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Abstract. The time required for the arrival of an ambulance crew and administration of first aid is critical to clinical
outcome, particularly in the case of head injury victims requiring neuroprotective drugs following a car accident,
falls, and assaults. Short response times of the medical team, together with proper treatment, can limit injury
severity and even save a life before transportation to the nearest medical center. We present a comparative
evaluation of five different neuroprotective drugs frequently used in intensive care and operating units in the
early phase following traumatic brain injury (TBI): hypertonic saline (HTS), mannitol, morphine, melatonin,
and minocycline. The effectiveness of these drugs in terms of changes in brain tissue morphology (cell organelle
size, density, distribution, etc.) and biochemical tissue properties (chromophores’ content) was experimentally
evaluated through analysis of the spectral reduced scattering and optical absorption coefficient parameters in
the near-infrared (NIR) optical range (650 to 1000 nm). Experiments were conducted on anesthetized male mice
subjected to a noninvasive closed head weight-drop model of focal TBI (n ¼ 50 and n ¼ 10 control) and moni-
tored using an NIR diffuse reflectance spectroscopy system utilizing independent source–detector separation
and location. After 10 min of baseline measurement, focal TBI was induced and measurements were conducted
for 20 min. Subsequently, a neuroprotective drug was administrated and measurements were recorded for
another 30 min. This work’s major findings are threefold: first, minocycline was found to improve hemodynamic
outcome at the earliest time postinjury. Second, HTS decreased brain water content and inhibited the increase in
intracranial pressure. Third, the efficacy of neuroprotective drugs can be monitored noninvasively with diffuse
reflectance spectroscopy. The demonstrated ability to noninvasively detect cerebral physiological properties
following early administration of neuroprotective drugs underlines the need for more extensive investigation
of the combined use of clinical drugs in larger-scale preclinical experiments to find the most beneficial drug
treatment for brain injury patients. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.NPh.2.1.015001]
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1 Introduction
Traumatic brain injury (TBI) is a major cause of death and dis-
ability worldwide, resulting from the impact of an external
force, causing immediate damage and subsequent disruption
of brain function. There are two major types of TBI: penetrating
(direct impact, such as bullet) and closed head (indirect impact,
such as resulting from a car accident) injuries. The latter injury
causes two types of brain damage: primary (skull fracture, con-
tusions, hematomas, and nerve damage) and secondary (brain
swelling, epilepsy, intracranial infection, raised intracranial
pressure, etc.) injury. Common to all head injuries is the exci-
totoxicity mechanism, caused primarily by excessive glutamate
neurotransmission, leading to a cascade of pathophysiological
events resulting in tissue damage and associated neuronal cell
death. Because the primary injury is considered irreversible,
the main focus of clinical intervention is to prevent further neu-
rological decline by reversing or preventing secondary injury.1–5

Thus, management of head injury focuses on preventing,
detecting, and correcting the secondary brain injury following
trauma. Strategies include immediate drug intervention and
therapeutic strategies, as well as diagnostics. Specifically,

neuromonitoring diagnostic techniques, such as computed
axial tomography, magnetic resonance imaging, and positron
emission tomography, are extensively used for injury monitor-
ing and evaluation.6,7 However, these techniques are technically
complex and expensive, are not portable, and cannot be used
near bedside for continuous, real-time monitoring. Optical
methods, on the other hand, can overcome these restrictions
as they possess many advantages, such as: (1) relatively in-
expensive, (2) portable (bedside monitoring), (3) free from
adverse effects of repeated use, (4) easy to maintain, (5) sensitive
to several physiological parameters, and (6) offer high spatio-
temporal resolution. Intensive investigation in both laboratory
and clinical settings over the past four decades has significantly
advanced optical platforms for biomedical applications.8,9

Nonetheless, the detection depth of optical imaging is still lim-
ited due to marked light scattering within biological tissue.

