structural 
and functional consequences of ischemic stroke (Bacigaluppi et al., 
2010; Carmichael, 2005; Traystman, 2003) and are used extensively to 
enhance our understanding of stroke recovery mechanisms (Brown 
et al., 2009, 2007; Schrandt et al., 2015; Winship and Murphy, 2008). 
This understanding through experimental research goes hand-in-hand 
with the advancements seen in optical imaging techniques. Laser 
speckle contrast imaging (LSCI) allows visualization of changes to 
relative cerebral blood flow (CBF) before and after stroke over a large 
field of view with relatively high spatial (10–100 µm) and temporal 
resolution (10–100 frames/sec) (Ayata et al., 2004; Boas and Dunn, 
2010; Dunn et al., 2001). In the acute phase following occlusion, LSCI 
can be used to closely monitor tissue perfusion in the core and penum-
bra, as well as evaluate the effect of treatment on tissue reperfusion and 
recovery. Optical coherence tomography (OCT) has been used to obtain 
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absolute blood flow measures over several millimeters with micron-level 
resolution (Tang et al., 2018, 2017; Wang et al., 2017) and two-photon 
microscopy is capable of imaging cellular-level information down to 
hundreds of microns below the brain surface (Helmchen and Denk, 
2005). Longitudinal stroke recovery occurs both spontaneously and can 
be enhanced through rehabilitation. Functional neuroimaging methods 
are valuable for monitoring these recovery processes (Blicher et al., 
2012; Johansen-berg, 2007; Johansen-Berg et al., 2002; Lake et al., 
2016). 

A number of studies have been performed to follow neuronal and 
vascular recovery mechanisms longitudinally in the peri-infarct (Brown 
et al., 2007; Schrandt et al., 2015). These studies typically rely on CBF as 
a metric to define either the stroke core or the peri-infarct region. While 
CBF has been validated as a reliable metric in determining the extent of 
tissue damage, the CBF cut-off values for the core and peri-infarct vary 
across different studies (Dunn, 2012; Parthasarathy et al., 2010; Strong 
et al., 2006). In addition, CBF obtained from LSCI is a relative measure 
that can depend on the instrumentation and experimental parameters. 
Histological staining of brain tissue with triphenyl-tetrazolium chloride 
(TTC) has been well established as a gold-standard to identify the stroke 
core as TTC can differentiate between metabolically active and inactive 
tissue (Türeyen et al., 2004). However, the drawback with TTC staining 
is that it needs to be performed within 72 h of the stroke in order to be a 
reliable measure of the infarct and requires the animal to be sacrificed, 
thereby not allowing valuable longitudinal studies. 

Traditionally, the stroke core has been evaluated longitudinally with 
diffusion weighted imaging (DWI) which is a type of magnetic resonance 
imaging that measures the apparent diffusion coefficient (ADC) of water 
within the brain tissue (Meng et al., 2004; Neumann-haefelin et al., 
1999). Perfusion deficits, which lead to metabolic energy failure, result 
in cellular swelling in the early hours after ischemic stroke (Liang et al., 
2007; Somjen, 2001). Cellular swelling results in a decrease in ADC, 
which is measured as an increase in the DWI signal. Although DWI is a 
widely accepted method, it is hard to implement due to high cost and 
space constraints related to MRI instrumentation. It is expected that 
cellular and intracellular organelle swelling also changes the optical 
scattering coefficient within the brain tissue, as has been observed with 
OCT (Choi et al., 2019; Srinivasan et al., 2013). Tissue scattering or light 
attenuation obtained from microscopy techniques, such as OCT, are 
optical analogs to DWI and are expected to be reliable metrics of the 
stroke core that can help guide longitudinal monitoring of functional 
recovery following stroke, as suggested in recent publications (Choi 
et al., 2019; Srinivasan et al., 2013). 

OCT typically captures micrometer-resolution three-dimensional 
images across a few millimeter (1–3 mm) fields of view from within 
optically scattering samples such as the brain. For monitoring the stroke 
core in animal models, it is advantageous to compliment the OCT 
measures with mesoscopic resolution over larger fields of view (6–10 
mm) that cover the entire mouse cortex. Spatial frequency domain im-
aging (SFDI) is a wide-field diffuse optical reflectance-based technique 
that can quantify sample absorption (µa) and reduced scattering (µsʹ) 
coefficients (Cuccia et al., 2009; Gioux et al., 2019). While SFDI has been 
used to study the hemodynamic response during ischemic stroke 
(Abookasis et al., 2009), it has not been used in the context of longitu-
dinally mapping the stroke core. This approach may be useful for 
combining stroke lesion identification with other wide-field imaging 
such as calcium signals or intrinsic optical signal imaging. In this paper 
we present SFDI as an optical technique to accurately measure the 
spatial extent of the stroke core. We follow the optical evolution of the 
stroke core before and after the onset of stroke and at various time points 
until 72 h post-stroke. We first validate that OCT signal attenuation can 
reliably predict the stroke core by comparing to TTC staining. SFDI 
scattering is then validated alongside OCT signal attenuation following 
which SFDI is validated against TTC staining. 

