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Introduction

Advanced optical imaging methods combined with 
sophisticated labeling technology have shown a potential 
in visualization of both cortical structural and functional 
architecture with high spatial-temporal resolution (1-3). 
The optical imaging of neurons, gliocyte and vasculature 
in vivo does help to understand the cellular mechanisms 
underlying circuit plasticity, the process of the regulation 
of microcirculation and the immune response in cortex 
(4-8). However, the turbid skull above the cortex severely 
restricted the application of optical imaging technologies in 

brain research. In order to overcome the strong scattering 
of skull, several chronic cranial windows were proposed 
based on craniotomy (9-13), i.e., removed skull (9), open-
skull window (10), thinned-skull cranial window (11), as 
well as polished and reinforced thinned skull window (12). 
However, these techniques are still not satisfactory. Surgical 
operations of removing skull will be unavoidable to change 
the normal physiological environment of the cortex, which 
induced cortical injury may lead to severe inflammatory 
reaction, and the activation of microglia to higher spine 
turnover rates (2,13). Thinned-skull window provides 
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an invasive approach for in vivo studying structural and 
functional changes of neuron under normal and pathological 
conditions (11), but the imaging area is relative small and 
the image is easily blurred due to operator and thickness of 
the thinned skull (14). For polished and reinforced thinned 
skull window, the process is very complicated and the 
window is fragile and easy-polluted (12). 

The tissue optical clearing technique is highly promising 
for reducing the turbid properties of skull. Recently, Zhu’s 
group invented an innovative skull optical clearing solution 
(SOCS). With this technique, the skull can be transparent 
within 25 minutes, and the high scattering restriction of the 
skull for cortical imaging in vivo could be overcome, and the 
cortical blood flow with high resolution were obtained (14-16). 

Up till now, the efficiency of this method has not 
been evaluated comprehensively, so the character of the 
transparent skull window based on SOCS should be 
investigated quantitatively. For manipulation of cells in 
the cortex such as optogenetics and photo-induced disease 
model (17-19), it is deserved that the laser beam should 
be small enough when it reached the target area in cortex. 
Due to the scattering properties of skull, the laser beam 
will diffuse to a big spot, which will make it impossible to 
manipulate precisely. In addition, for observation of cells in 
the cortex, the energy densities will significantly decrease 
due to the attenuation and distortion of skull which will 
degrade the performance of cortical imaging (14,15). 
Therefore, whether the SOCS can restrain the divergence 
of light, increase the transmittance and decrease the 
scattering properties should be evaluated quantitatively. 

The purpose of this study is to quantitatively evaluate 
the performance of SOCS systematically. Here, the 
improvement of divergence of beam spot and resolution 
were investigated before and after the treatment of SOCS 
on skull. Transmittance combined with Monte Carlo 
simulation was used to evaluate the changes in scattering 
coefficient after applying SOCS.

Materials and methods

Animals and agents

Adult Balb/c mice (male, 2 months, 22±3 g) were used 
in this study. SOCS used in our experiments consisted 
of various chemical biocompatible agents, which mainly 
contains laurinol, weak alkaline substances, EDTA, 
dimethyl sulfoxide, sorbitol, and glucose. 

Mice were anesthetized with a cocktail of 2% chloralose 

and 10% urethane (8 mL/kg) via intraperitoneal injection 
and spinal dislocation to kill the mice. Then, the skull was 
taken out. Fascia as well as residual blood on skull should 
be clean with phosphate buffer saline (PBS) instantly. After 
that, the fresh skull was immersed in PBS and kept at 4 ℃.

Measurement of laser beam spot and total transmittance

BC106-VIS beam profiler (Throlabs, USA), with 40 
dB attenuation and MLL-III473 20 mW light source 
(Changchun New Industries, China) were applied in this 
experiment. Laser beam illuminated the sample, and the 
beam spot would be imaged by CCD closed to the sample, 
almost touching. The position of sample was moved slightly, 
and repeated measurements could be obtained. Next, the 
skull sample was treated with the optical clearing agent. 
And 25 min later, the sample experiment was repeated. In 
comparison, the original beam spot were recorded by using a 
neutral optical attenuator instead of skull. 

