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Purpose: To develop and test a non-contact, contrast-free, retinal laser speckle contrast
imaging (LSCI) instrument for use in small rodents to assess vascular anatomy, quantify
hemodynamics, and measure physiological changes in response to retinal vascular
dysfunction over a wide field of view (FOV).

Methods: A custom LSCI instrument capable of wide-field and non-contact imaging in
small rodents was constructed. The effect of camera gain, laser power, and exposure
duration on speckle contrast variance was standardized before the repeatability of LSCI
measurements was determined in vivo. Finally, the ability of LSCI to detect alterations in
local and systemic vascular function was evaluated using a laser-induced branch retinal
vein occlusion and isoflurane anesthesia model, respectively.

Results: The LSCI system generates contrast-free maps of retinal blood flow with a 50°
FOV at >376 frames per second (fps) and under a short exposure duration (>50 μs)
with high reliability (intraclass correlation R = 0.946). LSCI was utilized to character-
ize retinal vascular anatomy affected by laser injury and longitudinally measure alter-
ations in perfusion and blood flow profile. Under varied doses of isoflurane, LSCI could
assess cardiac and systemic vascular function, includingheart rate, peripheral resistance,
contractility, and pulse propagation.

Conclusions: We present a LSCI system for detecting anatomical and physiological
changes in retinal and systemic vascular health and function in small rodents.

Translational Relevance: Detecting and quantifying early anatomical and physiologi-
cal changes in vascular function in animal models of retinal, systemic, and neurodegen-
erative diseases could strengthen our understanding of disease progression and enable
the identificationof newprognostic anddiagnostic biomarkers for diseasemanagement
and for assessing treatment efficacies.

Introduction

The growing worldwide public health burden of
sight-threatening retinal disorders such as diabetic
retinopathy, age-related macular degeneration, and
glaucoma urgently necessitates the development of
robust diagnostic strategies that facilitate early inter-
vention.1–3 Specifically, for diseases of vascular etiol-
ogy, where the onset of vascular dysfunction precedes

the development of vision threatening symptoms,
oftentimes by decades, the development of imaging
modalities that can measure early, presymptomatic
changes in vascular function (e.g., blood flow rate,
vessel rigidity, pulsatility) may serve to enhance early
detection, guide therapy, and help predict disease
outcomes.4–6

Retinal imaging techniques such as color fundus
photography, scanning laser ophthalmoscopy (SLO),
and optical coherence tomography (OCT), combined
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with procedures such as fluorescein angiography (FA),
have enabled multidimensional en face and cross-
sectional imaging to resolve critical structural infor-
mation about the retinal vasculature.7–10 However,
clinical biomarkers observed via these modalities are
largely limited to qualitative assessments of vascular
health and fail to adequately quantify retinal hemody-
namics.11 Advanced retinal imaging techniques such
as OCT-angiography (OCT-A), adaptive optics-SLO
(AO-SLO), and Doppler-OCT have begun to eluci-
date and quantify the relationships between retinal
vascular anatomy and function, but each with its
own limitations.12–21 For example, OCT-A offers high
resolution and three-dimensional reconstruction of the
retinal microvasculature without the use of exogenous
contrast agents, but the limited temporal resolution
makes it difficult to evaluate blood flow dynamics in
slow flow regions.22 Doppler-OCT is a technique that
enables quantitative velocimetry based on OCT, but
this method is highly sensitive to the orientation of
vessels with respect to the illumination source, compli-
cating its clinical use.20,21 Moreover, AO-SLO offers
unprecedented lateral resolution and may complement
OCT-A for resolving the microvasculature, but veloc-
ity measurements with AO-SLO are sensitive to vessel
orientation and size and are limited to a relatively
small field of view (FOV).11,17,23 Computational tools
have been developed to improve retinal blood flow
speed mapping in OCT-A and to automate and hasten
velocity determinations with AO-SLO, but limita-
tions in temporal resolution and FOV remain to be
addressed.24,25 Therefore, the development and valida-
tion of complementary imaging strategies that can
not only detect structural changes to the retina but
also quantify physiological variations (i.e., changes in
retinal hemodynamics) with high temporal resolution
and a wide FOV may critically expand the arsenal of
tools for studying and monitoring retinal disease.

In this regard, laser speckle contrast imaging
(LSCI) is a promising non-invasive and contactless
imaging technique capable of generating wide-field
maps of blood flow rate without the use of exoge-
nous contrast.26 In LSCI, illuminating a rigid surface
(e.g., a retinal blood vessel) with a coherent light source
results in the generation of a random “speckle pattern”
where the intensity of each pixel results from the
coherent addition of backscattered light with differ-
ent optical path lengths.27 Movement within the FOV
(e.g., moving blood cells) results in temporal and spatial
fluctuations in the speckle pattern such that the rate
at which the intensity of each pixel changes over
time is characterized by the decorrelation time of the
speckle autocorrelation function.28 When this dynamic
speckle pattern is recorded over a finite integration

time set by the exposure duration of the camera, the
longer integration time relative to the decorrelation
time results in a speckle blurring effect, the extent
of which is referred to as speckle contrast (K).27,29
Speckle contrast can be quantified as the ratio of the
standard deviation of time integrated speckle intensi-
ties to their mean intensity (Equation 1) within a small
spatial window of 5 × 5 or 7 × 7 pixels (referred herein
as “spatial processing”) for high temporal resolution or
at the same pixel position across time (referred herein as
“temporal processing”) for high spatial resolution:26,30

K = σ

〈I〉 (1)