2. Methods 

2.1. Instrumentation 

A schematic of our imaging setup used for producing a stroke with 
photothrombosis and then monitoring it with spatial frequency domain 
imaging is shown in Fig. 1. Our combined laser speckle contrast imaging 
(LSCI) and photothrombosis setup for optimized induction of photo-
thrombotic stroke has been described in detail previously (Sunil et al., 
2020). In order to induce an occlusion in a distal pial branch of the 
middle cerebral artery (MCA) and simultaneously monitor changes to 
cerebral blood flow (CBF), the photothrombosis setup was coupled 
together with the LSCI system. Briefly, LSCI is used to image CBF by 
illuminating the surface of the brain with a 785 nm laser diode (LP785- 
SAV50, Thorlabs) and imaging the back scattered light using a CMOS 
camera (Basler acA2040-90um NIR). A 785 nm band pass filter, with a 
bandwidth of 10 nm, along the detection path was used to spectrally 
restrict the light. Additionally, in order to minimize specular reflections 
and optimize the speckle size a linear polarizer and iris were placed 
along the imaging path respectively. The pupil diameter of the iris was 
adjusted such that the speckle to pixel size ratio was 3.2 as calculated 
from the spatial cross-correlation of the speckle pattern obtained from a 
static scattering sample. Speckle images were acquired with a 5 ms 
exposure time at 40 frames per second. To perform photothrombosis via 
photoactivation of a photosensitive dye, Rose Bengal, the system con-
tains a 520 nm laser diode in an epi-illumination configuration. The 
laser spot size was designed to obtain a lateral resolution of 6 µm in 
diameter with an axial point spread function of 104 µm. A beam splitter 
along the imaging path allows visualization of the laser spot on the 
scientific CMOS camera (Hamamatsu ORCA-Flash4.0V3). A 470 nm LED 
(not shown in the schematic) was used to illuminate the surface 
vasculature in order to position the laser spot on the target pial vessel. A 
640 nm dichroic beam-splitter was used to split the near-infrared and 
visible light and a 650 nm short pass filter was used to prevent bleed 
through from the 785 nm laser diode used for LSCI. The imaging setup 
includes a 2X objective for a field of view of 5.6 mm × 5.6 mm for the 
CMOS (LSCI camera) and 6.5 mm × 6.5 mm for the sCMOS. 

Instrumentation for spatial frequency domain imaging (SFDI) has 
been added to this imaging setup to allow estimation of tissue optical 
properties including the absorption (µa) and reduced scattering co-
efficients (µs

′) (Applegate et al., 2020). A 530 nm LED was used for SFDI 
so that the absorption images would be representative of total hemo-
globin concentration without confounding impacts of hemoglobin 
oxygenation. A digital micromirror device (DMD) (LC4500, Keynote 
Photonics) along the illumination path is used to spatially modulate the 
light at the desired frequencies. An achromatic lens is placed after the 
DMD along the illumination path to magnify the image from the DMD 
onto the sample. Additionally, a polarizer is placed along the illumina-
tion and imaging paths in order to cross polarize the light and reduce 
specular reflections. A mirror along the illumination path is placed after 
the polarizer to direct and center the light beam on the mouse brain. The 
reflected light is captured with the sCMOS camera. 

2.2. Surgical procedure 

All animal procedures were approved by the Boston University 
Institutional Animal Care and Use Committee and were conducted 
following the Guide for the Care and Use of Laboratory Animals. All 
mice used in this study were adult wildtype C57Bl6 at approximately 15 
weeks old. A total of 7 mice were used in the study, 4 mice were sacri-
ficed at 24 h after stroke and 3 mice were sacrificed at 72 h after stroke 
for histological analysis. 

