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Abstract

Background: Regulation of cerebral blood flow is critical for normal brain functioning, and 

many physiological and pathological conditions can have long-term impacts on cerebral blood 

flow. However, minimally invasive tools to study chronic changes in animal models are limited.

New Method: We developed a minimally invasive surgical technique (Cyanoacrylate skull, CAS) 

allowing us to image cerebral blood flow longitudinally through the intact mouse skull using laser 

speckle imaging.
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Results: With CAS we were able to detect acute changes in cerebral blood flow induced by 

hypercapnic challenge. We were also able to image cerebral blood flow dynamics with laser 

speckle imaging for over 100 days. Furthermore, the relative cerebral blood flow remained stable 

in mice from 30 days to greater than 100 days after the surgery.

Comparison with Existing Methods: Previously, achieving continuous long-term optical 

access to measure cerebral blood flow in individual vessels in a mouse model involved invasive 

surgery. In contrast, the CAS technique presented here is relatively non-invasive, as it allows stable 

optical access through an intact mouse skull.

Conclusions: The CAS technique allows researcher to chronically measure cerebral blood flow 

dynamics for a significant portion of a mouse’s lifespan. This approach may be useful for studying 

changes in blood flow due to cerebral pathology or for examining the therapeutic effects of 

modifying cerebral blood flow in mouse models relevant to human disease.
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1 Introduction

Cerebral blood flow (CBF) regulation is essential for normal brain functioning, and many 

physiological and pathological conditions may cause disruption in CBF. Stroke (Siegel et al., 

2015), Alzheimer's disease (Kogure et al., 2000; Ruitenberg et al., 2005), and aging (Martin 

et al., 1991) can have long-lasting negative effects on CBF, whereas acute infection, such as 

with SARS-CoV2, can cause short-term effects on CBF in Covid-19 patients (Helms et al., 

2020; Soldatelli et al., 2020). There are currently few techniques to study long-term CBF 

changes or the efficacy of therapeutic modulation of CBF in animal models.

The ability to measure CBF in the same animals longitudinally over time has several 

advantages. First, it reduces the number of experimental animals needed to examine the 

kinetics of CBF changes, as researchers can investigate CBF dynamics in the same set of 

mice, rather than euthanizing separate cohorts of mice for each time-point. Second, the 

ability to determine a baseline measurement of CBF before a pathology manifests or prior to 

induced changes in blood flow controls for inter-animal variation in CBF, as each animal can 

serve as its own internal control. Current approaches for measuring CBF in animal models 

include methods based on magnetic resonance imaging (Calamante et al., 1999), positron 

emission tomography (Heiss et al., 1994), microscopy, such as two-photon excitation 

fluorescence microscopy (Drew et al., 2010; Kleinfeld et al., 1998; Schaffer et al., 2006; 

Shih et al., 2015; Zhang and Murphy, 2007), and wide-field optical techniques like laser 

speckle imaging (LSI) (Boas and Dunn, 2010; Dunn et al., 2001; Fercher and Briers, 1981). 

Among these techniques, only two-photon microscopy and LSI provide the spatial resolution 

necessary to image individual blood vessels (Dunn et al., 2001; Shih et al., 2012).

LSI has been used to measure CBF dynamics in a wide-range of neurologically relevant 

conditions, such as cardiac arrest (Crouzet et al., 2016), cortical spreading depression (Dunn 

et al., 2001), and stroke (Schrandt et al., 2015; Sunil et al., 2020). Unlike two-photon 
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microscopy, which enables absolute measurements of cerebral blood flow, LSI detects 

relative blood flow in biological tissues (Boas and Dunn, 2010; Dunn et al., 2001; Fercher 

and Briers, 1981). However, LSI involves a simpler imaging platform and does not require 

the use of exogenous dyes or transgenic animals with fluorescently labeled vasculature (e.g. 

Tie2-GFP mice) to visualize the dynamics of flow in cerebral vessels (Drew et al., 2010; 

Kleinfeld et al., 1998; Schaffer et al., 2006; Shih et al., 2015; Zhang and Murphy, 2007).

