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Abstract. Laser speckle contrast imaging (LSCI) offers a costeffective means to image blood flow in vivo. However, it is
not commonly used to image rodent retinas because of the
challenges associated with imaging through the curved cornea and delivering light through the highly scattering lens. A
solution to overcome these problems by using LSCI in conjunction with an endoscope to obtain high spatiotemporal
blood flow images is described. Its utility is demonstrated
by imaging blood flow changes in rat retinas using hyperoxic, hypercapnic, and visual (flicker) stimulations.
Hypercapnia increases blood flow, hyperoxia decreases
blood flow, and visual stimulation increases blood flow
in the retina relative to basal conditions. The time-to-peak
of the LSCI response to visual stimulation is also measured.
This approach may prove useful to investigate dysregulation
in blood flow-evoked responses in retinal diseases and to
evaluate treatment strategies in rodents. © The Authors.
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Blood flow in the retina can be noninvasively imaged using
Doppler optical coherent tomography,1 scanning laserDoppler flowmetry,2–4 laser speckle contrast imaging (LSCI),5
and magnetic resonance imaging (MRI),6–8 among others.
LSCI, in particular, offers a cost-effective means to measure
instantaneous blood flow with high-spatiotemporal resolution.9,10 The majority of LSCI retinal applications are in
humans,11,12 with few rodent applications,13,14 despite this,
rodents are widely used for models of retinal diseases. This
is in part due to the difficulties in dealing with the refractive
properties of the curved cornea and the poor quality of the
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rodent lens, which results in challenges in delivering and receiving light to generate good images of the retina. A common
approach to overcome some of these problems is to use a contact
lens to be placed over the cornea.13–15 While this approach helps
to reduce refractive error, delivering coherent light to the eye
remains challenging in that it requires a difficult and time-consuming alignment of the camera to find the correct angle.14,15
We implemented a solution to overcome these problems by
using an endoscope to obtain images and to deliver light.16,17
The optics of the endoscope help to correct the refraction of
the cornea without the need for a contact lens. Additionally,
the fiber-optic guide built into the endoscope is in a ring structure around the edge of the endoscope, which is very efficient in
delivering uniform light to the retina without obstructing the
reflected light. This same fiber-optic guide could be used to
deliver laser light for generating a speckle pattern, while a camera can easily be placed on the end of the endoscope. There is
also no need to align optics for the camera sensor, as the endoscope connects directly to it. We demonstrated the utility of this
approach by imaging blood flow changes in the rat retina using
hyperoxia, hypercapnia, and visual (flicker) stimulations.
A schematic of the imaging instrument is shown in Fig. 1(a).
The animal was secured in a stereotaxis to eliminate motion, and
mineral oil was placed on the surface of the cornea to prevent
dryness. The endoscope (5-mm diameter, 11.5-cm length, Karl
Storz 67260AA, Tuttlingen, Germany), depicted from different
angles in Figs. 1(c) and 1(d), was then placed directly in contact
with the mineral oil, carefully avoid pressuring the corneal surface. A laser diode (785 nm, Thorlabs, Newton, New Jersey)
connected to the fiber-optic input was used to deliver light
through the endoscope onto the eye using a ring-shaped illumination pattern. We would not expect the light to affect the optical
properties or the physiology of the eye. The scattered laser light
was captured by the CMOS camera (Basler 602f,
655 × 490 pixels, Basler, Ahrensburg, Germany) connected to
the endoscope using a custom lens adapter (SN# OY620143A). For green-light reflectance images, the laser diode was
replaced with a green LED and delivered using a fiber-optic
guide. Images from the camera were collected at a rate of 70
frames per second and an exposure time of 5 ms using custom
written software. During functional activation, a slightly
altered setup was used, as shown in Fig. 1(b). The 530-nm
light from a green LED was combined with the laser diode output using a dual-branch light guide (Edmund Optics,
Barrington, New Jersey). Figure 1(e) shows a photograph of
the system in use.
All animal experiments were approved by the Institutional
Animal Care and Use Committee and in accordance with the
Association for Research in Vision and Ophthalmology
Statement for the Use of Animals in Ophthalmic and Visual
Research. Adult male Sprague-Dawley rats (∼300 g, N ¼ 3)
were anesthetized with 1% isoflurane, paralyzed with
3.5 mg∕kg pancuronium bromide to prevent eye motion,18
and mechanically ventilated. End-tidal CO2 , heart rate, and oxygen saturation were monitored continuously and maintained
within normal physiological ranges. Gas challenges were
used to induce blood-flow changes in the eye. Inhalation gas
was switched to either hyperoxia (100% O2 ) or hypercapnia
(7.5% CO2 in air) for 5 min, and then back to breath normal
air. For functional activation studies, a green LED (530 nm,
Thorlabs) was used as a stimulus source and modulated at a
rate of 10 Hz for 10 s.
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[Fig. 2(a)] showed the larger retinal vessels branching from
the optic nerve head as well as a smaller meshwork of choroidal
vasculature throughout the eye. Compared with the reflectance
images, the LSCI images [Fig. 2(b)] showed better contrast of
the retinal and choroidal vessels as well as relatively higher flow
in the posterior ciliary artery. During the gas challenge, ocular
blood flow increased from 11% to 31% during hypercapnia
[Fig. 2(c)] and decreased from 23% to 40% during hyperoxia
[Fig. 2(d)]. These changes are particularly apparent in the retinal
vessels. There are also blood-flow changes in the “background,”
due to the dense vascular meshwork of the choroidal vessels.
These results are consistent with blood-flow changes reported
by using laser Doppler flowmetry20 and MRI.21
LSCI was then used to investigate visual stimulation in the
rat retina. Time-course data from several regions of interest
showed increased blood flow during visual stimulation
(Fig. 3). While blood flow from a given region would have signaled contributions from both the retina and the choroid, selecting regions with large identifiable retinal vessels were likely
heavily weighted toward retinal blood flow.