Our surgical procedure has been described previously (Sunil et al., 
2020). Briefly, 4 h prior to the start of surgery, dexamethasone was 
administered intraperitoneally in order to minimize cerebral edema 
during and after surgery. Isoflurane was used to anesthetize the mice 
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(3% at induction and 1–1.5% for maintenance with 1 L/min oxygen), 
while body temperature was maintained at 37 ◦C with a homeothermic 
blanket. Respiratory rate and toe pinch were used to monitor the depth 
of anesthesia throughout the surgical procedure. After incision of the 
scalp, a craniotomy was performed on one hemisphere of the brain in 
order to remove the skull. A half-skull-shaped curved glass (Kim et al., 
2016) (modified from Crystal Skull, LabMaker, Germany) was used to 
cover the surface of the brain and then sealed with dental acrylic. To 
allow head-fixation of the mice under the imaging system, an aluminum 
head post was attached to the intact skull of the other hemisphere. After 
a 10 day recovery period from surgery, mice were trained to remain 
head-fixed for up to 1 h for approximately 7 days. All experiments are 
done in awake head-fixed mice. 

2.3. Focal cerebral ischemia 

Optimized photothrombosis was performed as described in our 
previous paper (Sunil et al., 2020). A modified version of photo-
thrombosis previously described by Watson et al. (1985), Watson et al. 
(1985) was used to perform an occlusion of a distal pial branch of the 
middle cerebral artery (MCA). The 520 nm laser diode was tuned to a 
post-objective focal power of 0.6 mW prior to the start of photo-
thrombosis. The surface vasculature was visualized under the 470 nm 
LED and the mouse was positioned so that the laser spot is directly over 
the target vessel. Ten minutes of baseline CBF was obtained following 
which the mouse was lightly anesthetized for retroorbital injection of 
Rose Bengal (100 µl, 15 mg/ml in saline). The active use of isoflurane is 
limited to under one minute, which includes induction and injection, 
after which the mouse is immediately taken off isoflurane and allowed to 
recover. Recovery of the mouse was determined as a return to baseline 
CBF and exhibiting natural behavior such as whisking. Our optimized 
photothrombosis protocol uses real-time laser speckle contrast feedback 
to guide the duration of illumination in order to minimize unwanted 
photodamage to the surrounding vasculature as a consequence of laser 

illumination. The 520 nm laser was turned on until the target vessel was 
occluded, as indicated by a disappearance of the branch in real-time 
LSCI, and then decreased to half the power for two minutes. Real-time 
spatial laser speckle contrast was calculated from the raw images 
captured using software from The Functional Optical Imaging Labora-
tory at The University of Texas at Austin (Ponticorvo and Dunn, 2010). 
The mouse was monitored for 1 h under the LSCI setup and if the branch 
reperfused during this time, the laser was turned on again until subse-
quent occlusion. Additionally, as previously described, two collateral 
branches were also targeted in order to obtain a stable infarct. 

2.4. Optical coherence tomography 

In order to validate the scattering maps obtained from SFDI we used 
optical coherence tomography (OCT). OCT signal attenuation has been 
used and validated previously as a technique to obtain the spatial extent 
of the stroke core (Choi et al., 2019; Srinivasan et al., 2013). OCT an-
giograms of the vasculature were obtained at pre-stroke, 1 h, 2 h, 4 h, 24 
h, and 72 h after photothrombosis. A spectral domain OCT system (1310 
nm center wavelength, bandwidth 170 nm, Thorlabs) was used for 
obtaining angiograms as previously described (Erdener et al., 2017). A 
5X objective (Mitutoyo) was used to obtain a field of view of 2.5 mm × 5 
mm. The region was scanned with 500 × 1000 pixels to obtain a pixel 
size of 5 × 5 µm2. OCT angiograms were obtained using a repeated 
complex OCT B-scan signal. Each OCT image was repeated 5 times to 
obtain an average of 5 angiograms. The average of the raw signal was 
processed offline using a custom MATLAB code to extract the OCT signal 
attenuation. The signal intensity was calculated as the log of the average 
of the two repeated B-scans. The signal was spatially down-sampled in 
the XY-direction to minimize speckle noise by taking an average of 
pixels in the nearest 4x4 neighborhood. The OCT attenuation, defined as 
the slope of signal decay with respect to depth, was obtained by per-
forming a first order polynomial fit to each pixel in the XY-direction. A 
450 µm region in depth was selected, starting at approximately a 100 µm 

Fig. 1. Schematic of the imaging setup with combined photothrombosis, laser speckle contrast imaging, and spatial frequency domain imaging.  
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below the glass, to perform the fit. Fig. 2 shows an outline of OCT 
analysis where Fig. 2(A) shows an OCT angiogram. Fig. 2(B) shows an 
XZ profile of the red line indicated in the left angiogram and the slope of 
signal decay from two points, one within the stroke (blue) and one 
outside the stroke (green). Fig. 2(C) shows OCT attenuation at each XY 
pixel where the darker pixels have a larger slope due to faster signal 
decay apparently depicting the stroke core. 

