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Abstract

The effective delivery of light energy from the light source to the subject is essential for an increase of therapeutic useful-
ness in the photobiomodulation therapy. Here, we demonstrate the application-specific near-infrared (NIR) LED therapy
system applicable to the mouse for brain repair. The proposed NIR LED therapy system especially employ the curved-shape
NIR LED module and the LED dimmer for optimal transfer of the light energy to the mouse brain. The therapeutic effects
are evaluated in mice with chronic cerebral hypoperfusion by the positron emission tomographic scans. In the near future,
we would like to quantitatively validate the therapeutic effect of our proposed NIR LED therapy system on mice with brain

injury and apply it to a human brain.
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1 Introduction

The Photobiomodulation (PBM) employ a red or near-infra-
red (NIR) light to provide the therapeutic treatments with the
functions of stimulation of healing, protection of tissue from
dying, increase of mitochondrial function, and improvement
blood flow and tissue oxygenation [1, 2]. The PBM can also
conduct to repair the brain injury in cases of traumatic brain
injury (TBI) and stroke by stimulating neurological func-
tion, increasing memory and learning capacity, and reducing
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inflammation and cell death in the brain [3-16]. The red and
NIR light can penetrate the scalp and skull of the brain, and
the transmitted photons are absorbed in two different mecha-
nisms according to the wavelength. Cytochrome c oxidase
(CCO), which is a complex protein functioning as unit IV
in the mitochondrial respiratory chain, primarily absorb the
photons with wavelength range of 600940 nm and activate
the nitric oxide (NO). The photons with wavelengths of 980
and 1064 nm are absorbed by transient receptor potential
(TRP) calcium channels. In both ways, the absorbed pho-
tons upregulate the cell signaling and messenger molecules
including reactive oxygen species (ROS) and adenosine
triphosphate (ATP), which lead to activate the transcription
factors such as NF-kB and blah. These transcription factors
can drive the increase of gene expression linked to protein
synthesis, cell migration and proliferation, anti-inflam-
matory signaling, anti-apoptotic proteins, and antioxidant
enzymes [17, 18].

Traditionally, lasers have been widely used as light
sources for PBM therapy. Lasers utilize the physical phe-
nomenon of stimulated emission to create a monochromatic
and coherent beam of light with low divergence angle. Dur-
ing the first 40 years of PBM research, lasers remained by
far the most commonly employed light sources. It is because
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of the practices that collimated, coherent, and highly mono-
chromatic light with the possibility of high power densities
were essential to the therapeutic effects [1]. However, in
recent years, light-emitting diodes (LEDs) have been com-
monly used due to advantages of no laser safety considera-
tions, ease of home use, ability to irradiate a large area of
tissue at once, possibility of wearable devices, and much
cheaper cost per mW (2 orders lower than laser) [1, 19, 20].
LEDs emit the divergent and non-coherent light beams from
spontaneous emission [21, 22]. To effectively deliver the
light energy to the subjects, therefore, LED sources with
optimized power and shape fitted to the subject are needed.

In this paper, we developed the application-specific NIR
LED therapy system for applying the mice with chronic
cerebral hypoperfusion, which leads to vascular dementia.
The NIR LED therapy system was composed of power con-
troller, micro controller unit (MCU), LED controller, and
NIR LED modules. The curved-shape NIR LED module
and the LED dimmer were especially employed in the pro-
posed NIR LED therapy system for optimal transfer of the
source energy to the mouse brain. To induce the chronic
cerebral hypoperfusion in mice, the mice were anesthetized
and conducted the bilateral common carotid artery stenosis
(BCAS), which operated through the exposure of the carotid
arteries and then the application of microcoils (inner diam-
eter of 0.18 mm) in the bilateral carotid arteries. After the
PBM therapy with 3 times per week for 1 month, the posi-
tron emission tomography (PET) scans were acquired in the
regions of interest to evaluate the variance of the cerebral
blood flow in BCAS operated mice.

2 Experiments
2.1 Application-Specific NIR LED Therapy System

Application-specific NIR LED therapy system was com-
posed of power controller, MCU, LED controller, and NIR
LED modules. The peak wavelength is 810 nm, and the
power densities is in the range from 300 to 600 mW/cm?.
The NIR LED modules were made a curved shape fitted to
the mouse head and placed on the top of the mouse head.
The mice received treatment from the NIR LED source with
constant light intensities for 30 min for 3 times per week for
one month.

2.2 Animals

This study used the adult male C57BL/6 mice of 8 weeks
from birth and with weight of 22-26 g. The mice were
housed at one mouse per cage and were maintained on a
12-hour light/dark cycle with free access to food and water.
The mice were adjusted to these conditions for 1-2 weeks

prior to the experiments. The mice were assigned to the fol-
lowing four groups of 4-5 mice per group: a Normal group
(without BCAS operation and NIR LED treatment), a BCAS
group (with BCAS operation and without NIR/white LED
treatment), a BCAS/NIR group (with BCAS operation and
NIR LED treatment), or a BCAS/white group (with BCAS
operation and white LED treatment).

2.3 Experimental Model of BCAS

8 weeks of age mice were used in the experiment. Bilateral
carotid artery stenosis (BCAS) induced the chronic cerebral
hypoperfusion as previously described in Ref. [23]. Briefly,
mice were anesthetized using the combination of zoletil
(30 mg/kg) and xylazine (10 mg/kg) via intraperitoneal
injection. The carotid arteries were exposed and microcoils
(inner diameter of 0.18 mm) were applied in the bilateral
carotid arteries.

