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Abstract

Alterations in neurovascular coupling have been associated with various ocular, cerebral, and 

systemic vascular disorders. In the eye, changes in vessel caliber by dynamic vessel analysis have 

been used to measure neurovascular coupling following a light flicker stimulus. Here, we present 

a new protocol for quantifying light-flicker induced hyperemia in the C57/Bl6J mouse retina 

using laser speckle flowgraphy (LSFG). Our protocol was adapted from protocols used in human 

subjects. By acquiring continuous time series data, we detected significant increase in blood flow. 

These responses are maintained with low variability over multiple imaging sessions, indicating 

these methods may be applied in serial studies of neurovascular coupling.
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Neurovascular coupling, the process by which microvessels respond to the metabolic 

demands of neural tissues, is a critical component of blood flow regulation in the 

cerebrovascular system (Iadecola, 2017). This process has been extensively studied in 

humans (Fondi et al., 2018) as well as preclinical models, for example in the cat eye (Riva 

et al., 1991), where similar neurovascular responses as those found in the brain can be 

examined non-invasively with retinal imaging modalities. Exposure to light flicker induces 

retinal vasodilation and hyperemic response, in which retinal microvessels vasodilate to 
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meet the increased metabolic demands of stimulated retinal neurons (Riva et al., 2005). 

Because the retinal vascular and neuronal structures are considered an extension of the 

cerebrovascular system, retinal hyperemic responses are believed to be representative 

of neurovascular health of the brain. Indeed, alterations in light flicker-induced retinal 

hyperemic response have been associated with a variety of disorders, such as glaucoma 

(Riva et al., 2004), macular degeneration (Lanzl et al., 2011), Alzheimer’s disease (Kotliar 

et al., 2017), late-life depression (Geraets et al., 2020), cognitive dysfunction (Rensma et al., 

2020), diabetes (Nguyen et al., 2009) and obesity (Kotliar et al., 2011). The vast majority of 

flicker-induced hyperemia studies utilize dynamic vessel analysis (DVA) to examine changes 

in retinal vessel caliber during vasodilation and vasoconstriction (Albanna et al., 2018). 

However, the magnitude of arterial and venous dilation is small and on the order of 3–5% 

and 4–9%, respectively (Hammer et al., 2012; Kotliar et al., 2017; Lanzl et al., 2011). The 

even lower responses in mice, with both arterial and venous dilation in the 1–2% range 

(Albanna et al., 2018) may represent a limitation of this approach for animal studies. A very 

recent study with a custom laser Doppler Fourier domain-optical coherence tomography 

(FD-OCT) system reported volumetric retinal blood flow increases by 30–40% in arteries 

and veins (Kallab et al., 2021). These findings suggest that blood flow measurements may 

reveal substantial responses in animal models. However, this instrumentation is not widely 

available.

Recent developments in laser speckle-based imaging methods, namely laser speckle contrast 

imaging (LSCI) and laser speckle flowgraphy (LSFG), have made dynamic measurement 

of relative blood flow possible in humans and in small animal models (Patel et al., 2021; 

Remer et al., 2019; Wada et al., 2016). Both LSCI and LSFG quantify the interference 

patterns (“laser speckle”) produced by light reflecting off of blood cells passing through 

the field of the laser (Sugiyama, 2014; Sugiyama et al., 2010). Unlike custom-built devices, 

the LSFG-NAVI device (Softcare Co., Ltd.) is commercially available for both clinical and 

small animal research, and FDA-approved for use in human subjects. It has been used 

clinically to study not only numerous ocular and systemic disorders (Aizawa et al., 2011; 

Arimura et al., 2018; Luft et al., 2016; Shiba et al., 2017; Shiga et al., 2016; Yata et al., 

2020), but also light flicker-induced retinal hyperemia in healthy control subjects (Fondi et 

al., 2018) and mice (Hanaguri et al., 2020). Similar magnitudes of blood flow increase of 

20–25% have been reported by LSFG in humans and mice with light flicker stimulation 

(Fondi et al., 2018; Hanaguri et al., 2020).