An important consideration in imaging cerebral blood flow is balancing clear optical access 

with the potential for damage inflicted by a surgical procedure. Craniotomy and skull-

thinning surgeries can provide optimal access for two-photon microscopy and LSI. However, 

these approaches require highly precise surgical skill to avoid inducing permeability of the 

blood-brain barrier (BBB) due to heat from drilling (Luan et al., 2017; Shoffstall et al., 

2018). Removing a portion of the skull may also cause a temporary inflammatory response 

or induce bone re-growth, resulting in diminished optical access (Xu et al., 2007). LSI does 

not require a craniotomy or skull-thinning surgery, since this technique can be done through 

the intact hydrated skull of mice once the scalp is resected (Ayata et al., 2004b). Resecting 

the scalp is a simpler surgical procedure than craniotomy or skull thinning. The shorter time-

frame for surgery may increase the number of animals a researcher can reasonably include in 

a study (since a craniotomy can require 4 or more hours to perform (Goldey et al., 2014)), 

while also reducing the length of time that each animal is under anesthesia. However, to our 

knowledge, there have been no reports of maintaining long-term optical access to measure 

CBF with LSI through an intact skull.

Here we describe a surgical method in mice that we have named cyanoacrylate skull (CAS), 

which enables continuous chronic optical access through an intact skull. The CAS approach 

enables bi-hemispheric imaging of cerebral blood vessels using LSI or other wide-field 

optical imaging techniques. Using CAS, we were able to stably measure functional CBF for 

more than 100 days post-surgery and detect acute changes in CBF due to hypercapnia 

(elevated CO2). This procedure can take a skilled researcher less than one hour to complete, 

which is significantly less time than performing a craniotomy. The CAS technique may 

prove useful for researchers investigating relative cerebral blood flow, as it will enable 

studies on changes in long-term CBF in human-relevant disease models (e.g. Alzheimer's 

disease, stroke, infection), as well as the ability to evaluate therapy-induced CBF changes 

over time.

2 Materials and Methods

2.1 Animals

All procedures and protocols were approved by the Institutional Animal Care and Use 

Committee at the University of California, Irvine. Procedures were performed on 2–5 

month-old male and female C57BL/6J mice purchased from Jackson Laboratories.

2.2 Surgical Preparation

A schematic of the surgery is shown in Fig. 1A, and accompanying images of each step of 

the surgery are shown in Fig. 1B–E. Mice were anesthetized with O2 vaporized isoflurane 
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(2% for induction, 1–1.5% for maintenance, Patterson Veterinary, Devens, MA). Body 

temperature was maintained at 37°C with a feedback heating pad (Harvard Apparatus, 

Holliston, MA). Sterile eye ointment (Rugby, Livonia, MI) was applied to prevent corneal 

drying. Carprofen (10 mg/kg, s.c., Zoetis) and topical 2% lidocaine hydrochloride jelly 

(Akorn, Lake Forest, IL) were administered to provide systemic and local analgesia, 

respectively. Mice were given Ringer’s lactate solution (0.2 mL/20 g/hr, s.c.) to replace 

fluids. All surgical tools were sterilized using a glass bead sterilizer (Germinator 500). 

Following shaving and sterilization with Povidone-iodine for five minutes, the scalp was 

resected to expose bregma and lambda. 2% lidocaine hydrochloride jelly was reapplied to 

the exposed fascia (Fig. 1B, Supplemental Video 1), which was subsequently removed. 

Afterwards, the skull was dried with ethanol (70% in DI water) (Fig. 1C, Supplemental 

Video 1). Three thin layers of cyanoacrylate (Vetbond, 3M) were applied using a double-

ended micro spatula (Fine Science Tools). Each layer was composed of a single drop of 

cyanoacrylate (~15 μL) and allowed to dry between applications to ensure smoothness (Fig. 

1D, Supplemental Video 1). Multiple layers of cyanoacrylate prevented potential skull 

exposure from the mice, as they occasionally scratch at the surface. After the cyanoacrylate 

layers were dry, a ~2 mm deep well was then made using acrylic resin Ortho-Jet BCA (Lang 

Dental, Wheeling, IL) around the edges of the surgical prep, and a final thin layer of 

cyanoacrylate was applied over the previous cyanoacrylate layers (Fig. 1E, Supplemental 

Video 1). A second dose of Carprofen (10 mg/kg, s.c., Zoetis) was administered one day 

post-operation (dpo). Mice were not returned to their home cages until their skulls were 

uniformly covered with cyanoacrylate to prevent infection. After the procedure, mice can be 

co-housed and handled as normal (i.e., being held by the scruff for injections). No signs of 

distress (i.e. low activity, hunched poster, or piloerection) were noted. Animals were allowed 

to recover from the surgery for 3–5 days before longitudinal imaging was performed.

