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The  concentration  changes  of  HbO2,  HbR  and  HbT  were  significantly  related  to the  traumatic  impact  strength.
The  infarction  volumes  after  traumatic  brain  injury  were  significantly  related  to the  traumatic  impact  strength.
A  wireless  and  non-invasive  near-infrared  spectroscopy  system  is  an alternative  tool  for determining  brain  hemoglobin  levels  in laboratory  animals
after  TBI.
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a  b  s  t  r  a  c  t

Traumatic  brain  injury  (TBI)  is  usually  caused  by brain  shaking  or impact.  It can  affect  normal  brain
function  and may  even  lead  to  disability  or death.  However,  there  are  very  few  studies  on  the  associ-
ated  physiologic  changes  in humans  or  animals.  In  this  study,  a non-invasive,  wireless  multi-channel
near-infrared  spectroscopy  (NIRS)  was  developed  to continuously  monitor  the  concentration  change  of
oxyhemoglobin  (HbO2),  deoxyhemoglobin  (HbR),  and  total  hemoglobin  (HbT)  to  elucidate  changes  in  the
raumatic brain injury
ear-infrared spectroscopy
xyhemoglobin
eoxyhemoglobin
otal hemoglobin
riphenyltetrazolium chloride

physiological  state  of  the  brain  during  and  after  different  strength  impaction.  The  triphenyltetrazolium
chloride  (TTC)  staining  was  also  used  to  monitor  changes  of  infarction  volume  after  different  strength
impaction.  The  results  indicated  that  the concentration  changes  of  HbO2 and  HbT,  and  the  changes  of
infarction  volumes  were  significantly  related  to  the  impact  strength.  In  conclusion,  the  status  of  TBI  can
be clinically  evaluated  by  detecting  HbO2 and HbT  changes.  The  system  proposed  here  is  stable,  accurate,
non-invasive,  and  mostly  important  wireless  which  can  easily  be  used  for TBI study.
. Introduction

Traumatic brain injury (TBI), often due to brain shaking or
mpact, affects normal brain function and may  lead to disability
r even death. In the United States, about 1.5 million people suffer
rom TBI annually (Thurman, 1999), with a financial burden of more
han 50 billion U.S. dollars. The associated increase in intracranial
ressure (ICP) after TBI leads to a high risk of brain hypoxemia or

dema such that a 30% mortality in the first three days has been
eported (Noble, 2010). The lack of timely examination and treat-
ent may  also lead to death (Ghajar, 2000).
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Intracranial pressure monitoring is usually used to monitor
TBI. However, its invasive measurement may  cause brain hemor-
rhage and infection (Heegaard and Biros, 2007). Some non-invasive
medical instruments, such as magnetic resonance imaging (MRI),
computer tomography (CT), and positron emission tomography
(PET), may  be used to examine TBI (Belanger et al., 2007, Maas
et al., 2008), especially to detect cerebral blood flow and acquire
information on oxygen metabolism of cerebral tissue. Their limi-
tations include enormous costs and poor mobility, which restrict
their practical use in most clinical settings. Moreover, while MRI,
which has no ionizing radiation, is safe, it is also the most expen-
sive and its temporal resolution is poorer than that of CT (Hillman,
2007). Both of PET and CT, which require radioactive substance, are

unsuitable for long-term monitoring (Crespi, 2007).

Recently, near-infrared spectroscopy (NIRS) was  developed and
has since been widely applied for cerebral science. The concept of
near-infrared spectroscopy was  first proposed by Jobsis in 1977
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http://www.sciencedirect.com/science/journal/01650270
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Fig. 1. System architecture of propo

Jobsis, 1977). For red and near-infrared light, oxyhemoglobin
HbO2) and deoxyhemoglobin (HbR) are the most significant
bsorbers in blood or tissue. Using red and near infrared light to
enetrate through the brain to monitor their variation of relative
ptical transparency, the relative concentration changes of HbO2
nd HbR in relation to cerebral blood flow and oxygen metabolism
an be calculated. Therefore, near-infrared spectroscopy may  be
pplied to detect focal cerebral ischemia (Tsuji et al., 1998), hemor-
hage (Gopinath et al., 1995), stroke (Bönöczk et al., 2002), newborn
nfant hypoxia (Wyatt et al., 1990), and post-injury cognitive func-
ions (Merzagora et al., 2011). However, up to now, mostly of the
evices is wires dependant.