2.5. Spatial frequency domain imaging 

SFDI uses spatially varying sinusoidal patterns, which are projected 
onto a sample surface, and the reflected light is detected with a camera. 
The spatial modulation transfer function (sMTF), which contains optical 
property information, is obtained through a demodulation and calibra-
tion procedure performed on the reflected light. The sMTF is then cali-
brated with a silicone phantom to obtain the diffuse reflectance, which is 
then compared to the results obtained from Monte Carlo simulations of 
photon transport to determine absorption and reduced scattering. The 
instrumentation for SFDI is previously described in section 2.1 and was 
adapted from Applegate et al. (2020) (Applegate et al., 2020). A sche-
matic of just the SFDI setup is shown in Fig. 3(A). Optical properties of 
the brain were obtained at pre-stroke, 1 h, 2 h, 4 h, 24 h, and 72 h after 
photothrombosis. The DMD in the illumination path spatially modulates 
the light at six spatial frequencies (0, 0.05, 0.1, 0.2, 0.4, 0.5 mm− 1) and 
each sinusoidal pattern is projected at three phases (0, 120, and 240 
deg). The reflected light is captured with a sCMOS camera with a FOV of 
6.5 mm × 6.5 mm and is synchronized with the mirror display and LED. 
Total acquisition time for 6 frequencies, at 3 phases, repeated 5 times is 
~5 min or ~3 s/frame. In addition to imaging the awake mice, a silicone 
phantom with known optical properties is imaged with the same pro-
tocol to calibrate for system errors. The images obtained are processed 
offline using MATLAB following previously established protocols (Cuc-
cia et al., 2009; Lin et al., 2013) to obtain a pixel-by-pixel map of the 
tissue optical properties. Demodulated intensity at each spatial fre-
quency were calculated using: 

MAC(xi, fx) =
21/2

3
[
(I1 − I2)

2
+ (I2 − I3)

2
+ (I1 − I3)

2 ]1/2  

where MAC is the demodulated AC component and I1, I2, and I3 are the 
reflected intensity images at the three phases for each spatial frequency. 
MAC images were then calibrated to the reference phantom to obtain the 
diffuse reflectance. Measurements were analyzed using a lookup table 

(LUT) from Monte Carlo simulations (Boas et al., 2002), where the 
reflectance patterns are recorded for various values of µa and µsʹ with a 
point source as an input. The simulated spatial frequency dependent 
reflectance can be obtained by convolving the incident sinusoidal source 
pattern with the reflectance pattern obtained from the point source. We 
have assumed the anisotropy factor g = 0.9. A two frequency LUT was 
generated from the simulation results for spatial frequencies of 0 mm− 1 

and 0.4 mm− 1. While we obtained data for a range of spatial frequencies, 
only two spatial frequencies were used to generate the LUT and analyze 
the results. The spatial frequency used for analysis was chosen based on 
the orthogonality of the LUT, minimal coupling between µa and µsʹ in the 
LUT, and where most of the diffuse reflectance data points from the 
sample fell within the range of the LUT (Tabassum et al., 2016). This 
corresponded to the LUT of spatial frequencies 0 mm− 1 and 0.4 mm− 1. 
Fig. 3(B) shows a flowchart of the SFDI data processing method. The top 
panel shows raw intensity images with planar (left) and sinusoidal 
(right) spatial patterns. The middle panel shows the diffuse reflectance 
images after AC demodulation of the three phases for each frequency 
and the bottom panel shows the absorption and reduced scattering co-
efficients obtained from the Monte Carlo LUT. Some cross-talk is 
observed in the extracted absorption and scattering images as seen by a 
decreased µa in the large blood vessels, which we expect to have higher 
absorption. The data points corresponding to the large vessels fall 
outside the range of the LUT, where there is coupling between µa and µsʹ, 
therefore not allowing accurate estimation of the optical properties. 
Fig. 3(C) shows a visualization of the LUT and data points. The data 
points that fall outside the LUT are plotted in red along with their cor-
responding spatial location on the µsʹ image to more clearly indicate the 
points in the image for which we do not trust the estimated optical 
properties. We are primarily interested in changes to scattering within 
the parenchyma following stroke, which we can see falls within the LUT 
as shown by the green points in Fig. 3(C). Fig. 3(D) shows the reduced 
scattering coefficient in mm− 1 before stroke and at three time points 
after stroke in the top panel. The bottom panel shows the percent change 
in reduced scattering coefficient compared to pre-stroke, where the 
stroke core is clearly highlighted due to increased scattering. 