Although the exact relationship between K and the
absolute speed (ν) of the scattering particle is nonlin-
ear, speed may be approximated for simplified LSCI
analysis as the inverse square of the speckle contrast
(Equation 2):31–34

ν ≈ 1
K2 (2)

Under these principles, LSCI has been extensively
applied for studying cerebral blood flow and is becom-
ing increasingly relevant in ophthalmology.32,35,36 For
example, theXyCamRetinal Imager (VasopticMedical
Inc., Baltimore, MD) was recently approved by the
Food and Drug Administration and is currently
in clinical trials.37 Another commercially available
tool based on laser speckle flowgraphy, the LSFG-
NAVI (Softcare Co., Ltd., Fukuoka, Japan), has
also been clinically applied to monitor progression
of diabetic retinopathy, branch retinal vein occlusion
(BRVO), and glaucoma.38–40 However, the develop-
ment of a LSCI system capable of accurately quanti-
fying early functional changes in retinal hemody-
namics may also benefit preclinical studies that rely
on small animal models. Specifically, rodents (e.g.,
mice, rats) are widely used as models of retinal
vascular disease, but they typically fail to develop
clinically relevant anatomical complications that are
characteristic of end-stage human diseases, such as
neovascularization, which severely limits their utility
for studying disease progression or determining the
efficacy of novel therapies.41,42 Moreover, dysregu-
lation of retinal structure and hemodynamics often
manifest in the early stages of Alzheimer’s disease, mild
cognitive impairment, hypertension, coronary artery
disease, and athero-/arterioscelerosis.43–46 Hence, the
ability to reliably quantify retinal vascular function in
small animal models may critically benefit preclinical
research beyond ophthalmology.
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Herein we describe the design of a custom retinal
LSCI system built for applications in small rodent
models. We subsequently apply retinal LSCI in vivo
to demonstrate its ability to characterize anatomical
and physiological dysfunction in the context of laser-
induced BRVO, and finally apply LSCI to quantify not
only changes in retinal hemodynamics but also cardio-
vascular function in response to varied doses of volatile
isoflurane anesthesia.

Methods

Design

Non-Contact Fundus Imaging andGlareManagement
Non-contact fundus imaging was a critical design

consideration but is difficult to achieve without intro-
ducing glare from reflexes off of the cornea and iris.We
overcame this challenge by constructing a custom, non-
contact LSCI fundus camera that employs both pupil
separation and polarization gating to reject reflexes
from the cornea and iris. The optical design includes
separate illumination and collection optical pathways,
combined via a polarizing beam splitter (PBS).

Polarization gating was achieved through the use of
a PBS (along with an additional “booster” polarizer
to supplement the low extinction ratio of the PBS),
which ensured that only crossed polarized light was
detected. As specular reflectionsmaintain polarization,
but various birefringent and depolarizing structures
in the eye will rotate or scramble the polarization47
(in particular, the retinal nerve fiber layer and retinal
pigment epithelium), detecting only cross-polarized
light effectively filters out specular reflections from the
cornea (as well as optics internal to our camera).

We also employed Gullstrand’s separation of pupil
principle,48 in which reflexes from the cornea and
iris are avoided by using separate areas of the pupil
for illumination and collection. For our LSCI fundus
camera, we implemented this principle using ring
illumination and collecting through the center of the
ring. At the corneal plane, the ring had an inner diame-
ter (ID) of 0.8mmand outer diameter (OD) of 1.5mm.
Light was collected through the central 0.7-mm diame-
ter of this ring.

Illumination Design
The ring illumination described above was achieved

through the use of a customfiberoptic bundle (Acrolite,
Elbridge, NY). A 1-m-long fiberoptic bundle was
constructed with 39-μm/0.33-numerical aperture (NA)
borosilicate fibers. The distal end was arranged in a 2×
stacked ring with OD of 2.13 mm and ID of 1.34 mm,

and the proximal end was arranged in a rectangular
shape, 2.0 mm wide by 1.0 mm tall, to match the ellip-
tical shape of the laser output (described below).

In designing the illumination systemof LSCI instru-
ments, the coherence of the source is critical to ensure
optimal speckle contrast.49 This was particularly true
for our system, as multimode propagation through the
fiber bundle can reduce spatial coherence and thus
speckle contrast.50 To ensure that we would have suffi-
cient speckle contrast, even despite the use of themulti-
mode fiber bundle, we selected a wavelength stabilized
laser (Ondax SureLock; Coherent Inc., Santa Clara
CA) operating at 785 nm with 50-MHz linewidth.
This wavelength was chosen as it is within the detec-
tion spectrum of silicon sensors and because of the
availability of high-powered narrow linewidth lasers.
The 50-MHz linewidth of this laser corresponds to a
bandwidth of approximately 100 frequency modula-
tion (fm), yielding a coherence length of about 6
meters. This long coherence length easily exceeds the
modal dispersion in the fiber bundles,50 which ensures
that the field emanating from the fiber bundle remains
spatially coherent to maximize speckle contrast.49 The
laser had a maximum output power of 100 mW (before
its integrated isolator) and an elliptical output beam
size of 0.9 mm × 1.7 mm.