In the present study, a wireless multi-channel NIRS system was
esigned to monitor changes in HbO2, HbR, and total-hemoglobin
HbT) concentrations during and after TBI. A TTC staining was
lso used to monitor changes of infarction volume after different
trength impaction. These aimed to clarify the state of brain injury
nder different impact conditions.

. Materials and methods

.1. Design of wireless multi-channel near-infrared spectroscopy
ystem

A wireless multi-channel near-infrared spectroscopy system
as designed to monitor changes in the relative HbO2 and HbR

oncentrations under TBI. The entire system architecture mainly
onsisted of a wireless signal acquisition module, an optical probe,
nd a host system (Fig. 1). The optical probe contained light-
mitting diodes (LED) and photodiodes (PD), and was firmly fixed
n the subjects. The LED and PD were used to supply the red and
nfrared light sources, and to transfer the intensity of diffusely
eflective light into current or voltage, respectively. The wire-
ess signal acquisition module was designed to drive the red and
nfrared light sources and to acquire signals obtained from pho-
odiodes. When light was emitted by biological tissue, very little
ight would penetrate through the tissue due to the scattering and
bsorbing properties of the different structures. The brain contains
ve layers (scalp skin, skull, cerebrospinal fluid layer, gray matter,
nd white matter), and for the wavelength of near-infrared, their
cattering coefficients are about 1.9, 1.6, 0.24, 2.2, and 9.1 mm−1,
espectively. And the absorption coefficients of the five tissues for
ear-infrared are about 0.018, 0.016, 0.004, 0.036, and 0.014 mm−1,
espectively (Okada and Delpy, 2003). As such, the penetrating light
sually carried physiologic information regarding the tissue (Payne

t al., 2011). For the wavelength of near-infrared, the absorptions
f the five tissues are far less than those of HbO2 and HbR. There-
ore, the absorptions of HbO2 and HbR are mainly considered in the
bsorption model.
ireless multi-channel NIRS system.

In  general, the penetrating depth of the red and infrared light
was about a half of the distance between the light source and the
detector (Crespi et al., 2005). The specific area for monitoring HbO2
and HbR changes could be determined by using this rule. Inten-
sity changes of penetrating red and infrared lights measured by the
photodiode was  delivered into the wireless signal acquisition mod-
ule, and then amplified and digitalized. The microprocessor unit in
the wireless signal acquisition module calculated the changes of
HbO2 and HbR by using a modified Beer-Lambert law (MBLL). The
differential path-length factor (DPF) used in MBLL is a scaling fac-
tor relating to the light source-detector distance to the true optical
path-length traveled by the scattered light (Boas et al., 2001, van
der Zee et al., 1992), and can be expressed by,

B = 1
2

(
3�′

s

�initial
a

)1/2
[

1 − 1

(1 + L(3�′
s
initial�inital

a )
1/2

]
(1)

where �′
s is the transport scattering coefficient, �a is the absorption

coefficient, and L denotes the light source-detector distance. And
the relative change �[HbT] of total-hemoglobin from its baseline
can then be calculated by using the formula:

�[HbT] = �[HbO2] + �[HbR] (2)

where �[HbO2] and �[HbR] represented the relative concentra-
tion changes of HbO2 and HbR from their baseline, respectively.
These data were then transmitted into a computer or wireless
handheld device.