2.6. Histological analysis 

We performed histological staining with triphenyl-tetrazolium 
chloride (TTC) to assess the stroke core at 24 h in 4 mice and 72 h in 
3 mice. TTC has been well established as a technique for identifying 
infarcted tissue due to stroke by differentiating between metabolically 

Fig. 2. (A) Example XY profile of an OCT angiogram from which a signal attenuation map is derived. (B) Left: XZ profile of a single line scan (red line in left panel) 
with 450 µm segment used to obtain signal attenuation. Right: OCT signal decay vs depth taken from two regions of interest, blue region lies within the stroke core 
and green region lies outside the stroke core. (C) XY map of OCT attenuation at 2 h after stroke. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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active and inactive tissue (Türeyen et al., 2004). After the final imaging 
time point mice were deeply anesthetized with isoflurane, decapitated, 
and whole brain extracted for TTC staining. The intact brain was incu-
bated at 37 ◦C for 30 min in 2% TTC in phosphate-buffered saline. Im-
ages were acquired immediately after staining under a surgical 
microscope. 

2.7. Data analysis 

All data were analyzed offline using custom MATLAB codes. First, 
the OCT and SFDI data were analyzed individually as described in the 
above sections. Then, SFDI scattering and OCT attenuation image from 
all time points of each animal were registered to the pre-stroke SFDI 
scattering image of the same animal. Once registered, the percent 
change in SFDI scattering and OCT signal attenuation were calculated 
from their respective pre-stroke values. In order to validate the spatial 
overlap between the stroke core as determined by SFDI and OCT we used 
the Dice coefficient, which is a statistic metric used to determine the 
similarity of two samples (Brendel et al., 2017; Wright et al., 2017; Zou 
et al., 2004). To calculate the overlap, a stroke core outline was semi- 
automatically drawn using built in MATLAB contour function, active-
contour, for corresponding SFDI and OCT percent change images. The 
active contours technique is an iterative region-growing image seg-
mentation algorithm that uses initial curves that are user specified after 
which the algorithm evolves the curves towards the object boundary. 
Each image had a user defined curve positioned within the core region. 
Each contour image was then converted into a binary image and the Dice 
coefficient built in function was used to assess the similarity between the 
two binary images. A total of 7 animals were used to calculate overlap 
between SFDI and OCT at all time points except 72 h, where 3 animals 
were used. In addition to estimating the spatial overlap with OCT, SFDI 
scattering was also validated with TTC staining using the same Dice 
coefficient procedure. Here, 5 animals were used (n = 2 at 24 h and n = 3 
at 72 h) as 2 of the 4 animals sacrificed at 24 h did not show any distinct 
TTC abnormality. The green channel from the TTC image was used to 
register vascular landmarks from TTC with SFDI before performing 
similarity analysis. Quantitative results are expressed as mean and 
standard deviations. 

3. Results 

3.1. Increased OCT signal attenuation in a mouse photothrombosis stroke 
model is a reliable predictor of the stroke core 

Prior studies have shown that OCT signal attenuation increases in the 
area of focal cerebral ischemia (Choi et al., 2019; Srinivasan et al., 
2013). They have also shown the spatial expansion of signal attenuation 
as ischemia progressed over time and suggested that the infarcted tissue 
may be identified with these optical signals. However, OCT signal 
attenuation has not been statistically compared against the gold stan-
dard TTC stain for infarcted tissue. Here, we used the OCT XY- 
attenuation map with the co-registered TTC map to determine spatial 
overlap. Fig. 4(A) shows the spatial OCT attenuation map expressed as a 
slope of signal decay in the left panel. The right panel shows the percent 
change in OCT signal compared to the pre-stroke signal. Fig. 4(B) shows 
the TTC stain and the black outline corresponds to the cranial window 
location. The TTC image at the corresponding time point was co- 
registered to the OCT image and the dice coefficient was used to esti-
mate overlap. There was a strong overlap between OCT and TTC with a 
similarity mean and standard deviation of 0.73 ± 0.13. Fig. 4(C) shows 
the similarity coefficient for individual animals (n = 5: n = 2 at 24 h, n =
3 at 72 h). Animals that did not show any apparent tissue infarct at 24 h 
were excluded from the analysis (n = 2). 

3.2. Reduced scattering coefficient obtained from SFDI reliably predicts 
increased signal attenuation seen with OCT following stroke 

While OCT provides microscopic information over millimeter fields 
of view in the brain, for monitoring the stroke core in animal models, it 
is advantageous to compliment the OCT measures with mesoscopic 
resolution over larger fields of view. This approach is useful when lesion 
identification is combined with other modalities such as calcium imag-
ing or intrinsic optical signal imaging for neural and vascular dynamics 
respectively. Spatial frequency domain imaging (SFDI) is a wide-field 
diffuse optical technique that can separate sample absorption (µa) and 
reduced scattering (µsʹ) coefficients. Cellular swelling in the acute time 
points following stroke has been well established and this swelling leads 
to an increase in optical scattering (Wilson et al., 2005; Yao et al., 2005). 