The design of the illumination optics was laid out
and optimized in OpticStudio (Zemax, Kirkland,WA),
an optical design software. Light emerging from the
distal end of the fiberoptic bundle was relayed via
a telescope, through a PBS, and into the back focal
plane of a Bioptigen G4 mouse imaging bore (Leica
Microsystems, Morrisville, NC). The Bioptigen bore is
an arrangement of lenses optimized for imaging mouse
retina. It is designed to achieve a 50° FOV with 1.7-μm
resolution and is optimized and anti-reflective coated
for near-infrared (NIR) wavelengths; thus, it was an
ideal choice for this application. Leica Microsystems
provided a Zemax blackbox of the bore to facilitate the
optical design of our probe. An optical schematic of the
illumination and collection design is shown in Figure 1.
The illumination system includes the distal end of the
fiberoptic bundle (L1) and a relay telescope (L2–L4)
such that the combined relay telescope and Biopti-
gen bore had a demagnification of 1.675. With a 0.33-
NA illumination fiber bundle, this resulted in a 50°
visual angle (1.6-mm arc length) illuminated FOV on
the retina, as modeled in Zemax using a murine eye
model.51

Collection Design
The collection optics of the probe were also

optimized in Zemax. A lens (L5) was placed behind
the Bioptigen bore such that the focal plane of the
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Figure 1. Optical layout of LSCI fundus camera. (Top) Optical schematic showing both the illumination (red) and collection (blue) arms of
the LSCI fundus camera. (Bottom) Magnified view of illumination (red) and collection (blue) ray behavior in model mouse eye.

lens was nominally at the back focal plane of the bore.
This combination makes the mouse retina appear at
infinity, allowing for it to be imaged with a camera
lens nominally focused on infinity. A 50-mm f/2.0, 6-
megapixel (MP), manual focus Navitar camera lens
(1-24424; Navitar, Inc., Rochester, NY) was used to
focus the image onto an Ace acA2040-180 km NIR
camera (2048 × 2048, 180.00 fps; Basler AG, Ahrens-
burg, Germany). Navitar provided a Zemax blackbox
of the camera lens to facilitate the optical design of the
probe. To allow for focus adjustment, the position of
L5 was then advanced such that the image appeared
in the middle of the camera lens focus range (focal
distance of 700 mm) instead of on infinity.

Optical Safety Considerations
To ensure that we did not produce any thermal

injury to the mouse retina, laser power levels were kept
below the Group 1 limits in ANSI z80.36:2016.52 For
our 785-nm light source and a retinal FOV of 50° (1.6-
mm arc length on mouse retina, as modeled in Zemax),
this limit was computed to be 22.1 mW for exposures
up to 2 hours, restricted by the “Retinal infrared radia-
tion thermal hazard” in the standard. Images were
nominally acquired with at most 8.35 mW incident on
the mouse cornea, as measured with a calibrated power
meter (Model 1931-C; Newport Power Meter, Irvine,

CA). For all imaging sessions, retinae were exposed for
less than 15 seconds.

Animal Purchase and Care

Age-matched male and female C57BL/6J mice (The
Jackson Laboratory, Bar Harbor, ME) were housed
in the Biomedical Resource Center at the Medical
College of Wisconsin under a 12-hour light/dark cycle
with food and water ad libitum. All animal protocols
were reviewed and approved by the Medical College of
Wisconsin InstitutionalAnimalCare andUseCommit-
tee and conformwithNational Institutes of Health and
ARVO guidelines for the Care and Use of Laboratory
Animals.

In Vivo Mouse Retinal Imaging

In vivo retinal LSCI with our custom system
and fundus imaging with the confocal scanning
laser ophthalmoscope (cSLO; Heidelberg Engineer-
ing, Heidelberg, Germany) were both performed under
inhaled anesthesia. Anesthesia was induced using 5%
isoflurane in 100% oxygen before being reduced to
2% isoflurane for maintenance. Pupils were dilated
using a combination of 2.5% phenylephrine (Paragon
BioTeck, Portland, OR) and 1% tropicamide (Akorn,
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Lake Forest, IL). Moisture of the eye was maintained
during imaging with the use of Systane Ultra lubricant
eye drops (Alcon Inc., Fort Worth, TX). Mice were
stabilized on an imaging stage with the capability for
2°s of rotation and 3° of translation.

FA was performed 30 seconds following subcuta-
neous administration of 0.5 mg fluorescein (10% AK-
Fluor; Akron Pharmaceuticals, Lake Forest, IL).

Gain, frame rate, frame size, and exposure time for
LSCI were controlled through the image acquisition
software (XCAP V3.8; Epix Inc., Buffalo Grove, IL).
Frame capture rate could be increased from the native
180.00 fps at 2048 × 2048 pixels by subsampling. LSCI
at 376.20 fps was achieved by reducing the frame size
to 800 × 800 pixels.

Image Processing

Image processing following LSCI was performed
as previously described by Patel and Lipinski26 on
MATLAB (MathWorks, Natick, MA) using a custom
script to read raw speckle images and generate speckle
contrast maps via either temporal processing (for
high spatial/low temporal resolution contrast maps) or
spatial processing (for high temporal/low spatial resolu-
tion contrast maps).26 Using methods described by
Postnov et al.,35 a custom MATLAB script was also
written to perform Fourier analysis in order to segment
retinal arteries from veins and to map time delay in
pulse wave propagation.

Branch Retinal Vein Occlusion

BRVO was performed in age-matched male and
female C57BL/6J mice. Briefly, pupils were dilated
using a combination of 2.5% phenylephrine (Paragon
BioTeck) and 1% tropicamide (Akorn), mice were
sedated following intraperitoneal administration of
injectable anesthetic (10 mg/kg xylazine and 60 mg/kg
ketamine solution), and moisture of the eyes was
maintained using Systane Ultra lubricant eye drops
(Alcon Inc.). Vein occlusion was induced by photoco-
agulation with a green laser diode. Retinal veins were
irradiated with a 532-nm diode laser (Iridex,Mountain
View, CA) with the following parameters: 100-μm spot
size, 200-mW laser power, 0.4-s exposure duration,
and four spots per vein. A 5.4-mm fundus contact
lens (Ocular Instruments, Bellevue, WA) was used to
focus laser light onto the retinal vessel until a white
endpoint with vascular narrowing was achieved. Mice
were recovered from anesthesia with 5 mg/kg atipame-
zole.