2.1.1. Optical probe
Most near-infrared spectroscopy systems used laser diodes and

avalanche photodiodes combined with a fiber-optic module as
the optical probe (Culver et al., 2003). Instead of laser diodes
and avalanche photodiodes, surface mounted device (SMD) LED
(SMT735/850, EPITEX, Japan) and silicon-pin PD (PD15-22 C/TR8,
EVERLIGHT, Taiwan), which were low-cost, safe and small-volume,
were used as the light source and the detector, respectively. These
were embedded in the optical probe to effectively maintain con-
tact with the head of subject (Fig. 2). Through the module design
of the probe, the number of LEDs and PDs were easily selected for
different applications.

2.1.2. Wireless signal acquisition module
The wireless signal acquisition module mainly consisted of a

microprocessor unit, a LED driving circuit, a PD amplifier and acqui-
sition unit, and a wireless transmission unit. Texas Instruments

MSP430, with the advantage of ultra-low power consumption and
high operation performance, was  used as the microprocessor unit.
The wireless transmission unit consisted of a Bluetooth module,
with Bluetooth v2.0 compliant specification, and an antenna on
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ig. 2. Photographs of proposed optical probe and wireless signal acquisition mod-
le.

he Printed Circuit Board (PCB). The LED driving circuit consisted
f a multiplexer, operation amplifiers, and NPN transistors. The
ultiplexer was used as a LED selector that received the control

ommand from the microprocessor unit to turn on or turn off the
ED. The operation amplifier was used to stabilize the voltage on
he emitter of the NPN transistor to provide a steady current passing
hrough these LED.

In the PD amplifier and acquisition unit, a 20 M trans-resistance
mplifier was designed to convert the PD current into voltage sig-
al, and a low-pass filter with the cut-off frequency of 1.5 kHz was
esigned to reduce high frequency noise. The amplified PD signal
as digitized by an analog-to-digital converter (ADC) built in the
icroprocessor unit. The sampling rate of ADC was set to 25 Hz in

his module. After digitizing the PD signal, the microprocessor unit

hen calculated the �[HbO2] and �[HbR] by using the modified
eer-Lambert law and transmit the results of �[HbO2] and �[HbR]
o  the host system wirelessly via Bluetooth. The firmware program
Fig. 3) was embedded in the wireless signal acquisition module,

ig. 3. Operation procedure of the firmware program in the wireless signal acqui-
ition module.
 Methods 214 (2013) 204– 209

which operated at 100 mA  with 3.7 V DC supply using a 3.7-V 1100-
mAh lithium battery that could last for over 10 h. The wireless signal
acquisition module was  about 40 mm × 29 mm × 5 mm in size.

2.1.3. Host system
A commercial laptop was  used as the platform of the host

system, with Windows 7 as the operating system. The real-
time monitoring program developed by Microsoft Visual C# was
designed to receive real-time HbO2 and HbR concentrations. The
software architecture of the real-time monitoring program had
three main parts: GUI, BUFFER and THREAD. GUI was the base of
any graphical user interface (GUI) and the form and panel extending
from the GUI provided the ability to precisely control the location
and display of the GUI elements. BUFFER was  a container used to
store data received from the wireless signal acquisition module and
other system setting parameters. THREAD had two  independent
threads: Bluetooth API and NIRS REC. Bluetooth API established the
Bluetooth communication between the wireless signal acquisition
module and the system platform, while NIRS REC received raw data
from the wireless signal acquisition module and stored them into
BUFFER.

Initially, the program built a GUI that allowed the user to set pro-
gram parameters and select the monitoring channel. The program
then called the Bluetooth DeviceInfo function in the Bluetooth API
to search the wireless signal acquisition module. When the wireless
signal acquisition module was found, the serial port profile (SPP)
protocol service was  registered, and the system platform connected
to the wireless signal acquisition module to receive data on the
diffusely reflected light and store them into BUFFER.

2.2. Animals preparation

Adult male Sprague Dawley rats (weight, 375 ± 25 g) were pre-
pared for the experiments. All of the rats were kept under a 12-hour
light/dark cycle and allowed to access to food and water freely.
All experimental procedures conformed to the guidelines of the
National Institute of Health, Taiwan and were approved by the
Animal Care and Use Committee of Chi-Mei Medical Center to min-
imize discomfort to animals during surgery and recovery periods.