We recently reported methods for acquiring serial LSFG blood flow measurements in 

C57/Bl6J mice under normal conditions and in a model of hypertension, with minimal 

inter-operator and inter-session variability (Tamplin et al., 2021). Here, we developed novel 

protocols to permit continuous data acquisition over a 100 s period, per established DVA 

protocols for neurovascular coupling (Kotliar et al., 2017). Given that human studies have 

deployed DVA for detecting retinal hyperemia and that responses in mice by DVA are 

minute and unlikely to produce robust data, we developed a new protocol to measure 

hyperemia by LSFG in mice.

All experimental procedures were approved by the University of Iowa Institutional Animal 

Care and Use Committee, and were in compliance with the Institute of Laboratory Animal 
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Resource, National Academy of Science standards for the care and use of laboratory 

animals. Mice were housed in a room with controlled temperature (23 °C) and a dark/light 

cycle of 12 hours, with free access to water and standard rodent chow. All measurements 

were performed between 9 AM and 12 AM to avoid circadian variations. For this study, 5 

male and 5 female C57/Bl6J mice (Jackson Laboratories) aged 12 to 14 weeks were imaged 

in 4 sessions over a 5-day period.

Before the imaging procedure, mice were anesthetized by IP injection of 17.5 mg/mL 

ketamine/2.5 mg/mL xylazine solution (VetaKet/AnaSed, 0.1 mL/20 g body weight). 

Mice were placed on an infrared heating pad controlled by a rectal temperature probe 

(PhysioSuite; Kent Scientific), to maintain core body temperature at 37 °C. Five successive 

measurements of intraocular pressure (IOP) were taken in the right eye using a handheld 

tonometer (Tonolab TV02; Icare). Eyes were dilated with 0.5% topical tropicamide and 

all experiments were performed under photopic conditions in an animal laboratory with 

fluorescent lights. Blood pressure was recorded in anesthetized mice immediately before 

image acquisition using an automatic tail-cuff plethysmography system (CODA Monitor; 

Kent Scientific).

Blood flow measurements were obtained using the laser speckle flowgraphy device LSFG-

Micro (Softcare Co., Ltd.), a charge-coupled device camera (700 × 480 px) attached to a 

diode laser (830 nm wavelength) and microscope (SZ61TR; Olympus Corporation). The 

principles of LSFG have been described elsewhere (Sugiyama, 2014; Sugiyama et al., 2010). 

Briefly, as the incident laser light is scattered against blood cells moving through the retinal 

vessels, a speckle pattern is produced. The characteristics of this pattern are used to calculate 

mean blur rate, a measure of relative blood flow velocity, at each pixel of the image. Mean 

blur rate has been validated as an accurate measure of flow velocity by comparison to 

hydrogen gas clearance and microsphere methods (Aizawa et al., 2014).

To invoke hyperemic response, diffuse light flicker stimulation was applied using a white 

light emitting-diode (LED) array (KICK LED, Rift Labs; 5000 K, 1200 lx) maintained 

in a fixed position above the mouse eye (yellow arrow in Fig. 1A). The positioning of 

the flicker array ensured exposure of the retina to flicker stimulus was consistent for each 

mouse, without affecting the LSFG measurements. Blood flow measurements were acquired 

continuously (30 fps) for 100 s, based on established dynamic vessel analyzer protocols 

(Kotliar et al., 2017; Lanzl et al., 2011): 50 s of baseline recording, 20 s of flicker stimulus 

(10 Hz), and 30 s of post-stimulus measurement. Temporal composites of the 3.2 × 2.5 mm2 

imaged area (Fig. 1B) were automatically generated every 10 s to permit manual analysis, 

resulting in 10 composite images and a continuum of 3000 data points (Fig. 1C).

To analyze blood flow, data files were opened in the LSFG Analyzer software (v. 3.5.0.0; 

Softcare Co., Ltd.) to generate a composite image representing the average blood flow at 

each pixel over the 10 s recording period (Fig. 1B). A region of interest covering the retinal 

vasculature, but not the optic nerve head, was placed on each composite scan following 

our previously established annulus-based analysis (Tamplin et al., 2021). Briefly, a circular 

region of interest was placed centered on and encompassing the optic nerve head and any 

artifactual blur surrounding the structure. A second concentric band was placed starting at 
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the edge of the first, and extending circumferentially to cover the retinal vasculature (Fig. 