Results

Assessing the Effect of Mean Pixel Intensity
on Mean Speckle Contrast

During LSCI, experimental noise such as variance
in mean pixel intensity of raw speckle images result-
ing from changing exposure durations, laser power, or
digitally amplifying light sensitivity of the charged-
coupled device sensor of the camera by adjusting gain
may affect speckle contrast measurements. Hence, it
is important to understand the effects of exposure
time, laser power, and gain on mean pixel intensity of
raw speckle images and consequently speckle contrast
measurements.

In our custom LSCI system, exposure time and gain
were adjusted through the image acquisition software,
and laser power output was modulated by varying the
drive current applied to the laser diode, where current
(mA) and laser power (mW) have a linear relationship
(Fig. 2A). To understand the influence of mean pixel
intensity of raw speckle images on measured speckle
contrast, a rigid surface was positioned orthogonally
2.0 cm from the front optical element of the imaging
bore, and LSCI was performed at a 3.00-ms exposure
duration while varying drive current (35.0–150.0 mA)
and gain (0.27–24.08 dB) (Fig. 2B). LSCI under the
various gain and drive current settings was repeated at
1.00-ms and 5.00-ms exposure durations to cover the
typical range of exposure times applied in our in vivo
imaging experiments. For each of the 390 combina-
tions of imaging parameters evaluated, mean speckle
contrast was measured in a contrast map generated by
temporal processing across 25 consecutive raw speckle
images (N = 12 sets) and plotted against the mean
pixel intensity (0–255 arbitrary units [AU]) measured
in the corresponding raw speckle images (Fig. 2C). The
effect of mean pixel intensity of raw speckle images
on measured speckle contrast may be best described
by a multi-order polynomial function, but piecewise
linear regression was performed to approximate the
range of mean pixel intensities across which mean
contrast measurements appeared to plateau before
rapidly decreasing to 0 (Fig. 2C). The rate of change in
mean speckle contrast measurements with mean pixel
intensities was smallest (slope = –7e-5; 95% confidence
interval [CI], –9e-5 to –5e-5; R2 = 0.9) between X0 =
11AU (95%CI, 10–12) andX1 = 137AU (95%CI, 125–
144) (Fig. 2C). Consequently, to ensure reproducibil-
ity and minimize the influence of raw speckle inten-
sities on speckle contrast measurements during LSCI,
mean pixel intensity of raw speckle images should be
maintained relatively constant and within X0 and X1.
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Figure2. Assessing theeffect ofmeanpixel intensity onmean speckle contrast. (A) Laser poweroutput (mW) canbecontrolledbyadjusting
the drive current (mA) applied to the laser diode. (B) A rigid surface was placed 2.0 cm orthogonally from the tip of the imaging bore, and
LSCI was performed at 3.00-ms exposure durations at 170.00 fps while varying drive current (35.0–150.0 mA) and gain (0.27–24.08 dB) to
alter mean pixel intensity (0–255 AU) of the raw speckle images. LSCI was repeated under 1.00-ms and 5.00-ms exposure durations. (C) For
each of the 390 combinations of imaging parameters evaluated, the mean speckle contrast across 25 temporally processed frames (N = 12
sets) was plotted against themean pixel intensitymeasured across their corresponding raw speckle images. Piecewise linear regression was
performed to determine breakpoints in the curve and to identify a range of pixel intensities between X0 = 11 (95% CI, 10–12) and X1 = 137
(95% CI, 125–144) over which change in mean contrast measurements with change in mean pixel intensity of the raw speckle image was
smallest (slope, −7e-5; 05% CI, −9e-5 to −5e-5).

Repeatability of Speckle Contrast
Measurements In Vivo

Having elucidated the effects of laser power,
exposure, and gain on the generation of laser speckle
contrast images and having established the ability of
our custom system to reproducibly image a static
surface under a wide array of conditions, we sought to
determine the repeatability of in vivo LSCI measure-
ments in the murine retina. Specifically, as the position-
ing of experimental animals relative to the LSCI
imaging bore—with respect to both distance and
angle—is critical to achieving uniform illumination of
the retinal surface, we performed a repeatability study
wherein raw speckle images (N = 100 frames/session)

were obtained (170.00 fps, 5.00-ms exposure, and
120.0 mA) over three separate imaging sessions,
between each of which positioning of the animal,
contact lens (used to prevent corneal desiccation),
and x, y, z positions of the imaging stage relative
to the bore were reset. Following spatial processing,
the average speckle contrast was measured at multi-
ple vessel locations (V1–V5) across the retina for each
session (Figs. 3A–3C). Using an intra-rater reliabil-
ity study, we demonstrated an intraclass correlation
coefficient of 0.95 (95% CI, 0.76–0.99) (Fig. 3E),
with no statistically significant variance between
speckle contrast measurements observed at any vessel
location between sessions, indicating a high degree of
repeatability.
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Figure 3. Repeatability of speckle contrast measurements in vivo. (A–C) LSCI was performed at 170.00 fps, 2.50-ms exposure duration, and
f/16 in a murine eye across three imaging sessions. (D) A representative NIR image of the retina was acquired on a cSLO. Average speckle
contrast was measured in each of five vessel regions of interest, and an intra-rater reliability study demonstrated an ICC of 0.946 between
speckle contrast measurements within the same retinal vessel ROI across various imaging sessions.