2.3 Imaging Instrumentation

To obtain cerebral blood flow (CBF) data, we used laser speckle imaging (LSI) (Crouzet et 

al., 2016; Dunn et al., 2001). A schematic of the setup is shown in Fig. 2A. A long-

coherence 785 nm laser (Ondax, Monrovia, CA) was used as the excitation source. Laser 

light was transmitted through beam expansion optics, which included an aspheric lens 

(ThorLabs, Newton, NJ) and ground glass diffuser (ThorLabs, Newton, NJ), to achieve near-

uniform illumination of the cortex. Raw speckle images (10 ms exposure time) were 

acquired using a 4x Achrovid objective with a 37 mm working distance (Edmund Optics, 

Barrington, NJ) and monochrome CMOS camera (FLIR, Wilsonville, OR). Cross-

polarization optics between the source and detector were used to remove specular reflection.

2.4 Imaging, Data Acquisition, and Data Processing

For imaging, mice were anesthetized with O2 vaporized isoflurane (2% for induction and 

1.5% for maintenance, Patterson Veterinary, Devens, MA). Sterile eye ointment (Rugby, 

Livonia, MI) was applied to prevent corneal drying. Body temperature was maintained at 

37° C with a feedback heating pad (Harvard Apparatus, Holliston, MA), as described above. 

Saline was then applied to the cyanoacrylate and a glass coverslip (Fisherbrand, 12CIR-2) 

was placed on top for 10 min prior to image acquisition to allow the relative blood flow to 
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stabilize. Total imaging time takes approximately 14 minutes per mouse. Each mouse was 

imaged 11 to 14 times over 105 days.

Raw speckle images were acquired at 60 Hz using a LabVIEW (National Instruments, 

Austin, TX) program. First, all raw speckle images were converted to CBF maps using the 

spatial speckle contrast algorithm to detect periods of motion artifact. A 5 x 5 sliding 

window was used to convert each raw speckle image to a corresponding speckle contrast (K) 

image using the equation K = σ/< I >, where σ is the standard deviation of the intensity and 

<I> is the average intensity within each sliding window position. Each speckle contrast 

image was then converted to a CBF map using a simplified speckle imaging equation 

CBF = 1
2TK2  (Ramirez-San-Juan et al., 2008). Next, sharp spikes due to breathing were 

manually defined in the CBF time course as periods of motion artifact. These time points 

were removed from the calculation of the temporal speckle contrast.

MATLAB (MathWorks, Natick, MA) code was written to convert raw speckle images to 

CBF maps using the temporal speckle contrast algorithm (Cheng et al., 2003). The temporal 

algorithm was chosen, as it is less susceptible to static scatterers, such as the skull, than the 

spatial algorithm (Li et al., 2006; Ramirez-San-Juan et al., 2014). Speckle contrast (K) was 

calculated as the ratio between the standard deviation and the mean intensity at each pixel 

over 60 raw speckle images without motion artifact caused by breathing. A 3x3 spatial 

averaging filter was then applied to the temporal speckle contrast image to reduce noise. 

Each speckle contrast image was then converted to a CBF map using a simplified speckle 

imaging equation CBF = 1
2TK2 , where T is the exposure time (Ramirez-San-Juan et al., 

2014).

2.5 Hypercapnia Experiments

Mice were imaged continuously for 15 minutes. For the first 5 minutes, they breathed room 

air to establish baseline readings. Then they were challenged for 5 min with 5% CO2 with 

balanced room air to induce hypercapnia, and for the last 5 minutes they breathed room air 

(Fig. 3A).