Neuroprotection is a principal goal of brain trauma treatment,
by preventing and treating complications that frequently result
in brain dysfunction. Over the years, a number of neuroprotec-
tive agents, which may reduce the extent of secondary brain
injuries or prevent their onset, have been identified. A growing
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number of reports have demonstrated the effectiveness of ad-
ministration of neuroprotective agents to decrease the severity
and complication of brain injury.10,11 In general, neuroprotective
drugs include an enormous array of moieties of diverse origins
that support the structural-functional integrity of the central
nervous system. They also protect against neurodegeneration
and neurotoxins. For the reader’s knowledge, most anesthetic
agents are neuroprotective because of their ability to reduce
the cerebral metabolic rate, which has a beneficial impact on
the balance between brain energy supply and demand.
Anesthetics also increase neuronal tolerance to hypoxic/ische-
mic injury. Due to drugs’ limited passage of the blood–brain
barrier (BBB) and their limited half-lives, relatively large
doses of neuroprotective agents are usually given via the sys-
temic circulation in order for an effective dose to enter the
brain.12 While some neuroprotective drugs have failed to dem-
onstrate beneficial effects in clinical trials of TBI, other
approved agents have shown some clinical success in terms
of patients’ recovery of function after TBI or stroke.13–16

Since neuroprotective drugs can be delivered in the field and
are considered safe for different types of brain injury, their ad-
ministration to TBI patients soon after trauma will improve
patients’ chances of survival and recovery.17 In this work, we
arbitrarily selected five out of hundreds of drugs in common
clinical use for treatment of head injury victims, namely hyper-
tonic saline,18 mannitol,19 morphine,20 melatonin,21 and minocy-
cline.22 A short description of each is given in the Results
section.

In the present study, we assess the effects of the above-men-
tioned five different neuroprotective drugs following TBI in an
animal model. Specifically, anesthetized mice underwent a
closed head injury (CHI) paradigm of TBI induced by a
weight-drop apparatus. This method is a well-established
CHI model shown to trigger a cascade of neurophysiological
deficits and cell death.23,24

Because of the aforementioned advantage of using optical
techniques rather than conventional neuroimaging modalities,
multiple optical techniques have been established to detect tis-
sue abnormalities. These include the diffuse reflectance spec-
troscopy (DRS) system. DRS, also known as near-infrared
spectroscopy, is a rapid, noninvasive optical spectroscopic mon-
itoring system that has been successfully applied previously to
provide qualitative and quantitative information regarding the
biochemical composition (chromophore content) and morpho-
logical parameters of biological tissue.25–29 In its simplest con-
figuration, DRS entails a broadband light source (emitter),
detector, and a pair of optical fibers separated by a fixed (or var-
iable) distance for delivery and collection of measurements
(optode probe). The measured reflectance is mathematically
analyzed to extract the optical properties of the sample under
test. It has been shown that the distance between the source
and detection points determines the sensitivity of the measured
reflectance as a function of the absorption coefficient in the case
of large separation distances (>10 mm) and as a function of the
scattering coefficient in the case of short separations
(<1 mm).30,31 Therefore, we utilized a modified DRS setup to
manipulate properties’ sensitivities by employing different
source–detector distances and locations, as described below.
Since CHI is immediately followed by alterations in the com-
position and structure of brain tissues,32,33 and post-trauma
medical intervention also induces direct changes in tissue’s opti-
cal properties, we propose that DRS can aid the diagnosis and

monitoring of CHI treatment. Thus, the objectives of the current
study were (1) to compare and evaluate the effects of five differ-
ent commonly used neuroprotective drugs, administrated 20 min
after CHI, on pathophysiological changes in the brain and (2) to
identify the most effective drug, among the five tested, for injury
treatment in this animal model. Overall, our results demonstrate
that dynamic response to drug treatment after brain trauma can
be successfully investigated with our DRS configuration, which
can effectively identify the most efficient drug for CHI treat-
ment. To the best of our knowledge, this is the first comparative
evaluation report of neuroprotective drugs’ efficacy following
CHI by using DRS setup. Our earlier works with different opti-
cal platforms showed evidence of morphological and physio-
logical impairments in a mouse model of focal TBI.34,35

However, the effects of neuroprotective drugs for mitigating
brain damage associated with TBI was not investigated previ-
ously using DRS. The long-term goal of the present research
is to perform extensive investigation of a wide range of clinical
drugs to identify the most efficient neuroprotective drug treat-
ment strategy for brain injury patients.

The continuation of this paper is organized as follows. In
Sec. 2, we describe the experimental protocol, instrumentation
setup, data processing, and provide details of tissue property
measurement. Experimental results accompanied with discus-
sion are presented in Sec. 3. Finally, conclusions are included
in Sec. 4.