Branch Retinal Vein Occlusion

In order to assess the ability of LSCI to detect
pathologic changes in vessel structure and function, we
imaged the murine retina (N = 5 eyes) with LSCI, FA,
andNIR imagingwith a cSLObefore and then 1, 3, and
14 days after inflicting laser-induced BRVO. Healthy
retinae in all eyes were observed to have normal vascu-

lar structure before BRVO (Fig. 4A), and arteries and
veins could be accurately segmented by Fourier analy-
sis using a technique described in detail by Postnov et
al.35 (Fig. 4B).

NIR imaging 1 day after laser treatment revealed a
focal lesion with a hyperreflective center and pale outer
ring suggestive of retinal thermal injury (Fig. 4C). FA

Figure 4. Murine BRVO. BRVO was performed in murine retinae to demonstrate the ability of LSCI to detect pathological alterations in
blood flow and retinal vascular anatomy. (A) LSCI was performed 1 day prior to BRVO (170.00 fps, 2.50-ms exposure, and f/16). (B) Fourier
analysis was applied to segment retinal veins from retinal arteries. (C) The treated mouse was followed for 14 days following BRVO with NIR
imaging, FA, and LSCI. Areas of non-perfusion (yellow arrow) are seen on FA, and vessel stenosis with distal dilation (blue arrow) is evident
from LSCI, 1 day after treatment. Likewise, non-perfusion (red arrows) is evident via FA on day 3. By day 14, increased tortuosity (green arrow)
and increased vessel thickness (white arrow) are observed upon LSCI. (D) A colormap of the speckle contrast image obtained at day 3 reveals
increased speckle contrast in areas of the retina which are hypoperfused, correlating with the areas of hypoperfusion observed via FA (C).
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Figure 5. Assessing flow profiles across retinal vessels following BRVO. (A) Fourier analysis was performed in a murine retina to segment
retina veins and arteries. (B–E) Speckle contrast–derived flow rates (1/K2) relative to background are assessed across several retinal vessels
prior to laser-induced BRVO, and then 1, 3, and 14 days following BRVO. (F–H) Shown are relative flow profiles across a RV, outside of the
laser treatment site, as well as a retinal vein and retinal artery within the treatment site. The mean inverse speckle contrast, determined by
the mean area under the curve, was measured across RV, V, and A before and then 1, 3, and 14 days after BRVO. (I) Percent change in mean
flow rate is shown relative to flow rates measured prior to laser treatment.

revealed hyperfluorescence at the site of laser treatment
and in the microenvironment surrounding the affected
retinal vessels, indicative of vessel damage. FA also
revealed non-perfusion to some arterioles, venules, and
capillaries at the site of laser injury (Fig. 4C, yellow
arrow). LSCI revealed stenosis (Fig. 4C, blue arrow)
on day 1 after laser treatment. On day 3 after laser
treatment, NIR imaging showed hyper-reflectivity at
the lesion, but notably reduced hyperfluorescence and
leakage as confirmed by FA. Although FA and LSCI
demonstrated reperfusion and increasing patency of
the primary retinal vein at day 3, FA revealed areas of
hypoperfusion in smaller retinal vessels of the deeper
plexi (Fig. 4C, red arrows). These areas of hypoper-
fusion could be observed upon LSCI, where areas of
increased speckle contrast corresponded to areas with
reduced blood flow (Fig. 4D). By day 14, retinal injury
and hypopigmentation were evident on NIR imaging;
however, blood flow in major retinal arteries and veins
appeared unaffected on FA and LSCI. Nevertheless,
as highlighted on FA and LSCI, retinal injury, with
likely secondary scarring and atrophy, had forced tissue
contracture and adduction of retinal vessels towards

the affected primary vein (Fig. 4C). Venous dilation
(white arrow) and increased tortuosity (green arrow)
were also apparent following LSCI.

In order to quantify pathological changes in retinal
hemodynamics over the course of disease, speckle
contrast derived blood flow rates (1/K2) were assessed
across a reference vessel (RV), outside of the laser treat-
ment site, aswell as a retinal vein (V) and a retinal artery
(A), within the treatment site, prior to laser-induced
BRVO and then 1, 3, and 14 days following laser treat-
ment (Figs. 5A–5H). Analysis of mean blood flow rates
across these retinal vessels demonstrated that, relative
to blood flow rates measured prior to laser-inflicted
BRVO, mean flow rate was modestly reduced in RV
(−10%) on day 1 after treatment, whereas mean flow
rate was more drastically reduced in V (−83%) and A
(−40%) (Fig. 5I). Also noticeable on flow profiles was
a reduction in the vessel diameter of V on day 1 after
treatment (Fig. 5G). Vessel diameters and blood flow
rates began to recover across V (−33%) and A (−0%)
by day 3; however, by day 14 we observed an overall
reduction in blood flow rates across all retinal vessels
relative to pre-treatment levels: RV (−16%), V (−40%),
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Figure 6. Evaluating cardiac functionwith LSCI. LSCI was performed in amurine retina at 376.20 fps, 2.50-ms exposure, and f/16. (A) Fourier
analysis was performed to segment retinal veins from arteries. LSCI was subsequently performed under 2% isoflurane anesthesia (B) and
5% isoflurane anesthesia (C). (D) Fourier analysis was applied to measure change in heart rate under 2% isoflurane (451.20 bpm) and 5%
isoflurane (270.60 bpm). Mean speckle contrast was measured in the arterial (red) and venous (blue) regions of interest drawn in (B) and (C)
to plot variation in speckle contrast over time under 2% isoflurane (E) and 5% isoflurane (F). The time delay between pulsewave propagation
from retinal artery to retinal vein is highlighted in (E) and (F). Fourier analysis was applied to create amap pulsewave propagation time delay
over the entire FOV under 2% isoflurane (G) and 5% isoflurane (H). Time delay measurements in (G) and (H) are relative to time measured in
each respective red circular region of interest.