2.6 Data Quantification

To assess longitudinal CBF changes using the CAS preparation, speckle contrast images at 

each time point were aligned using MATLAB code (Lertsakdadet et al., 2018). Using the 

aligned data, a point at bregma and lambda were selected. Two semi-elliptical regions of 

interest (ROIs) offset by +/− 0.5 mm from the midline with radii of 1.05 mm along the short 

axis and 1.63 mm along the long axis. were used to obtain longitudinal CBF data. The same 

ROI per animal was used for every time point. A representative example of ROI selection is 

shown in Fig. 2B–D. The median CBF from each ROI was calculated, and the median CBF 

values for the right and left hemispheres were averaged and used for further statistical 

analyses. In the case of one mouse (Fig 2E, light blue), only the CBF from the right 

hemisphere was included, as the other ROI had a scattering artifact due to an uneven coating 

of cyanoacrylate or to insufficient removal of fascia.
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To assess hypercapnia-induced CBF changes, the spatial speckle contrast algorithm was 

used. For each imaged mouse, four ROIs were selected. The two semi-elliptical ROIs 

(described above) were used to obtain a more global CBF measurement. Two small ROIs 

(one left hemisphere, one right hemisphere) were also defined. A representative example of 

the ROI selection is shown in Fig. 3B. For each ROI, a CBF time course was obtained. A 

10s sliding median filter was applied to the CBF time courses to remove the pulsatile 

component. The median-filtered data was downsampled to a sampling frequency of 1Hz. 

The downsampled data was then normalized to the mean median-filtered CBF calculated 

over a one-minute interval immediately prior to onset of hypercapnia to create a rCBF time 

course.

In addition, we determined the smallest vessels that could be resolved in this system by 

analyzing images from a subset of the mice in ImageJ. First, we applied an automated 

threshold to detect vessels, created a mask, and smoothed the resulting image with a 

Guassian blur (sigma set to 0.75). With this procedure, vessels as small as 40 μm could be 

resolved.

2.6 Statistical Analysis

GraphPad Prism 7.02 software was used for statistical analyses. A two-way repeated 

measures ANOVA followed by a post-hoc Tukey test was used to test the left and right 

hemispheres, as well as the small and large ROIs for significant differences in rCBF after the 

start of the hypercapnia challenge from baseline (average of 5 minutes prior to hypercapnia). 

Differences between groups in the longitudinal imaging dataset were determined using a 

repeated measures one-way ANOVA, followed by a post-hoc Tukey test. P < 0.05 was 

considered significant.

3 Results & Discussion

We used LSI to measure the CBF of seven mice (four females and three males) for the first 

two weeks after implementation of the CAS surgical technique (Fig. 2E). CBF values from 

the right and left hemisphere were averaged to account for the blood flow changes across 

both hemispheres (Fig. 2D and E).

To assess our ability to detect dynamic CBF changes using LSI after the CAS technique, a 

hypercapnia challenge induced by CO2 inhalation was performed (Fig. 3A). Hypercapnia is 

commonly used as a way to assess cerebrovascular reactivity, as it causes a rapid increase in 

CBF (Ayata et al., 2004a; Dalkara et al., 1995; A Hauge et al., 1980; Wenzel et al., 2020). 

Consistent with prior studies (Ayata et al., 2004a; Dalkara et al., 1995; Anton Hauge et al., 

1980; Wenzel et al., 2020), we detected a significant increase in rCBF in both the left 

hemisphere (Fig. 3C) and the right hemisphere (Fig. 3D). These data indicate that acute 

changes in CBF can be detected by LSI imaging of mice that have undergone the CAS 

surgical technique. Both large and small ROIs were examined for comparison, and no 

statistically significant differences between the large and small ROIs, nor the left and right 

hemispheres were detected. These data indicate that the size of the ROI drawn did not affect 

the measurement of relative changes in the CBF.
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To determine the length of time over which we could maintain optical access for LSI 

imaging using the CAS technique, we continued to image a subset of mice (two females and 

two males) for more than 100 dpo. Representative speckle contrast images are shown for 5, 

37, 54, and 105 dpo (Fig. 4A), and CBF values are shown for all time points (Fig. 4B). Over 

time, there appeared to be a decline in CBF in the mice. To examine this trend, we grouped 

the animals into three categories: early (<1 month-post-surgery), middle (1–2 month(s)-post-

surgery), and late (2+ months-post-surgery) (Fig. 4C). In aggregating the data in this 

manner, CBF was found to be significantly higher in the early phase post-surgery when 

compared to the middle and late phases, with no difference between the middle and late 

phases. Therefore, these data suggest that the surgical procedure may induce a temporary 

increase in CBF, or that the CBF values decline after the early phase and then stabilize with 

time after surgery.