2 Materials and Methods

2.1 Animal Protocol

Sixty male mice (ICR, ∼12 weeks, ∼40 g) were obtained from
Harlan Laboratories (Jerusalem, Israel). Each animal was intra-
venously anesthetized with a cocktail containing ketamine
(80 mg∕kg), xylazine (20 mg∕kg), and saline (NaCl, 0.9%).
The depth of anesthesia was ascertained by manually pinching
the toes or tail and by monitoring the rate of respiration. Once
the mouse was deeply anesthetized, it was placed on an in-
house-made stand, the head was immobilized, scalp hair was
carefully removed using a hair removing lotion before placing
the fiber-optic probe, and a sponge was inserted underneath the
chin. Mice’s body temperature was kept constant at ∼34°C.
Core body temperature was monitored continuously during
the experiment using a rectal temperature probe (YSI) inserted
∼2 cm into the rectum. Other vital systematic parameters,
including heart rate and arterial oxygen saturation (SpO2),
were measured simultaneously by pulse oximeter (Nonin,
8600) on the foot. For the induction of brain injury, we used the
weight-drop technique by a 50 g weight cylindrical metallic rod
falling from ∼90 cm height along a metal tube striking the
mouse’s head. The point of impact was between the anterior
coronal suture (bregma) and posterior coronal suture (lambda).
This model of injury closely mimics real-life focal head trauma
and does not produce apparent structural damage to the brain.24

Baseline reflectance measurements were obtained prior to
induction of injury for 10 min, after which the mouse was
removed and placed under the weight-drop device orthogonal to
the point of impact. Immediately postinjury, the mouse was
returned to the optical setup and the effects of injury were stud-
ied 20 min post-trauma. At the end of 20 min, a single injection
of neuroprotective drug was administrated intraperitoneally (IP)
and measurements were acquired for another 30 min. After
30 min, the mouse was sacrificed. Sham mice (n ¼ 10)
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receiving anesthesia but no injury were used as a control group.
All the neuroprotective drugs, hypertonic saline (HTS), manni-
tol, morphine, melatonin, and minocycline, were purchased
from Sigma-Aldrich, Ltd. (Rehovot, Israel). The experimental
protocol is outlined in Fig. 1. All animals were handled in accor-
dance with protocol approved by Ariel University Animal Care
Committee.

2.2 Experimental Setup

The configuration of the experimental setup is displayed in
Fig. 2(a). It consisted of two wideband light sources, a bifur-
cated fiber-optic probe placed in direct contact with the scalp
surface, spectrometer, pulse oximeter, rectal probe, and a com-
puter station with control software. The white light bulb inside
the first light source (Stockler&Yale, Inc., M1000) was replaced
with a broadband quartz-tungsten-halogen lamp (IT, 9596-ER)
to provide a smooth continuum broadband spectral profile along
the near-infrared (NIR) region and stable intensity over time.
Optical fiber (D ¼ 5 mm) connected to this light source was

placed ∼1 mm from the surface of the head (above the right
ear). The diffuse light emanating from the brain was delivered
to a portable miniature fiber-optic spectrometer (USB4000,
Ocean Optics, Dunedin, Florida, USA) via bifurcated fiber
with an external diameter of D ¼ 1.3 mm, mounted perpendi-
cular to the scalp surface and, hence, orthogonal to the first light
source fiber. The bifurcated fiber probe was composed of two
branches. One branch is connected to the second white light
source (HL-2000-FHSA-LL, Ocean Optics, Inc.) and the
other, for light collection to the USB4000 spectrometer. The
center-to-center separation between the source and detector
fibers inside the probe is ∼0.4 mm. The receiver fiber collects
the diffuse reflected light in two different modes: in mode 1
(light source #1 = OFF, light source #2 = ON): source–collector
separation is SDS ¼ 0.4 mm (sensitive to reduced scattering
coefficient, μs 0), and in mode 2 (light source #1 = ON, light
source #2 = OFF): source–collector separation is SDS≈
13 mm (sensitive to absorption coefficient, μa). The SDS in
mode 2 was approximate via the length of arc formula assuming
the brain as roughly spherical in shape. With a mouse brain

Fig. 1 Experimental protocol.