andA (−15%) (Figs. 5F–5I). Significant retinal atrophy
and tissue contracture on day 14 resulted in compres-
sion of retinal vessels. This increase in resistance to
flow likely contributed to the overall reduction in mean
blood flow rate across all retinal vessels on day 14 (Figs.
5E, 5I). These results showed that the most significant
impact of laser treatment for BRVO was on retinal
vessels directly within the irradiated area. More specif-
ically, the effect of laser treatment on mean blood flow
rate was more prominent on veins than arteries, with
the latter demonstrating a quicker recovery over time
(Fig. 5I).

Evaluating Murine Cardiac Function with
LSCI

A murine retina was imaged at 376.20 fps at 2.50-
ms exposure duration, after which Fourier analysis was
applied to classify retinal arteries from retinal veins, as

described in detail by Postnov et al.35 (Fig. 6A). The
mouse was imaged under 2% isoflurane (Fig. 6B) and
5% isoflurane (Fig. 6C). Fourier analysis on a 2.66-s
recording (1000 frames) identified the first harmonic
frequency at 4.51 Hz under 5% isoflurane and 7.52
Hz under 2% isoflurane, representing heart rates of
270.60 bpm and 451.20 bpm, respectively (Fig. 6D).
Average speckle contrast from an artery and a vein
under 2% isoflurane (Fig. 6E) and 5% isoflurane
(Fig. 6F) were plotted against time after applying a
moving average filter of 15 data points. Fourier analy-
sis revealed an average pulse wave propagation time
delay of 11.68 ms under 2% isoflurane (Fig. 6G) and
an average pulse wave propagation time delay of 32.11
ms under 5% isoflurane (Fig. 6H), both in agreement
with measurements made on respective time-domain,
speckle contrast–based pulse wave signals (Figs. 6E,
6F). The temporal variations in the sinusoidal venous
flowwaveform, upstream of the right atrium, result not
only from the forward propagating pulse pressure wave
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Figure 7. Pulse wave analysis using LSCI. Variation in speckle contrast with cardiac pulsatility results in a waveform that is proportional to
pulse waveforms observed on photoplethysmogram. (A, B) The average of five arterial LSCI-based pulse waveforms measured within the
same region of interest (see Figs. 6B and 6C) under 2% isoflurane and 5% isoflurane. Here, Ksystole is the relative speckle contrast–derived flow
rate at the peak of systole, Kdiastole is the relative speckle contrast–derived flow rate at the peak of diastole, DN is the dicrotic notch,�T, is the
time between Ksystole and Kdiastole, and CT is the crest time, or the time from the start of the waveform to Ksystole. (C, D) The second derivatives
of each averaged waveform. Here, Ka is the early systolic positive wave, Kb is the early systolic negative wave, and Ke is the early diastolic
positive wave.

following systole but also from the backward propa-
gating pressure wave from right atrial filling during late
diastole.53 Hence, measuring pulse wave propagation
time delays between the arterial and venous circula-
tionsmay help in evaluating right atrial filling pressures,
cardiac contractility, and venous return. Here, the
prolonged pulse wave propagation time delay under
5% isoflurane likely reflects the drug-induced delay in
ventricular isovolumetric relaxation and left ventricu-
lar refilling.54

Pulse Wave Analysis Using LSCI

Five arterial blood flow waveforms under 2% isoflu-
rane and five arterial blood flow waveforms under
5% isoflurane were averaged to generate mean speckle
contrast–derived blood flow waveforms (Figs. 7A, 7B).
The second derivative of each waveform was plotted
to identify inflection points in the original waveform,
enabling us to easily identify critical parameters that
are representative of cardiac function (Figs. 7C, 7D)
(Table). By analyzing change in these LSCI-derived
parameters between 2% and 5% isoflurane conditions,
we were able to characterize the effect of isoflurane
anesthesia on murine cardiovascular function. Our

evaluation supported previous findings that high-dose
isoflurane results in peripheral vasodilation leading to
reduced systemic vascular resistance (SVR) and severe
hypotension that may be inadequately compensated
due to impaired myocardial contractility.55–57

First, we found evidence that high-dose isoflurane
reduces SVR. The inflection point area (IPA) ratio
(A2/A1)—where A1 is the area under the waveform
from the start of the pulse wave to the DN and A2
is the area under the waveform from DN to the end
of the pulse wave—is inversely proportional to the
SVR.58,59 A two-tailed Student’s t-test revealed that the
IPA ratio was significantly increased under 5% isoflu-
rane (P < 0.05) (Table). Reduced SVR would also slow
pulse wave velocities and therefore prolong �T, or the
time it takes for a pulse pressure wave to travel from
the heart to the periphery and back.58,60 As expected,
�T was significantly increased under 5% isoflurane
(P < 0.01) (Table). However, �T prolongation may
be due to decreased peripheral resistance or increased
compliance of large elastic vessels.58 Herein, we found
no significant difference in the parameters associated
with large vessel compliance (i.e., CT, early systolic
negative wave [Kb]/early systolic positive wave [Ka], and
the augmentation index), suggesting that the reduced
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Table. Summary of Murine Cardiac Parameters Measured From LSCI-Based Retinal Arterial Pulse Waveforms
Under 2% and 5% isoflurane (N = 5)
Parameter Metric 2% Isoflurane 5% Isoflurane Pa