The rats were randomly assigned to three groups under the
fluid percussion injury experiment with different impacts (1.6 atm,
2.0 atm, and 2.4 atm) using the NIRS system. All of the rats
were anesthetized with sodium pentothal (25 mg/kg, i.p.; Sigma
Chemical Co, St. Louis, MO)  and a mixture containing ketamine
(44 mg/kg, i.m.; Nan Kuang Pharmaceutical, Tainan, Taiwan),
atropine (0.02633 mg/kg, i.m.; Sintong Chemical Industrial Co, Ltd,
Taoyuan, Taiwan), and xylazine (6.77 mg/kg, i.m.; Bayer, Leverku-
sen, Germany). All of the rats were sacrificed on the third day
post-surgery and rat brain slices were stained by triphenyltetra-
zolium chloride (TTC) solution.

2.3. Experimental design for traumatic brain injury

The fluid percussion injury (FPI) experiment was used as the
rat model for TBI (Thompson et al., 2005). Before beginning the FPI
experiment, the rat was anesthetized and its head was placed in a
stereotaxic frame while its ears were held by ear bars to tighten its
head. A rectal temperature probe was inserted into the colon of the
rat and attached to the thermostatic controller that powered the
heating pad to maintain the rat core temperature at 37 ◦C. The fur
on the rat head was trimmed, and the scalp was incised sagittally. In
order to focus on the rat brain directly, a hole on the skull was  drilled

anterior-posterior −3 mm  and lateral +4 mm from the bregma to
expose the rat brain. A leur-lock connector was cemented to the
craniotomy with cyanoacrylic adhesive and dental acrylic, while
the other side of the connector was connected with a sealed and
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Fig. 5. Real-time change of �[HbO2], �[HbR], and �[HbT] in ipsilateral side during
and after FPI experiment.
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ing and after the FPI experiment. Here, the raw data of �[HbO2],
�[HbR], and �[HbT] were preprocessed by a low-pass filter (mov-
ing average filter with 1-s window) to monitor their changing trend.
The raw data were statistically analyzed every 10 min. In order to
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ig. 4. Monitoring positions for NIRS were at striatum region of rat brain, anterior-
osterior −0.5 mm and lateral +3.5 mm from bregma, under top of rat brain 8 mm
includes 1 mm rat skull). Distance between LEDs and PDs was set to 16 mm.

uid-filled reservoir. Then a pendulum struck the reservoir to gen-
rate a fluid wave to hit the rat brain and form fluid percussion
njury. (Fig. 4) illustrates the location of placing the NIRS probe and
he leur-lock connector.

Before beginning the FPI experiment, the changes of 30-s HbO2
nd HbR were recorded as baseline data. The FPI experiment was
hen applied to the rat. After the FPI experiment, the rat was
emoved from the FPI device. Since tranisent apnea occurred after
PI, a respiratory treatment procedure by withdrawing the rat’s
ongue out of mouth was performed immediately after FPI for pro-
ect the airway patent (Kuo et al., 2007). The respiratory treatment
eriod is defined as from withdrawing the tongue out of the mouth
o start spontaneous respiration. The HbO2 and HbR changes of
he brain-injured rat were monitored continuously for 2 h. After all
xperimental procedures, the connector and the acrylic on the rat
ead were removed and the incisions on the rat were sutured.

.4. Cerebral infarction assay

The triphenyltetrazolium chloride (TTC) staining procedures
ere as described previously (Kuo et al., 2011). All animals after
ifferent strength impacts were sacrificed 72 h after TBI. The vol-
me  of infarction, as revealed by negative TTC stains indicating
ehydrogenase-deficient tissue, was measured in each slice and
ummed using computerized planimetry (PC-based Image Tools
oftware). The volume of infarction was calculated as 2 mm (thick-
ess of the slice) × [sum of the infarction area in all brain slices
mm2)].