Fig. 1 Schematic of imaging setup used for (a) gas challenge experiments and (b) functional activation experiments. Side (c) and front
(d) views of the endoscope used in the experiments. A photograph
of the imaging system in use (e) is also shown.

The image of scattered laser light from the tissue surface,
often referred to as a raw speckle image, is generated from a
random static interference pattern that results from coherent
light reflecting off of a rough surface. If an object consists of
moving particles, as in the case with red blood cells in tissue,
then the speckle pattern will fluctuate at a frequency due to the
Doppler shift created by the moving particle. While other factors
can affect this, these fluctuations are mainly caused by the
changes in blood flow. The speckle contrast image (K) is
defined as the ratio of the standard deviation (σ) to the mean
intensity (hIi) in a small region of the raw speckle image.
Each raw speckle image was converted to a speckle contrast
map in real time using optimized algorithms,19 and each set
of 10 speckle contrast images was averaged together to reduce
the image-to-image variations to less than 1%. This averaged
speckle contrast image was then converted to an image of relative correlation times using Eq. (1):

K¼

σ
¼
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where T is the exposure time of the camera and τ is the autocorrelation time, which was estimated from the speckle contrast
value. These correlation times were then used to calculate relative blood-flow changes, as the two are inversely proportional.
Green-light reflectance images were initially used to confirm
the retinal vessel locations. The green-light reflectance image
Journal of Biomedical Optics

Fig. 2 (a) Green-light reflectance and (b) speckle contrast images at
baseline conditions. The arrow denotes the long posterior ciliary artery.
Relative blood-flow images during (c) hypercapnic and (d) hyperoxic
conditions.

Fig. 3 During a visual stimulus experiment, regions of interest are
selected in the speckle contrast image, and the time courses for
those regions are shown.
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The maximum blood-flow response was 10% and 15%
depending on the region of interest, and the time to reach
50% of the peak blood-flow response from stimulus onset
was 3.2 s in the retinal vessels, consistent with those reported
previously in rats (2.25 s)13 and humans (3.4 s).22 Given that it is
difficult to compare relative blood-flow changes across animals,
the time-to-peak measurements may offer advantages in the
study of retinal diseases.
While it is possible to measure hemodynamic responses by
reflectance imaging, the commonly used visible light for neurological studies interferes with retinal measurement, because
it stimulates the retina.23 Moreover, the reflectance changes
(which have complex signal sources) are difficult to interpret
with respect to physiological parameters. By contrast, an advantage of LSCI is that it uses infrared light, which should not visually stimulate the retina,22 and provides a single physiological
parameter (ca. blood flow).
In conclusion, this study demonstrated the feasibility of performing LSCI via an endoscope to generate images of blood
flow in the rat retina. Because rodents are common animal models for human retinal diseases, this approach may prove useful to
investigate retinal disease pathophysiology and novel treatment
strategies in rodent models. Future studies will focus on integrating interleaving LSCI and oximetric acquisition, applying this
approach to study retinal diseases, and evaluating novel
treatments.
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