4 Conclusions

As emerging research reveals that many physiological and pathological conditions affect 

CBF, reproducible and minimally invasive tools are needed to study changes in CBF in 

animal models. Though CAS may not have the resolution of techniques that rely on 

craniotomies for optical access, it has numerous benefits for detecting CBF using LSI. The 

surgery is relatively fast, easy to master, and less invasive than techniques that involve 

removing the skull. As we have demonstrated, CAS can be used prior to LSI for detecting 

acute changes in rCBF (as shown by hypercapnic challenge), as well as for imaging 

experiments in mice that last over 100 days.

Notably, our data indicate that CBF measurements stabilized after the initial two weeks post-

operation. Based on these findings, it may be recommended to begin “baseline” imaging 

after this point. Another consideration is the use of anesthesia for imaging. In the current 

study, mice were imaged with isoflurane anesthesia, which has been previously shown to 

increase CBF (Janssen et al., 2004). In the future, this technique may be refined to allow for 

imaging of head-constrained awake mice, similar to the method published by Murphy et al. 
(Murphy et al., 2016).

We anticipate that CAS will be a useful surgical preparation for investigating diseases that 

affect CBF, including processes that take several months to develop (such as models of 

Alzheimer’s disease), as it enables the study of long-term changes in CBF. CAS coupled 

with LSI imaging may also be useful for analyzing the potential benefits of therapeutics 

administered to alter CBF. This approach should mitigate any potential effects of 

ananesthetic agent on CBF measurements. Ultimately, CAS may enhance the understanding 

and discovery of therapeutics for diseases that result in altered CBF in humans.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Many pathological conditions can cause long-term negative effects on 

cerebral blood flow.

• Laser speckle imaging enables minimally invasive measurement of cerebral 

blood flow in the mouse.

• We developed a surgical technique that permits continuous and chronic 

optical access through the intact mouse skull.

• This approach enables longitudinal bi-hemispheric imaging of cerebral blood 

vessels.

• We measured cerebral blood flow through the mouse skull longitudinally for 

over 100 days.
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Fig. 1. Surgical procedure for chronic optical access.
A) Flowchart showing steps for the surgical procedure, as well as the approximate time that 

it takes to complete each step. B-E) Representative image of surgical site after each step of 

the surgical procedure. Scale bars: 1 mm.
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Fig. 2. Laser speckle imaging of mice.
A) Schematic of laser speckle imaging set-up. B) Example of green light image of the brain. 

C) Green light imaging showing bregma (arrow) and lambda (arrowhead). D) Green light 

image showing ROIs (half circles) over left and right side of the skull. Scale bars: 1 mm. E) 

Cerebral blood flow (CBF) of all animals during first two weeks.
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Fig. 3. Relative cerebral blood flow during hypercapnia challenge.
A) Experimental set-up of hypercapnia challenge. B) Speckle contrast image at baseline 

showing representative large ROIs (half circles) and small ROIs (rectangles) in the right and 

left hemispheres. Scale bars: 1 mm. C-D) Percent change of rCBF to baseline (prior to 

challenge). **** P < 0.0001; significance was calculated by a repeated measures two-way 

ANOVA, with a post-hoc Tukey test. Each time point after challenge was compared to 

baseline. No significant difference was found between the large and small ROIs or left and 

right hemisphere. Error bars represent SD.
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Fig. 4. Longitudinal cerebral blood flow analysis.
A) Speckle contrast imaging at 5, 35, 53, and 103 dpo. Scale bars: 1 mm. B) Longitudinal 

cerebral blood flow to >100 days post-operation. C) Comparison of the early (< 1 months), 

middle (1–2 months), and late (2+ months) time periods after surgery. * P < 0.05, ** P < 

0.001, ns: not significant; significance was calculated by a repeated measures ANOVA with 

a Tukey post-hoc test. Error bars represent SD.
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