.5. Statistical analysis

Physiologic data were analyzed with repeated-measure ANOVA
or differences between time points and groups. Significance was
et at p < 0.05. Data were expressed as mean ± standard error of the
ean.

. Results

The real-time changes of �[HbO2], �[HbR], and �[HbT] in ipsi-
ateral side during and after FPI experiment were obtained (Fig. 5).
n our previous experiment, the 5-min raw data before traumatic
rain injury experiment have been monitored. We found that the
-min relative changes of HbO2 and HbR before experiment for

he anesthetized rats are very stable. Therefore, the 30-s raw data
efore experiment were used as the baseline in this study. More-
ver, from the experimental results, it also clearly shows that
he effect of respiratory treatment on the short-term changes of
Fig. 6. Time courses of �[HbO] corresponding to different impact strengths (*
means significance).

�[HbO2], �[HbR], and �[HbT] is small during the period of respi-
ratory treatment.

The temporal profiles of �[HbO2], �[HbR], and �[HbT] were
obtained from the ipsilateral and contralateral sides (Figs. 6–8)  dur-
0 0.5 5 10 20 30 40 50 60 70 80 90 100 110 120
Time (minute)

Fig. 7. Time courses of �[HbR] corresponding to different impact strengths (* means
significance).
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ig. 8. Time courses of �[HbT] corresponding to different impact strengths (* means
ignificance).

onitor the short-term change of the raw data, the time point
f impact (at about 0.5 min) and 4.5 min  after impact (at about

 min) were also statistically analyzed. Both �[HbO2] and �[HbR]
ropped immediately upon impact and both of �[HbO2] and
[HbR] tended to increase during the period of respiration treat-
ent and even increased compared to their baseline levels after the

espiration treatment. During and after the respiration treatment,
[HbT] also increased. Variations of �[HbO2] and �[HbR] in the

ontralateral side were also slightly affected by the impact.
The effect of the impact strength on the change of the infarc-

ion volume was investigated. Here, ANOVA was used to analyze
he infarction volume corresponding to different impact strengths.
he statistic results of the infarction volume corresponding to dif-
erent impact strengths indicated that the higher impact strength
aused a larger region of infarction volume (Fig. 9). The aver-
ges and standard deviations of the infarction volumes for 1.6 atm,
.0 atm and 2.4 atm are 67.75 ± 14.88 mm3, 86.6 ± 24.84 mm3,
38 ± 7.07 mm3 respectively. And the differences between the

nfarction volumes for 2.4 atm and other impact strengths (1.6 atm
nd 2.0 atm) are significant. This proved that the severity of TBI
infarction volume) in this experiment can exactly be controlled by
djusting the impact strength.

Repeated-measure ANOVA for differences between time points
nd groups was used to analyze experimental data. The impact

trengths were set from 1.6 atm to 2.4 atm. The changes of �[HbO2]
nd �[HbT] corresponding to different impact strengths were sig-
ificant but the relationships between the impact strengths and
he concentration changes of �[HbO2], �[HbR], and �[HbT] in

ig. 9. Infarction volume statistics after brain slices stained by TTC solution in dif-
erent impact strengths (symbol * means significance).
 Methods 214 (2013) 204– 209

the ipsilateral side at the moment of impact were not linear and
significantly different from those of the contra lateral side. Subse-
quently, common tendencies of concentration changes in �[HbO2],
�[HbR], and �[HbT] for different impact strengths were increasing
and became gradually stable.

4. Discussions

Traumatic head injury may  cause the direct mechanical dam-
age such as vessels distortion and cells damage initially, followed
by influence the cerebral blood flow (hypo- and hyperperfusion),
inadequate cerebral oxygenation, impairment of cerebrovascular
auto-regulation (vessels constriction or dilate to maintain adequate
blood flow for metabolic demand), cerebral metabolic dysfunction,
and finally may  lead to apoptotic and necrotic cell death. (Werner
and Engelhard, 2007, Pierro et al., 2012).