Fig. 3. (A) Imaging schematic of the spatial frequency domain imaging (SFDI) setup. (B) SFDI data processing flowchart: Intensity image at two frequencies (three 
phase images per frequency) are demodulated and calibrated with reference phantom images (diffuse reflectance) and then fit to a lookup table generated from 
Monte Carlo simulations to obtain µa and µs

′. (C) Top row: Reduced scattering coefficient before and after photothrombosis, bottom row: percent change from 
baseline reduced scattering coefficient after photothrombosis. 
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Therefore, SFDI is potentially a great tool to longitudinally monitor the 
spatial progression of ischemia. 

In order to validate SFDI as a technique that reliably predicts the 
stroke core, we can first verify that the reduced scattering coefficient 
obtained from SFDI spatially overlaps with OCT signal attenuation. 
Fig. 5 shows an example mouse with side-by-side comparison of SFDI 
and OCT. 5(A) shows the percent change in reduced scattering coeffi-
cient from SFDI (top row) and the percent change in co-registered OCT 
attenuation (bottom row) at various time points in the acute and sub- 
acute phases of stroke recovery. Qualitatively we observe good spatial 
overlap between the regions that show changes from pre-stroke at all the 
time points imaged after stroke. Fig. 5(B) shows the corresponding TTC 
stain at 72 h after stroke. 

Quantitative analysis of spatial overlap also shows high similarity 
between OCT signal attenuation change and SFDI scattering change at 
all the time points after stroke except at 24 h. Fig. 6 shows the workflow 
and analysis for quantifying the Dice similarity coefficient. Fig. 6(A) 
shows an example SFDI and OCT percent change image, which is low- 
pass filtered, using a 2-D Gaussian filter with a standard deviation of 
2, and automatically contoured by selecting a representative region of 
the stroke core. Fig. 6(B) shows the low-pass filtered and contoured 
image of the same example. The contours are then converted to a binary 
image and assessed for similarity. Fig. 6(C) shows the mean Dice simi-
larity coefficient and standard deviation for all mice (n = 7 for the first 
24 h and n = 3 for 72 h). All time points, except 24 h, show a larger than 
70% overlap between SFDI scattering and OCT attenuation changes. 

3.3. Scattering increase as determined from SFDI following 
photothrombotic stroke is a reliable predictor of the stroke core 

Similar to validating OCT attenuation against TTC staining we vali-
dated SFDI with TTC staining as well in order to reveal the true stroke 
core. As described in section 3.1, we co-registered the TTC image with 
the SFDI percent change image at the corresponding time points and 
performed the similarity analysis (Fig. 7). Fig. 7(A) shows an example 
SFDI percent change image (left panel) that has been low-pass filtered 
and core outlined (right panel), and Fig. 7(B) shows the corresponding 
TTC image. The dice similarity coefficient for five animals is shown in 
Fig. 7(C). The mean spatial overlap was 0.74 with a standard deviation 
of 0.07. From this we show that increased scattering observed from SFDI 
is a reliable analog for measuring the stroke core. 

4. Discussion 

In this paper we have demonstrated the use of scattering from spatial 
frequency domain imaging (SFDI) as an optical measure of identifying 
the stroke core. We first demonstrated the accuracy of OCT signal 
attenuation in estimating the stroke core by comparing it to the well- 
established TTC stain. We then compared the spatial overlap between 
SFDI scattering changes and OCT signal attenuation, following which we 
compared SFDI to TTC staining. While SFDI has been widely used for 
various biological and clinical applications (Abookasis et al., 2009; 
Gioux et al., 2019), it has not been previously used to estimate and 
follow the progression of the stroke core longitudinally. 

Fig. 4. Spatial overlap of OCT attenuation and TTC staining. (A) Left: OCT attenuation map at 72 h shown as the slope of signal decay, right: percent change in OCT 
attenuation at 72 h compared to pre-stroke. (B) TTC stain at 72 h after stroke, black outline indicates cranial window location. (C) Spatial overlap shown by Dice 
similarity coefficient for five mice. 