1B). The band set was saved and applied to the remaining images in the time series. Mean 

MBR (or, MA) in the outer band containing the retinal vasculature was calculated at each 

frame of the time series. Once bands were placed on all 10 composite images of the time 

series, the data were batch processed using the Analyzer software. This process results in a 

spreadsheet containing the time in seconds and mean flow value (MA) for each frame, by 

region of interest.

In order to reduce measurement noise caused by the mouse’s rapid heart rate, illustrated 

by the periodic data scatter in Fig. 1C, raw continuous data were processed using a 

custom Python script to generate a smoothed response curve (Fig. 1D). The first 20 s of 

adaptation (t = 0–20 s) were removed from the series. The following 30 s (t = 20–50 s) 

preceding the flicker stimulus were used for baseline calculations. Outliers were removed by 

calculating the mean and standard deviation of baseline flow; values outside the mean ± 3 

standard deviations were removed. Then, the data were smoothed using the 129 exponential 

moving average (EMA) function (in Python, pandas.DataFrame.ewm) (McKinney W., 

2010), defined as: EMAt = α(yt) + (1 − α)(EMAt-1), where yt is the 131 observation at 

time period t, EMAt is the EMA value at time t, and the smoothing factor α = 2/(n + 1) for 

span n. Here, the span n was set to 120, meaning 120 frames (or, 4 s of data) were used 

to define the smoothing window (Kotliar et al., 2017). After the data were smoothed, the 

median of the baseline period (blue line in Fig. 1D), the maximum of the response curve 

(after t = 50 s; red line in Fig. 1D), and the time to reach the maximum flicker response were 

calculated. Percent flicker response was defined as Response =
Max (50, 100]

Median − 1 ∗ 100%.

Statistical analyses were performed using GraphPad Prism (version 8.0.0; GraphPad 

Software). Blood flow levels at baseline and during the maximal flicker response were 

compared by paired t-test (two-tailed). Variations due to biological sex across sessions were 

determined using 2-way ANOVA with Sidak’s multiple comparisons test. Differences in 

measures between sessions were calculated using one-way ANOVA with Tukey’s multiple 

comparisons test. The coefficient of variability was defined as 100% x (stdev/mean); for 

intersession variability, the standard deviation and mean across all 4 sessions were used.

Representative images taken during baseline, flicker stimulus, and post-flicker stimulus in 

the same mouse are shown in Fig. 1B. The corresponding raw data series and processed 

curve are provided in Fig. 1C and 1D, respectively. Statistically significant increases in 

retinal blood flow (MBR) in response to the flicker stimulus were observed at all four 

sessions (p < 0.0001, Fig. 2A), indicating successful detection of light flicker-induced 

hyperemia at each session.

Across all four sessions, the average baseline MBR was 2.25 AU in male mice and 1.68 

AU in female mice (Fig. 2B). The average percent flicker response across all four sessions 

was 22.17% in male mice and 26.6% in female mice (Fig. 2C). The mean value for each 

mouse, averaged across the four sessions, is reported in Fig. 2E. No significant differences 

were observed due to biological sex (2-way ANOVA with Sidak’s multiple comparisons); 

therefore, subsequent analyses combined data from males and females. The combined mean 
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baseline MBR ranged between 1.76–2.08 across the four sessions; no significant difference 

between sessions was observed (Fig. 2B, F). The combined mean percent flicker response 

ranged between 22.79–26.37% across the four sessions, and did not vary significantly 

between sessions (Fig. 2C, F).

To establish variability in blood flow, the coefficient of variation was calculated for 

each measure. For individual mice, intersession variability ranged between 6.2–21.0% for 

baseline flow, and 9.9–30.8% for flicker response (Fig. 2E). Group intrasession variability 

ranged between 17.6–34.1% for baseline flow, and 20.9–27.5% for flicker response (Fig. 

2F). Intersession variability across the four sessions was 24.2% for baseline flow, and 23.7% 

for flicker response.

Next, the time to reach the maximum flicker response, previously reported as a response 

latency parameter for staging Alzheimer’s disease (Kotliar et al., 2017), was calculated. 