As Figs. 6–8 demonstrated that common tendencies of �[HbO2],
�[HbR], and �[HbT] for different impact strengths in the ipsilat-
eral side abrupt drop initially, and then increase and become stable
gradually when using percussion injury forces 1.6 atm. These ini-
tially abrupt dropped of �[HbO2], �[HbR], and �[HbT] after FPI
could be resulted from post-FPI apnea causing no oxygen from lung
to systemic circulation, the impact pressure may result in distortion
or displacement of the cerebral vasculature, and finally lead to an
immediate decrease in cerebral blood flow corresponding to cere-
bral hypoperfusion (McIntosh et al., 1996; Martin et al., 1997). That
cerebral hypoperfusion immediately after FPI is consistent with
the idea that decrease cerebral blood flow or volume is related to
decrease �[HbT] (Wyatt et al., 1986) as our data presented.

However, the �[HbO2], �[HbR], and �[HbT] on the ipsilateral
side tended to increase during (averagely about 38.8 ± 9.0 s) and
after the period of respiration treatment. Overall, these phenomena
maybe resulted from post-hypoperfusion followed by hyperperfu-
sion for metabolic demand (Andersen and Marmarou, 1992; Hovda
et al., 1995, Pierro et al., 2012) by an effective auto-regulation. The
increase in �[HbT] can be explained by vascular dilation and the
perfusion phenomenon in the presence of effective auto-regulation.
The �[HbR] is obviously larger than the �[HbO2], which may  be
owing to the brain cells within the optic field were in ischemia
conditions requiring more oxygen to promote cell survival, which
is consistent previous report (Liu et al., 2008; Marchal et al., 1999).
On the contralateral side, variations in �[HbO2] and �[HbR] are
also slightly affected by the impact. The results reveal that impact
pressure can be transmitted to the contralateral side and may  also
cause slight brain injury and then alter neurotransmitter activities
on the contralateral side (Crespi and Pietra, 1997).

In order to evaluate the effects of impact strength on �[HbO2],
�[HbR], �[HbT], and infarction volume, we further designed
another 2.0 and 2.4 atm fluid percussion injury. As Figs. 6–8
demonstrated, the impact strength of 2.4 atm is set as the highest
strength in the FPI experiment and is usually regarded as severe
TBI (Vitarbo et al., 2004). After receiving a 2.4 atm impact, �[HbR]
and �[HbT] concentrations increased to levels much higher than
their baseline, but the concentration of �[HbO2] became lower
than baseline. These data supported the concept that ischemia-like
pattern after FPI could occur as middle cerebral artery occlusion
did in animal model (Liu et al., 2008). When compared �[HbT]
in 2.4 atm with 1.6 and 2.0 atm imapct, it showed the increase in
�[HbT] after the 2.4 atm impact was  significantly smaller than
those of 1.6 and 2.0 impact strengths. Furthermore, the �[HbO2]
after the 2.4 atm impact was  significantly lower than those of 1.6

and 2.0 impact strengths. We supposed vascular dilation is not
enough to provide sufficient blood flow into the injured region
after 2.4 amt  impact. Thus, the increase in �[HbO2] cannot provide
sufficient oxygen to satisfy the requirements of metabolism. These
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esults were supported by TTC staining which revealed that impact
ith 2.4 atm had the largest damage and infarction volume (Fig. 9).

. Conclusions

Regarding traumatic brain injury (TBI), concentration changes
n �[HbO2],�[HbR], and �[HbT] decrease immediately at the

oment of impact and increased gradually after respiration treat-
ent. Moreover, the experimental results also indicate that the

oncentrations of �[HbO2], �[HbR], and �[HbT] after impact sig-
ificantly depend on impact strength. Concentrations of �[HbO2],
[HbR], and �[HbT] after impact tend to decrease with increasing

mpact strength. Therefore, a wireless and non-invasively monitor-
ng the concentration changes of �[HbO2], �[HbR], and �[HbT]
sing NIRS may  be useful for evaluating the state of TBI in the
linical setting.
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