2.4 Positron Emission Tomography

All positron emission tomography (PET) scans were
acquired using a Mediso nanoscan PET/CT (PET/SPECT-
CT, Mediso Ltd., Budapest, Hungary). After injection of
F_Fluorodeoxyglucose (*F-FDG) through the tail vein, the
temporal change of '®F-FDG uptake was monitored during
first 5 min and between 45 and 90 min of PET scan. The
mice were kept in the scanner under anesthesia between
scans. The standardized uptake value ratio (SUVr) was
obtained using the decay-corrected amount in injected '3F-
FDG and the weight the mouse into account.

3 Results and Discussion

Figure 1 shows the schematic representations of the appli-
cation-specific NIR LED therapy system applied to the
mouse with chronic cerebral hypoperfusion and primary
mechanism of the PBM therapy. Each mouse was placed
inside a plastic restrainer and the NIR LED module with
curved shape was attached on the mouse head as shown in
Fig. 1a. The emitted photons from the NIR LED module
penetrate the scalp and skull of the brain, and CCO in the
mitochondrial respiratory chain absorbs the NIR light with
a wavelength of 810 nm as shown in Fig. 1b. The absorbed
photons activate the NO and upregulate the ROS and ATP
leading to activate the NF-kB and AP-1 as transcription fac-
tors causing the gene transcription linked to cell proliferation
for synthesis of DNA and RNA.

Figure 2 shows the block diagram for application-specific
NIR LED therapy system. The NIR LED therapy system
was composed of power controller, MCU, LED controller,
and NIR LED modules. The power was charged from Li-ion
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polymer battery. The LED dimmer was used for control the
delivered LED power.

Figure 3 shows the spectrum of emitted light from the
NIR LED module and the dependence of the power densities

on the distance between the NIR LED module and the mouse
head. The peak wavelength of the NIR LED module was
810 nm as shown in Fig. 3a. The power density was expo-
nentially decreased according to the distance (NIR LED
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Fig. 1 Schematic representation of the application-specific NIR LED
therapy system applied to the mouse with chronic cerebral hypoper-
fusion and dominant mechanism of the PBM therapy. a The mouse
was placed inside a plastic restrainer and the NIR LED module with
curved shape was attached on the mouse head. b The photons with

wavelength of 810 nm can penetrate the scalp and skull of the brain,
and absorbed in the CCO in the mitochondrial respiratory chain. The
absorbed photons upregulate the NO, ROS, and ATP involved in the
activation of NF-xkB and AP-1

Fig.2 Block diagram of
application-specific NIR LED
therapy system
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module-mouse head) as shown in Fig. 3b. In this study, the
NIR LED module was attached on the mouse head, so the
distance between NIR LED module and mouse head was
Zero.

Figure 4 shows the group setting and experimental sched-
ule for PBM therapy. The mice in this study were divided in
four groups for comprehensive analysis of LED treatment: a
Normal group (without BCAS operation and NIR LED treat-
ment), a BCAS group (with BCAS operation and without

Fig.4 Assignment of groups

NIR/white LED treatment), a BCAS/NIR group (with BCAS
operation and NIR LED treatment), or a BCAS/white group
(with BCAS operation and white LED treatment) as shown
in Fig. 4a. Figure 4b shows the experimental schedule. The
PBM therapy was perform for 1 month after 1 week of
BCAS operation.

Figure 5 shows the photographic images of the PBM
therapy in the mouse. The mouse was placed inside the plas-
tic restrainer, and the NIR LED module with curved shape
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Fig.5 Photographic images

of the PBM therapy for the
mouse placed inside the plastic
restrainer (left), the LED dim-
mer (upper-right corner), and
the NIR LED sources integrated
in NIR LED module (lower-
right corner)
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Fig.6 The summed '*F-FDG
PET images in the coronal plane
obtained from the 0-5 min

of the scans of in the BCAS/
NIR, BCAS/white, BCAS, and
Normal groups. The images

are superimposed on a standard
MRI atlas

BCAS/NIR

was attached on to the mouse head to efficiently deliver the
source energy from the NIR LED module. The LED power
was controlled by dimmer in the range between 300 and
600 mW/cm?.

Figure 6 shows the summed '8F-FDG PET images in the
coronal plane obtained from the 0 to 5 min of the scans of
in the BCAS/NIR, BCAS/white, BCAS, and Normal groups.
The images are superimposed on a standard MRI atlas. The
standardized uptake value (SUV) is a dimensionless ratio of
predicting activity of PET imaging and mathematically
defined as the ratio of radioactivity per unit volume of a
region of interest (ROI) at a certain time point and the radio-
activity per unit whole body volume [24]. The SUVr is also
defined as the ratio of the SUV from two different regions
within the same PET image: SUVr = # The SUVr of
the BCAS/NIR and the BCAS/white gréup is higher than
that of BCAS group, indicating that the cerebral blood flow
is nearly recovered to normal level after LED treatment.

4 Conclusions

The application-specific NIR LED therapy system applicable
to the mouse with chronic cerebral hypoperfusion induced
by BCAS operation was presented. The proposed NIR LED
therapy system especially employed the curved-shape NIR
LED module and the LED dimmer for optimal transfer of
light energy to mouse brain. To evaluate the effect of the
PBM therapy in our proposed application-specific NIR LED
system, the mice were divided four groups: a Normal group
(without BCAS operation and NIR LED treatment), a BCAS
group (with BCAS operation and without NIR/white LED
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BCAS/White

treatment), a BCAS/NIR group (with BCAS operation and
NIR LED treatment), or a BCAS/white group (with BCAS
operation and white LED treatment). From the PET scans
after the PBM therapy, we observed that the cerebral blood
flow was recovered to normal level. In the near future, we
would like to quantitatively validate the therapeutic effect of
our proposed NIR LED therapy system on mice with brain
injury and apply it to a human brain.
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