In this study, the signal was smooth filtered first, and 
Gaussian function was fitted to calculate the size of laser 
beam as Eq. [1] (20),
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Here I0 is maximum light intensity at the center of spot, 
I is light intensity in the distance of r to the center, and ω 
represents the size of laser beam spot.

Measuring collimation transmittance of skull

An optical fiber spectrometer (USB 4000, Ocean Optics, 
USA) was used to measure the transmittance of the mice 
skull. Figure 1 shows the schematic of measurement system. 
A light source (HL-2000-CAL) coupled with an optical 
fiber (QP600-2-VIS-NIR) was used to illuminate on the 
region of interest of the skull, and another same optical 
fiber coupled with spectrometer system was used to collect 
the transmission light in the spectral range of 400-900 nm. 
Here, two collimating lenses were coupled with the two 
optical fibers, respectively, so as to measure the collimated 
transmittance. The core diameter of the optical fiber is 
600±10 μm. 

The fresh and SOCS treated skull samples (6×6 mm2) 
obtained from the mice were put in the self-made black 
sample platform, which was with a pair of symmetric 
pinholes (φ=1 mm) on it (21). To obtain the collimation 
transmittance, the sample was in the middle of two 
collimation lens, and the distance between the two 
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collimation lens was 4 cm. By applying this equipment, the 
transmittance spectrums of skull can be obtained before and 
after applying SOCS, respectively. And transmittance ratio 
(T) was calculated according to the following equation.

T 100%sample dark
c

empty dark

S S
S S

−

−
= × [2]

In the equation above, Ssample, Sempty and Sdark are on behalf 
of light intensity spectrum in the state of placing sample, 
removing sample and dark noise, respectively. 

Collimation transmittance for calculating scattering 
coefficient based on Monte Carlo simulation

Monte Carlo simulation is a golden standard for simulating 
light transport and distribution in biological tissue  
(22-25). In order to obtain the scattering coefficient of 
skull, the relation between coefficient and collimation 
transmittance was established by using Monte Carlo 
simulation. Here, the skull was assumed as a uniform 
media, and the parameters of skull were set as follows, 
i.e., the absorption coefficient, mean refractive index 
and thickness of skull were set as follows, μa=0.5 cm–1, 
n=1.555, d=300 μm, g=0.911-0.958, respectively (26),  
and the scattering coefficient, μs=30-250 cm–1 due to 
optical clearing . The above parameters were thought to 
be unchangeable except μs. Therefore, it would obtain the 
number of transmittance photons in the area of detect probe 
by using Monte Carlo simulation, which would change with 
scattering coefficient of skull. Further, we could deduce 
the coefficient based on the measurement of collimation 
transmittance of skull.

Results

SOCS induced decrease in size of laser beam spot 

Laser beam profiler is a common technique for evaluate 
quality of laser beam. If the laser beam passes through a 
turbid media, the laser profiler will be changed. Therefore, 
the laser beam profiler can be used to evaluate the scattering 
characteristics of media. Here, this method was adopted 
to quantitatively illustrate the efficiency of skull optical 
clearing. Figure 2A-C show the typical laser beam profiler 
through neutral optical attenuator, intact skull, and treated 
skull with SOCS, Figure 2D-F are the corresponding 
normalized optical intensity distribution alone the radial 
direct. Figure 2G shows the mean bandwidths of Gaussian 
for the three cases, and each value are from nine samples.

From the images showed above, it could be found that 
the laser spot is relative small through neutral optical 
attenuator. But it became fuzzy and lost the shape due to the 
diffusion of photons for intact skull. After the treatment of 
SOCS, photons were gathered and formed an evident circle. 
For the laser without passing by the skull, the diameter is 
600±12 μm; before treated with SOCS, the laser beam was 
5,192±250 μm. However, it reduced to 2,052±225 μm after 
skull optical clearing. The diameter of spot is significant 
reduced after the treatment. 

SOCS induced decrease in scattering coefficient of skull

It is well known that tissue optical clearing can decrease 
the scattering coefficient. With the above set parameters, 
the collimation transmittance can be obtained with Monte 
Carlo simulation. Figure 3 shows the relations between 

Figure 1 Schematic of optical fiber spectrometer system for measuring collimation transmittance. 
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Figure 2 The laser beam profiler of through a neutral optical attenuator (A), intact skull (B) and treated skull with SOCS (C); the 
corresponding light intensity distribution by underlining across the spot center of image (D,E,F) and the bandwidth Gaussian fitting (G). 
SOCS, skull optical clearing solution.