IPA ratio (A2/A1) Systemic vascular resistance58–60 0.56 ± 0.07 0.93 ± 0.20 <0.05
�T, ms Systemic vascular resistance,58 large vessel compliance60 44.66 ± 8.06 75.49 ± 12.83 <0.01
CT, ms Large vessel compliance60,64 55.29 ± 7.38 66.45 ± 3.26 n.s.
Kb/Ka ratio Large vessel compliance60–62 −1.01 ± 0.09 −1.05 ± 0.11 n.s
Augmentation index, (Ksystole – Kdiastole)/Ksystole Large vessel compliance60,63 0.55 ± 0.10 0.42 ± 0.10 n.s.
Pulse duration, ms Duration of cardiac cycle60 133.97 ± 1.46 235.51 ± 3.03 <0.0001
Time to DN, ms Duration of ventricular contraction60 85.59 ± 4.76 111.64 ± 12.47 <0.05
Time to diastolic peak, ms Time to ventricular relaxation60 99.95 ± 3.57 141.95 ± 12.69 <0.01
Systolic peak amplitude (Ksystole) Cardiac output/stroke volume60 59.79 ± 1.62 35.57 ± 1.01 <0.0001
Diastolic peak amplitude (Kdiastole) Cardiac output/venous return60 54.29 ± 1.32 27.56 ± 1.99 <0.0001

aSignificancewas determined by two-tailed Student’s t-test. IPA, inflection point area; CT, crest time; n.s., not significant; DN,
dicrotic notch.

SVR was primarily due to peripheral vasodilation and
less likely due to changes in large vessel compliance
(Table).60–64

Furthermore, we observed that cardiac output (CO)
was also impaired under high-dose isoflurane. In apply-
ing Ohm’s law to hemodynamics, we note that blood
pressure, which is the driving force for blood flow,
is directly proportional to SVR and CO. Hence, to
maintain a healthy blood pressure, we expected a reduc-
tion in SVR to be compensated by an increase in CO,
which is a function of heart rate and stroke volume.65
However, the reduced heart rate (Fig. 6D) and signif-
icantly reduced blood flow rates during peak systole
(Ksystole) (P < 0.0001) and peak diastole (Kdiastole) (P <

0.0001) under 5% isoflurane suggested that high-dose
isoflurane led to a reduction in stroke volume, venous
return, and an overall reduction in CO.

Finally, high-dose isofluranemay impair myocardial
contractility and left ventricular function.54 Hypoten-
sion resulting from the combination of reduced SVR
and CO may further compromise coronary autoreg-
ulation and consequently impair myocardial contrac-
tility.55 Decreased cardiac contractility was evident
through the significantly prolonged pulse duration (P
< 0.0001) at 5% isoflurane. Meanwhile, a delay in left
ventricular isovolumetric relaxation and left ventric-
ular refilling was evident through the significantly
prolonged time to DN (closure of the aortic valve; P <

0.05) and prolonged time to diastolic peak (P < 0.01),
respectively (Table).

Discussion

Animal models are widely used to study both
ophthalmic and non-ophthalmic diseases with retinal
manifestations. As such, the design and optimiza-
tion of a single, robust retinal LSCI system that can

easily be configured for cross-species imaging would
be of substantial utility in preclinical research to
identify biomarkers of disease progression or measure
the efficacy of novel therapies. Herein we detail the
optomechanical design of a custom preclinical retinal
LSCI instrument capable of producing wide-field
fundus images at higher sampling rates (>180 fps with
subsampling) and shorter exposure durations (>50 μs)
compared with currently available systems, allowing
retinal hemodynamics and cardiovascular function to
be quantified in small rodents with high spatial and
temporal resolution.

Although the principles underlying LSCI have been
understood for over four decades and have been
applied for in vivo imaging of the retinal vascula-
ture, to date there have been few retinal LSCI systems
designed solely for use in small animal models, and
those that do exist have design considerations that
substantially limit their utility.66–68 Specifically, previ-
ously described systems typically (1) have a rigid
optomechanical design (e.g., based on a modified
endoscope or fundus camera) that makes configuring
the system to accommodate for variations in anatomy,
axial length, pupil size, or refractive index across differ-
ent species challenging or even impossible69; (2) are
complex to set up or use reproducibly, such as where
imaging is dependent upon precise positioning of the
animal or illumination fiber in order to generate an
image70; or (3) are contact instruments involving place-
ment of the front optical element on the corneal
surface, which may affect intraocular pressure and
therefore blood flow.26,69,70 In contrast, the instrument
described herein is non-contact, largely insensitive to
animal positioning relative to the illumination path in
order to generate an image of the fundus, and of a
flexible optomechanical design that allows the system
to be easily modified to account for differences in
ocular anatomy, such as axial length or pupil diameter.
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Uniquely, by incorporating the imaging bores from the
commercially available Bioptigen/Leica OCT system
into our design, the instrument could be configured for
use in effectively any species simply by exchanging the
front optical element for the relevant species-specific
bore and making minor adjustments to optics in the
illumination arm to ensure light is guided correctly
through the pupil without inducing corneal reflections.