Fig. 2 (a) Schematic representation of system configuration for spectroscopic measurement. Computer
simulation of photon migration path distribution from source to detector for (b) mode 1: light source #1 =
OFF, light source #2 = ON and (c) mode 2: light source #1 = ON, light source #2 = OFF, respectively.
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radius of ∼8 mm, the distance between the source and detector
is ½ðπ∕2Þ × R� ≈ 13 mm. Consequentially, at SDS ≈ 13 mm, we
achieve relatively deep sampling, while at SDS ¼ 0.4 mm, we
sample localized volumes (superficial layers). Thus, as the dis-
tance between the source and detector decreases, we transition
from collection of multiply scattered light to collection of pho-
tons that experience few or single scattering events, albeit with a
lower chance of absorption. Simulation of light propagation cal-
culated by analytical half-space Green’s function of photon dif-
fusion equation36 is also presented in Figs. 2(b) and 2(c) for each
mode of operation, respectively. The banana-shaped photon path
profile between the source and detection point are clearly shown
in the figures. In both operation modes, the reflected signal is
dispersed and detected by the CCD array in the spectrometer.
The spectrometer system has a 3648-element linear CCD
array (8 μm × 200 μm, pixel size) with 16-bit resolution, and
a spectral range encompassing 200 to 1100 nm. Optical fibers
were connected to an x-y-z mechanical stage (Thorlabs, DT12)
for position control, and care was taken to ensure gentle contact
between the probe arms and the scalp surface throughout the
experiments, in order to minimize compression of the local
tissues.

2.3 Calibration

The measured NIR diffuse light reflectance spectra underwent
reflectance calibration, which was performed to compensate for
the spectral response of the system and for the dark current of
the detector. The spectral response of the system at wavelength λ
was characterized by acquiring spectral profile WðλÞ corre-
sponding to the light reflected from a standard white
Spectralon (WS-1, Ocean Optics). Dark response DðλÞ was
characterized by acquiring a spectrum while the light source
was turned off and the spectrometer was covered by an opaque
black plastic cap. The spectrometer is programmed to automati-
cally subtract a background reading for every reflectance meas-
urement. The acquired spectral and dark responses of the
system, obtained before each experiment, were then used to nor-
malize the acquired diffuse reflectance spectrum RdðλÞ, accord-
ing to the following equation:

R̂dðλÞ ¼
RdðλÞ −DðλÞ
WðλÞ −DðλÞ : (1)

2.4 Estimation of Optical and Hemodynamic
Parameters

In biophotonics, determination of the optical properties of tis-
sue, namely absorption (μa) and reduced scattering (μs 0) coef-
ficients, requires the quantification of both constants’ spectral
behavior. Importantly, the separation of the absorption and
light scattering coefficients enables the accurate quantification
of tissue’s chemical constituents (related to light absorption),
such as hemoglobin concentration and oxygen saturation, as
well as its structural properties (related to light scattering). In
contrast to the traditional DRS data analysis obtained through
multiple SDS and diffusion equations,37,38 here we employed
a different approach to estimate these coefficients. It has already
been shown that at low SDS (<1 mm, shallow probing), DRS is
highly sensitive to scattering changes in which the detected
reflected light is dominated by shorter path-length photons
(short depth).39 On the contrary, at high SDS (>10 mm, deep
probing), the detected reflected light is dominated by longer

path-length photons (longer depth) and, hence, is more highly
sensitive to absorption.30 Thus, measurements from at least two
source–detector distances can result in different sensitivities to
absorption and to reduced scattering coefficients, which in turn
enable us to independently quantify the optical properties of a
sample under investigation. At this point, we want to emphasize
that although this methodology is yet to be validated using tis-
sue-simulating phantoms with known optical properties, we
intend in the near future to investigate this setup further and
to evaluate its performance in comparison to other DRS systems
with a set of phantoms having different optical properties. The
following steps were used to extract tissue properties.

Step #1: Reduced scattering coefficient μs 0ðλÞ was assumed
to be a function of the wavelength obeying the power law
dependence in the following form (commonly employed for tis-
sue optics):40

μs
0ðλÞ ¼ Aλ−sp; (2)

where μs 0 ¼ μsð1 − gÞ is the reduced scattering coefficient, g is
the anisotropy factor, and μs represents the scattering coefficient.
A is the scattering amplitude, which is related to the density of the
scatterers (cell membrane, organelle membrane, cell nuclei, and
other intracellular organelles, including the mitochondria), their
distribution, and refractive index changes, whereas sp is the scat-
tering power (exponent) depending on the average scatterer size
of the medium and defines the spectral behavior of the reduced
scattering coefficient.41 Together,A and sp conveymorphological
and functional information of biological tissue. As mentioned
above, since light collected at a short source–detector distance
is insensitive to variation in absorption and concomitantly
very sensitive to light scattering changes, it can be said that42

μs
0ðλÞjSDS<1 mm

∝ R̂dðλÞ: (3)

Thus, Eq. (3) can be retrieved by collecting the diffuse light
within mode 1.