Figure 3 The relation between transmittance and μs from Monte 
Carlo simulation.
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transmittance and μs. The results show the transmittance 
decrease sharply with increasing scattering coefficient of 
media when the scattering coefficient is less than 100 cm–1. 
For stronger scattering media, there is hardly decrease 
in transmittance when scattering coefficient continue 
increases.

Figure 4A shows the measured transmittance in the 
wavelength range of 500-900 nm before or after treatment of 
SOCS on skull, which increases as the wavelength extending. 
For the intact skull, the transmittance of skull is relative 
low at 0.5% to 2%. After applying SOCS, the collimation 
transmittance raise with an overall upward trend from 5% 
to 12% in the same range of wavelength. Comparing two 
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Figure 4 (A) The transmittance detected by fiber optic spectrometer under two states, before and after applying SOCS; (B) the relations 
between log10(μs) and wavelength by combining the results of transmittance and MC simulation. SOCS, skull optical clearing solution.
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groups of data, it can be found that the SOCS made the 
transmittance of skull increase by 5 to 10 times.

Compar ing  the  measurements  o f  co l l imat ion 
transmittance with the calculated results by Monte Carlo 
simulation shown in Figure 3, the scattering coefficient of 
skull with the wavelength (500-900 nm) in both cases was 
quantitatively calculated. In order to highlight how much 
the scattering coefficients of skull changed after applying 
SOCS, μs was converting to log10(μs). We could find that 
before applying SOCS, the scattering coefficients fluctuated 
with an overall downward trend from 185 to 85 cm–1 in the 
range from 500 to 900 nm. And after treated with SOCS, 
the scattering coefficients went down from 50 to 30 cm–1 
in the range from 500 to 900 nm. Comparing the data, we 
could know that SOCS was able to make the scattering 
coefficients of skull reduce by 3 to 4 times. 

Discussion

In this work, the efficiency of skull optical clearing was 
evaluated quantitatively. The results showed that the 
solutions can significant decrease the scattering coefficient 
of skull and keep some collimation of laser beam. It would 
make tremendous contributions to optical manipulation 
and imaging on cortex. For example, in the manipulation 
of cells in the cortex, the laser collimation will be severe 
destroyed by the high scattering properties of skull due 
to the attenuation and distortion introduced by skull. To 
realize the single cell manipulation and control, thinned 
skull or open skull windows were used, but those models 
based on surgical operations are not satisfactory (14,15). 
While, the SOCS could retain the shape and collimation 

of laser beam, which is hopeful to realize precision 
manipulation and control for optogenetics manipulation. 
In the establishment of animal models with diseases, the 
effect of skull is also a critical factor (12). For instance, an 
optically mediated occlusion to a single penetrating vessel is 
usually introduced by focal illumination of the intravenously 
injected photosensitizer with laser light, which led to a 
localized clot. But due to the high scattering properties, 
photo-induced mini-strokes via photosensitizers are hardly 
completed through the intact skull (12,19). The laser beam 
diffuse to a big one and the energy densities will significant 
decrease which will be not large enough to produce a clot 
in cortical vessels. Increasing the power of laser simply will 
be result in cortical injury and extensive mini-strokes. The 
SOCS could significant decrease the scattering coefficient 
of skull which will certainly increase the energy densities. It 
could overcome the technological challenges and difficulties 
by applying the SOCS in theory. Further, more work 
should be done in the future for the situation of in vivo is 
not exactly the same as in vitro.

Conclusions

In this study, the efficiency of skull optical clearing has 
been evaluated quantitatively, from the divergence of 
beam spot, the collimation transmittance to the scattering 
coefficient of skull. The results showed that the measured 
beam bandwidth reduced from 5.2±0.3 to 2.0±0.2 mm; and 
the scattering coefficient decreased nearly three folds after 
the treatment of SOCS on skull. This research provides 
important reference for performing cortical optical imaging 
or manipulation with high temporal-spatial resolution based 
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on skull optical clearing technique.
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