The mean time to maximal flicker response ranged between 17.01–20.38 s across the four 

sessions (Fig. 2F). For individual mice, the intersession variability ranged between 6.0–

43.5%. Group intrasession variability ranged between 26.4–29.0%. Intersession variability 

across the four sessions was 27.9%.

Here, we presented new protocols for acquiring time series-based blood flow data to study 

light flicker-induced retinal hyperemia by LSFG as a measure of neurovascular coupling. 

While previous studies in mice were based on changes in vessel caliber by dynamic vessel 

analysis, or considered flow changes in non-continuous scans of the optic nerve head 

(Hanaguri et al., 2020), we introduce an easily-adaptable protocol for acquiring continuous 

measurements of blood flow over the entire mouse retina. Continuous measurement ensures 

the window for maximal flicker response is not missed by improper timing of scans, or by 

the 15–30 second processing and setup time required between discrete scan acquisition.

First, we adapted a protocol to enable continuous measurement using LSFG, which detected 

significant increases in blood flow in response to a light flicker stimulus. We show 

significant increases in blood flow during flicker light stimulus, reaching maximal response 

over a range of time, that would be more difficult to accurately assess with the traditional 

4 s scans requiring significant processing time between test intervals. We also describe 

the measurement variability for flicker response in C57/Bl6J mice. These results were 

consistent across four sessions performed over a five-day period. Baseline blood flow was 

similarly constant across sessions, in keeping with our previous results using the discrete 

scan protocol (Tamplin et al., 2021).

Importantly, this protocol can be altered to measure any region of interest in the retina. 

By changing the band type and location in the Analyzer software interface, similar data 

could be acquired in areas such as the optic nerve head, individual retinal vessels or retinal 

regions. Changing the band selection applied with this protocol would allow for future, more 

granular analyses of individual vessel response.

Several aspects of retinal blood flow in mice remain to be explored in future studies. For 

example, in humans, sex-related differences in blood flow by LSFG have been reported 

(Yanagida et al., 2015), however, similar studies in mice are currently missing. Additionally, 
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different anesthesia protocols, i.e. inhalation versus injected anesthetics, can differentially 

affect ocular blood flow (Moult et al., 2017). The optimal choice of anesthetic and its impact 

on retinal hyperemic response in mice remains to be established. Furthermore, the intensity 

of light stimulus used here was higher than in previous studies of flicker-induced retinal 

hyperemia in mice (Albanna et al., 2018; Hanaguri et al., 2020); further investigation into 

the role of magnitude of light flicker intensity on blood flow results may be needed.
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Figure 1: Continuous blood flow acquisition and processing methods.
(A) LSFG acquisition setup with position of the 10 Hz flicker array above the mouse eye 

relative to the LSFG-Micro camera. (B) Representative composite images acquired during 

baseline (30–40 s, top), flicker stimulus (60–70 s, middle) and post-flicker cessation (90–

100 s, bottom) corresponding to the time series in (C,D). (C) Raw blood flow data acquired 

continuously at 30 fps over 100 s, resulting in 3000 data points. Time periods of interest for 

analysis are marked. (D) Processing of data shown in (C) result in a smooth response curve.
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Figure 2: Blood flow characteristics with corresponding subject and session variability.
(A) Pairwise comparison of median baseline and maximal flicker response in 10 C57/Bl6J 

mice over four sessions. Significant increases in blood flow were observed across all 

sessions (p < 0.0001). Median baseline blood flow (B), maximal percent flicker response 

(C), and time to reach maximum response (D) calculated at each session. (E) Calculated 

mean, standard deviation, and intersession variability for all 10 mice, by each measure, 

across the four sessions. (F) Intrasession variability calculated for each measure. For (A-
E) mice are codified by biological sex (F, female; M, male) and color-coded by mouse. 
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**** p < 0.0001 by paired t-test (two-tailed) in A. (B-E) differences due to biological 

sex nonsignificant (p > 0.05) by 2-way ANOVA with Sidak’s multiple comparisons test; 

differences between sessions nonsignificant (p > 0.05) by one-way ANOVA with Tukey’s 

multiple comparisons test.
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