Step #2: To estimate the absorption coefficient μaðλÞ, mode
2, we utilized the following modified Beer-Lambert law43

by measuring the spatial variation of the normalized diffuse
reflectance:

μaðλÞjSDS>10 mm
∝
−log10½R̂dðλÞ�

L
; (4)

where L ¼ d × βðλÞ, d is the physical distance between the
source and detector spacing in mode 2 and βðλÞ is a path-length
factor, which accounts for increases in the photon path length
caused by tissue scattering.44 λ is the wavelength of light.

Step #3: Analysis of collected absorption spectra can be used
to identify and quantify the presence and concentration of chro-
mophores in tissue. Therefore, once μaðλÞ is recovered based on
Eq. (4), main tissue composition parameters in the NIR region,
such as oxyhemoglobin (HbO2), deoxyhemoglobin (Hbr), total
hemoglobin concentration (THC ¼ HbO2 þ Hbr), hemoglobin
oxygen saturation [StO2 ¼ ðHbO2∕THCÞ × 100], water con-
centration (H2O), and lipid (fat) percentage, can be determined
by using Moore-Penrose pseudoinverse algorithm to ~μaðλÞ ¼
½εðλÞ�~c:

~c ¼ ½εðλÞ�Tf½εðλÞ�½εðλÞ�T þ β½I�g−1~μaðλÞ · ~k; (5)
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where ~c is the chromophore (absorber) molar concentration,
~μaðλÞ is the calculated absorption coefficient derived from
Eq. (4) of length N, and ½εðλÞ� matrix is the molar spectral
absorbance coefficient of an absorbing chromophore at wave-
length λ with size N ×M:

½εðλÞ� ≡

2
6664

εHbO2
ðλ1Þ εHbrðλ1Þ εlipidðλ1Þ εH2O

ðλ1Þ
εHbO2

ðλ2Þ εHbrðλ2Þ εlipidðλ2Þ εH2O
ðλ2Þ

..

. ..
. ..

. ..
.

εHbO2
ðλnÞ εHbrðλnÞ εlipidðλnÞ εH2O

ðλnÞ

3
7775;

(6)

where εi is the extinction coefficient of a particular chromophore
at a given wavelength (λ). ~k is the proportionality coefficient
vector of length M that is related to a priori known concentra-
tion levels. The upper letter T represents the transpose matrix
and upper number −1 denotes inverse of the matrix. ½I� is iden-
tity (or unit) matrix and β is the regularization parameter propor-
tional to β ∝ maxf½εðλÞ�½εðλÞ�Tg.45 Routinely, the constraint that
is usually employed is a positive value of concentration. We
assume that the influence of other absorbing molecules, such
as melanin, collagen, cytochtome-c oxidase, etc., lying within
these wavelengths is negligible in comparison to hemoglobin,
lipid, and water levels. In addition, since the mouse layers are
optically thin (skull ∼ 500 μm, brain ∼ 1 cm, etc.), the derived
values of optical properties and chromophore responses will be
considered to be average values resulting from sampling bulk
volume.

2.5 Data Acquisition and Processing

Data acquisition, performed every 60 s during the entire protocol
(60 min), was accomplished using spectrometer software dis-
playing the reflectance spectrum within the range of 650 to
1000 nm, by 2-nm increments, in real time. The spectrometer
interfaces to a desktop computer (Intel Core, E6750 Processor
running at 2.67 GHz with 2 GB memory) via USB 2.0 port and
is controlled by the Ocean Optics software (OOI Base 32). Each
set of acquired data includes the measurements of replicate spec-
tra (total of n ¼ 20) at the rate of 4 Hz during a single data
collection session. Thus, the data acquisition time for one meas-
urement corresponds to 5 s. These spectra are later assembled
together to a single average spectrum increasing the signal-to-
noise ratio by a factor of

ffiffiffi
n

p
. After the DRS data acquisitions are

completed and stored in the computer, their analysis through
Eqs. (1)–(6) was carried out off-line using in-house scripts writ-
ten in MatLab® software (The MathWorks, Inc., Natick, Mas-
sachusetts, USA) on a 2.3 GHz Intel(R) CoreTM i5 CPU, 4 GB
RAM laptop.