Fig. 5. (A) Percent change in reduced scattering obtain from SFDI (top row) and percent change in OCT signal attenuation (bottom row) from one example mouse at 
1 h, 2 h, 4 h, 24 h, and 72 h after stroke. (B) TTC staining at 72 after stoke, black outline indicates cranial window location. 
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Following the stroke core is an essential component of monitoring 
stroke progression in both the acute and chronic phases of stroke re-
covery. In the acute phase following stroke, DWI in the clinical setting is 
used to assess the extent of infarct and determine the appropriate 
treatment protocols, such as the administration of tissue plasminogen 
activator or clot thrombolysis for recanalization, to prevent the infarct 
from expanding and also to monitor the effects of such treatments on 
infarct outcome (Beaulieu et al., 1999; Chatterjee, 2012; Parsons et al., 

2002). In the pre-clinical research setting, acute monitoring is valuable 
to understand the pathophysiological mechanisms that impact tissue 
outcome and also assess the feasibility of interventions that improve 
tissue outcome (Erdener et al., 2020; Li et al., 2000). Most of these in-
terventions are targeted towards the penumbra region of the stroke as it 
is comprised of salvageable tissue that is compromised but not yet dead 
(Ginsberg, 2008). If left alone, the stroke core expands into the pen-
umbra and results in a larger infarct, but if salvaged the penumbra can 

Fig. 6. Dice similarity coefficient workflow and calculation for stroke overlap. (A) Example SFDI and OCT percent change images at 2 h after stroke. (B) Top row: 
Semi-automatic contour outline of stroke core, bottom row: binary image from contour to calculate the dice similarity coefficient. (C) Dice similarity coefficient for 
SFDI and OCT stroke core overlap at each time point following stroke represented as mean and standard deviation. 

Fig. 7. SFDI spatial overlap with TTC staining. (A) Example percent change image (left) with corresponding low-pass filtered and contoured image (right). (B) TTC 
stain at the corresponding time point as in (A) (24 h after stroke). (C) Dice similarity coefficient of spatial overlap for five mice. 
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be returned to normal functioning healthy tissue. These studies require 
monitoring the infarcted tissue at frequent intervals in not only the acute 
phase but also chronically to truly determine long-term benefits, which 
require the mouse to not be sacrificed for TTC staining to determine 
infarct size. In addition to acute studies, longitudinal studies are valu-
able to understand long-term recovery mechanisms that occur both 
spontaneously as well as enhanced through rehabilitation (Cramer, 
2008b, 2008a). These mechanisms, which primarily occur in the peri- 
infarct region, are seen as changes to the vascular response to brain 
activity in fMRI and fNIRS studies (Grefkes and Fink, 2011; Grefkes and 
Ward, 2014). Apart from observations made in the clinical settings, 
animal models are used extensively to understand the structural and 
functional changes that lead to the observed behavioral recovery (Brown 
et al., 2009; Clarkson et al., 2013; Mostany et al., 2010). This requires 
longitudinal monitoring from days to weeks and even months, where 
optical measures of the stroke core could be very useful. 

Here, we have validated that OCT and SFDI are reliable optical 
measures of the stroke core when compared to TTC staining, thereby 
allowing longitudinal studies. TTC, or triphenyl-tetrazolium chloride, is 
an indicator used to determine ongoing cellular energy metabolism. Due 
to its ability to detect tissue viability, by differentiating between meta-
bolically active or inactive tissue, it is used extensively in pre-clinical 
stroke research to identify damaged tissue and evaluate infarct size 
due to the stroke (Türeyen et al., 2004). A drawback of TTC staining is 
that it needs to be performed within 72 h of stroke induction, with 24 h 
after stroke being the most commonly used time point (Liu et al., 2009). 
The reason for this is that TTC at later time points is confounded by the 
robust inflammatory response that results due to stroke and is typical of 
the secondary or delayed phase of the response to ischemia. This 
response involves the migration of inflammatory cells towards the stroke 
core, which play an important role in the post-ischemic recovery period. 
With the presence of these active cells in the stroke core and peri-infarct 
region, TTC staining is no longer able to accurately differentiate meta-
bolically dead tissue as these active cells would show viable tissue and 
mask the true region of inactive tissue. Therefore, TTC staining has to be 
performed within 72 h after stroke induction, which is before inflam-
matory cells have established themselves in the stroke affected region, 
and is therefore a serious limitation when designing long-term experi-
ments. The mechanisms that result from stroke that lead to metaboli-
cally dead tissue present themselves as optical changes in tissue 
properties that can be imaged (Choi et al., 2019; Liang et al., 2007; 
Srinivasan et al., 2013). We have shown that OCT signal attenuation and 
SFDI increased scattering at 24 and 72 h after stroke have on average 
greater than 70% overlap with metabolically dead tissue that was 
identified with TTC staining. Therefore, by using OCT or SFDI we can 
capture the spatial extent of the infarct and identify the stroke core and 
peri-infarct regions while still being able to perform longitudinal stroke 
experiments. 