Previously we demonstrated that a commer-
cial fundus camera (Phoenix Micron IV) could be
converted into a LSCI instrument for use in mice,
but we found that there was insufficient laser power
to collect short-exposure (<4 ms) images and that
the relatively low sampling rate (up to 30 fps) of the
native camera severely limited temporal resolution.26
As this effectively precluded measurement of critical
time-varying metrics of retinal and cardiovascular
function in the mouse, where heart rates may vary
from 500 to 700 bpm in the awake state, a critical
consideration in the design of this instrument was the
incorporation of a tunable, high-powered (100 mW)
volume-holographic-grating–stabilized laser to ensure
a high degree of spatial coherence through the ring-
fiber bundle and sufficient power at the retinal surface
to allow imaging over a wide range of exposures (50 μs–
10 s) coupled with a camera capable of capturing
high-resolution (2048 × 2048) images at an extremely
high frame rate (>180 fps with subsampling).26,71 The
flexibility to independently tune laser power to allow
for imaging at varying exposure durations and frame
rates is particularly important in the context of works
by Chen,74 who demonstrated that sensitivity to high
velocity was best at shorter exposure times and sensi-
tivity to slow flow improved with increasing exposure
times. Importantly, the greater temporal resolution of
our retinal LSCI system relative to commercially avail-
able clinical (<82 fps) and preclinical systems (<30
fps) could be exploited to sample blood flow dynamics
over multiple murine cardiac cycles (Figs. 6B–6F).37,72
Moreover, as pulsatile speckle contrast measurements
are well correlated with pulse waveforms detected by
photoplethysmography, we were able to extract critical
time-varying parameters of systemic vascular and
cardiac health (i.e., heart rate, pulse wave propagation
time delay, cardiac contractility, vessel stiffness, and
peripheral resistance) from the LSCI-derived blood
flow waveforms (Table).73 Although such measure-
ments have recently been derived using LSCI of the
retina in human subjects, where the heart rate is
substantially slower and so does not require image
acquisition at such high frame rates to detect, to the
authors’ knowledge this represents the first example of
these parameters being measured using retinal LSCI in
a small animal model.37

Although the LSCI instrument described herein
represents an advancement over previous systems for
preclinical animal use, there remain several critical
limitations that must be addressed through improve-
ments in either optomechanical design or image
processing. First, using LSCI we can reproducibly
measure relative changes in bulk flow longitudinally
and across multiple vessels simultaneously (Fig. 5),
but the inability to obtain absolute measurements of
particle speed remains a critical limitation, especially
if performing repetitive measurements over time to
monitor the progression of a disease or response
to therapeutic outcome. A partial solution to this
deficiency may be to apply a multi-exposure imaging
strategy, wherein several series of images are taken
at different exposures and the measurements of
speckle contrast combined, which was demonstrated
by Parthasarathy et al.32 to significantly improve the
linearity between relative changes in speckle contrast-
based estimates of flow rate and absolute particle speed
when performed across the range of exposures (e.g.,
50 μs–80ms).Whereas this would improve the accuracy
of flow rate measurements, it would also necessar-
ily reduce temporal resolution and increase process-
ing burden by requiring the collection of multiple
datasets, although this may not be a significant consid-
eration, especially if using LSCI to monitor a chronic
disease that progresses over the course of months
or years. Another potential strategy to improve the
accuracy of LSCI-based flow ratemeasurements would
be to derive a standardized scale of speckle contrast
relative to flow velocity by comparing speckle inten-
sity to absolute particle velocity within specific vessels
as calculated using other advanced imaging modal-
ities such as AO-SLO, which has demonstrated the
ability to quantify single cell velocities across the full
range of retinal vessels, from capillaries to primary
arteries and veins.24,75–77 Although automated analy-
sis workflows have simplified the lengthy and labori-
ous process of determining cell velocities with AO-
SLO, the limited FOV still requires flow analysis to be
performed on a vessel-by-vessel basis.76 A side-by-side
comparison of LSCI andAO-SLOwould enable LSCI-
based measurements of speckle intensity to be related
directly to flow velocity (at least within the individ-
ual animal) and would allow quantitative measure-
ments of flow in vessels across the whole retina without
montaging.

Although the BRVOmodel demonstrated that LSCI
offers a superior signal-to-noise ratio for visualizing
and characterizing vascular structure in the presence of
significant hyper-reflectivity and fluorescein leakage, a
second obvious limitation of the existing LSCI system
relative to other imaging modalities (e.g., FA, OCT-A)
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is the inadequate resolution of secondary and tertiary
retinal blood vessels, which would be important for
assessing areas of hypoperfusion and capillary dropout
in models of diseases such as diabetes. One potential
way of increasing resolution would be to correct for
optical aberrations in the lens and cornea through the
incorporation of an adaptive mirror into the collec-
tion arm. Although this would be expected to signif-
icantly improve resolution of smaller vessels it would
add substantial complexity and cost to the existing
system, especially if requiring the inclusion of a wave-
front sensor, and it would likely result in a reduced
FOV. An alternative software-based solution would be
the introduction of an processing step similar to the
variable interscan time analysis algorithm that has been
used to enhance the ability of OCT-A to quantify
and present relative changes in blood flow speed.25,78
Specifically, a similar approach could be applied to
LSCI by scaling the smallest and largest detectable
speckle contrast values to generate a color-coded map
of relative blood flow speed, enabling the detection
of hypoperfusion that correlates with areas of capil-
lary dropout (demonstrated in Fig. 4D) but without a
comparable spatial resolution to OCT-A.

In summary, despite some limitations related to the
measurements of absolute flow rate and the resolu-
tion of smaller vessels that will require further system
optimization, the custom LSCI instrument described
herein represents a versatile tool for detecting hemody-
namic alterations in both the local and systemic circu-
lation that can be applied to potentially any preclinical
animal model.
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