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Abstract: This study demonstrates the optical measurement of neural activity in brain tissues using custom-built high-
speed confocal near-infrared spectrophotometry. In addition, the origin of the optical signals is theoretically discussed 
based on our novel neuron model.  
 

1. Introduction 
Functional imaging technologies of human brain 
activity have played an essential role in recent 
advances of brain science and neural engineering. 
To date, there have been a couple of techniques to 
record neural activity in the brain. For example, 
implanted electrodes, electroencephalography 
(EEG), functional magnetic resonance imaging 
(fMRI) were utilized for such purpose. However, 
they have been limited in clinical uses by their own 
drawbacks. The fMRI, one of the most widely used 
method, shows the time delay of several seconds 
due to the neurovascular coupling [1]. For these 
reasons, there has been a growing need for a new 
optical technique of noninvasive, fast and intrinsic 
brain activity imaging. 
As a fundamental study for the development of such 
technique, this study demonstrates the detection of  
fast optical signals of neural activity in brain tissues. 
We monitored a change in the near-infrared (NIR) 
transmission and reflection spectra of the brain 
tissue during neural activation. Additionally, a 
transient cellular volume change (tCVC) was 
proposed as one of the dominant origins of the fast 
optical responses. 

2. Experiment Methods 

2.1 Instrumentation 
Since the neural activity in the brain tissue has short 
time constant (~ ms), the NIR spectra should be 
recorded at a high sampling rate of 1000 full 
spectrum lines per second. So we built our high-
speed confocal NIR spectrophotometry based on the 
optical design in Figure 1. The spectral region from 
800 to 1300 nm was monitored using 256-element 
InGaAs detector arrays. The measurement volume 
within the brain tissue was adjusted by using the 
confocal pinhole. 

2.2 Materials 
Rat cortical slices were used in this study as the 
brain tissue sample. Transverse slices of 400-um 
thickness were obtained from four week old male 
Sprague Dawley rats through the conventional 
methods [2]. As shown in Figure 2, the stimulating 
electrode was placed in the cortical layer IV and the 
recording electrode (0.3-1 MΩ in impedance) was 
placed in the layer II. The light beam was focused 
on the position in the layer III where the evoked 

neural activity would propagated through. Pole-
alternating monophasic voltage stimulations of 150 
µs in duration and 3-30 V in amplitude were applied 
at a random frequency around 1 Hz. 
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Fig.1. Schematic design of the custom-built high-
speed confocal NIR spectrophotometry. 
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Fig.2. Alignment of the stimulation electrode, 
beam spot and recording electrode on the neural 
connection in the rat cortical slice. 

3. Experiment Results 
As a control, we first recorded the electrical and 
optical signals while not aligning the electrodes and 
beam spot on the neural connection. Figure 3(A) 
illustrates that only the stimulus artifact was 
observed in the electrical recordings. No significant 
optical change was observed. 
When we evoked proper neural activity by aligning 
the electrodes on the neural connection, the 
population spike and excitatory post-synaptic 
potential (EPSP) were observed in the electrical 
recording. Simultaneously, both of the transmittance 



and reflectance of the tissue increased at the onset 
of the EPSP, and slowly relaxed. Similar optical 
changes were observed across preparations. 
Although the magnitude and wavelength 
dependency of the change were slightly different 
among preparations, every optical signal showed 
monophasic change and slow relaxation compared 
to the electrical signals. 
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Fig.3. Electrical and optical recordings in the two 
cases: (A) not aligned on the neural connection as a 
control, and (B) aligned on the neural connection 
in the brain slice with suprathreshold stimulations. 
The gray lines at the top show the electrical signals. 
Two-dimensional plots are the relative changes in 
the NIR transmission and reflection spectra, in 
which the vertical axis represents the wavelength 
and the horizontal axis represents time. The red 
arrows in the bottom indicate the moment of 
stimulation. The electrical and optical recordings 
were averaged for one hundred trials. 

4. Theoretical Study 
According to our measurement, the optical change 
showed its temporal dynamics different from the 
electrical signal. It implies that the optical change 
would be originated from, rather than the membrane 
potential itself, some other neurophysiological event 
accompanying neural activity. We hypothesized that 
the tCVC would show the time course similar to the 
measured optical response and hence could be one 
of the origins.  

4.1 Neuron Model 
Since the conventional Hodgkin-Huxley model 
cannot provide how the cell volume changes during 
neural activation, we established novel neuron 
model for quantitative tCVC calculation. This 
model introduced new variables of the cell volume, 
intracellular concentrations and water flux through 
the membrane. We made mathematical connections 
between those variables by using Nernst-Plank 
equation, continuity equation and Fick's 1st law.  
As shown in Figure 4, the numerical solution of our 
model for a simplified spherical single cell showed 
that the cell volume would change during neural 
activation. Remarkably, the time course of the 
tCVC was very similar to the measured optical 
signals (monophasic change and slow relaxation 

compared to the membrane potential). This result 
supports that the optical signal with such different 
time courses might be originated from the 
microanatomical change of the tissue produced by 
the tCVC during neural activation. 
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Fig.4. Numerically computed tCVC based on our 
neuron model. 

 

4.2 FDTD Simulation 
Our next question was how the tCVC could cause a 
change in the transmittance and reflectance of the 
tissue. We conducted the finite-difference time-
domain computation for this question. As the result, 
both of the forward and backward scattering from 
the single cell increase as the cell size increase, 
which well agrees with the measured results. 

5.  Conclusions 
We monitored the NIR transmission and reflection 
spectra of the brain tissue during neural activation, 
and found fast optical changes associated with the 
local field potentials. As the origin of the optical 
responses, the tCVC was proposed and investigated 
with our neuron model and FDTD computation. 
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