In addition to imaging at the time points when TTC would have been 
done, we can use the same imaging techniques to monitor the progres-
sion of ischemia throughout the acute phase and sub-acute phase at 
various time points as the progression can be very dynamic and some-
times biphasic in nature (Uno et al., 2015). In the early hours following 
stroke it has been hypothesized that cellular and organelle swelling 
occur due to metabolic dysfunction, which leads to intracellular water 
accumulation. This presents itself as changes in optical properties of the 
tissue, which begin as early as 30 min after stroke induction. We have 
shown changes in optical scattering at 1 h, 2 h, 4 h, 24 h, and 72 h after 
stroke induction. We observed greater than 70% overlap in the spatial 
extent of optical changes between OCT and SFDI at all the time points 
after stroke except 24 h, which showed low overlap and high variability. 
This was due to the fact that scattering changes were inconsistent in both 
OCT and SFDI across all animals at 24 h. One explanation for this 
inconsistency is the effect of reperfusion time on scattering changes and 
tissue outcome. Evidence has indicated that ischemic hyperintensity 
seen with DWI in rats can be reversible or biphasic if reperfusion is 

performed shortly after stroke induction (Li et al., 2000; Minematsu 
et al., 1992). Our photothrombosis model allows for spontaneous 
recanalization of the occluded vessel after the 1 h photothrombosis 
session is complete. While this lends well to study the effect of reper-
fusion or reflects more naturally what happens in stroke, it introduces 
variability in the tissue response. The inconsistency seen with tissue 
scattering at 24 h can be explained when time to reperfusion following 
occlusion is taken into consideration. Animals that showed reperfusion 
within 4 h, assessed through laser speckle imaging, showed more 
inconsistent scattering at 24 h compared to animals that reperfused after 
4 h or did not reperfused at all. Reperfusion variability can also increase 
variability in tissue water content at 24 h, as reperfusion can be asso-
ciated with an oxidative injury, which can damage the blood brain 
barrier and lead to vasogenic edema. We speculate that the tissue water 
content, independent from cellular swelling, may be affecting our results 
at certain time points. However, the infarct had stabilized at 72 h after 
stroke and proved to be a better determinant of tissue outcome. Though 
the point of this paper was not to study the effects of reperfusion time on 
tissue outcome, we hope to address that question in future experiments. 

This approach has a few limitations worth noting. The first is the 
difference in tissue depth interrogated by OCT and SFDI. Here, we are 
using a depth of 450 µm in OCT, as larger depths provided more accurate 
fitting of the data while still remaining within gray matter. Additionally, 
due to a relatively small and heterogeneous infarct caused by photo-
thrombosis compared to a stronger MCA occlusion, a larger depth pro-
vided better visualization of the changing infarct. SFDI on the other 
hand is integrating across a depth of approximately 300 µm, as calcu-
lated from previously published papers (Hayakawa et al., 2018; Lin 
et al., 2013). We do not expect this difference in integrated tissue vol-
ume to have a notable effect on the estimated lateral spatial extent of the 
stroke core. A second limitation is the crosstalk observed between ab-
sorption and scattering in the large blood vessels. Blood is very 
absorbing at 530 nm, making it challenging to accurately separate 
scattering from absorption as visualized by its coupling in the LUT. 
While this can be overcome by using longer wavelengths we advocate 
for the use of 530 nm for two main reasons, one is that we are interested 
in mapping scattering changes in the tissue and not the blood vessels, 
and two, 530 nm is the isosbestic point of hemoglobin therefore allowing 
estimation of total hemoglobin concentrations, which is beneficial for 
studies monitoring changes in hemodynamics following stroke. Future 
studies can address this crosstalk issue by performing a series of phan-
tom measurements in a physiologically relevant range of optical prop-
erties across different wavelengths to quantify the accuracy of the SFDI 
estimates. 

In conclusion, we have validated the use of OCT as an optical indi-
cator of the stroke core by computing signal attenuation and comparing 
against TTC. We have applied the use of SFDI as a mesoscopic measure of 
spatial changes to optical properties, which was validated against both 
OCT and TTC. Changes in optical scattering as determined by SFDI is a 
reliable optical analog of the stroke core thereby allowing longitudinal 
experiments without the need for sacrificing animals acutely. Addi-
tionally, SFDI has the advantage of providing a wide-field approach to 
detect the stroke core when compared to OCT and traditional histolog-
ical approaches. 
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