2.6 Statistical Analysis

Results are presented asmean� standard error, and the Student’s
t test was performed to determine significant differences.
Results were judged to be significant if the p value was
<0.05. Mann-Whitney U test was also performed and results
were similar to the t-test data. Calculations were done via
Matlab®’s Statistic Toolbox.

3 Results and Discussion

3.1 Experiment #1: Hypertonic Saline Test

3.1.1 Introduction

HTS is an osmotic agent administered IP to patients in the acute
phase of severe TBI. HTS acts to reduce brain swelling by
increasing the sodium levels in the blood stream, thereby induc-
ing a shift of fluid across the osmotic gradient it generates from
the intracellular to the extracellular space. Shortly after admin-
istration, HTS reduces blood viscosity, increasing the rheologi-
cal properties, which improves cerebral blood flow (CBF) and
cerebral oxygenation, causing autoregulatory vasoconstriction,
thereby reducing intracranial pressure (ICP).46–48

3.1.2 Results

Figures 3(a)–3(c) show the dynamic time courses presented by
bar graphs, which represent the average and standard error of
chromophore concentration of mice (n ¼ 10) at the following
three states: baseline [Fig. 3(a)], following brain injury
[Fig. 3(b)], and after HTS administration [Fig. 3(c)]. 23.4%
NaCl HTS (Ref. 49) was injected IP 20 min after induction
of injury. In the results presented in Fig. 3(a) of baseline, no
significant fluctuations over time in brain parameters are
observed, which reflects stability in measurements. Relative
to baseline, a difference in brain chromophore levels was dem-
onstrated following injury [Fig. 3(b)]. Specifically, a decrease in
HbO2, THC, and StO2 was observed over time, concurrently
with ∼11% increased Hbr. Assuming that the concentration
of red blood cells (hematocrit level) remains constant following
injury, THC can be used as a surrogate marker of CBF. Reduced
CBF following brain trauma observed here is consistent with our
previous studies34,35 and stands in agreement with results of neu-
roimaging studies, which revealed heterogeneous regional dis-
turbances of CBF.50–52 Under decreased CBF, brain cells
undergo a series of pathophysiologic changes further compli-
cated by decreased oxygen supply, as reflected in lowered
StO2, contributing to secondary injury.53 Reduced StO2 indi-
cates decreased oxygen delivery to the brain and failure of cel-
lular respiration that can lead to permanent brain damage,
neurological disorders, or even death. Altogether, these results
reflect the pathophysiology of the brain following trauma and
agree well with other documented studies.54,55 Since the trend
in Fig. 3(a) was consistent among all mice examined, in the fol-
lowing treatment results (Figs. 4 and 5), we will ignore the base-
line graph. In Fig. 3(c), the effect of HTS administration is
shown: HbO2 and THC were slightly increased (return to base-
line afterward), while no significant change in Hbr and StO2 was
shown. Figure 3(d) displays the variation in the normalized
reduced scattering spectra (i.e., μs

0 versus λ) measured for
the above three states. Each line is the average over time in mea-
surements of baseline (10 min), following injury (20 min), and
post-HTS injection (30 min), respectively. As mentioned in
Sec. 2.4, scattering slope (sp) can serve as a marker of the struc-
tural changes occurring in brain tissue subsequent to TBI. As
seen in Fig. 3(d), progress from a normal brain (baseline) to
an injury state is marked by an sp decrease of ∼18% (0.9 to
0.74), demonstrating the morphologic changes occurring in
the brain, attributed to the cellular swelling within brain struc-
tures. Surprisingly, sp did not return toward its baseline level nor
did it increase following HTS injection (30 min) (sp ¼ 0.68). At
the same time, in comparison to our previous studies using the
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same animal TBI model and optical setup (Ref. 34, Fig. 3 and
Ref. 35, Fig. 8), it can be said that HTS did delay a gradual
decrease of sp seen without HTS injection. The nonadvance-
ment of cellular swelling, together with almost no change in cer-
ebral water accumulation [Fig. 7(a)], suggest a stabilizing effect
of HTS upon ICP, as reported elsewhere.47,56,57

3.2 Experiment #2: Morphine Test

3.2.1 Introduction

Morphine, commonly used in patients suffering head trauma, is
an opioid analgesic drug used to relieve intense pain and suffer-
ing. Once injected, morphine enters the blood stream, which car-
ries it to the brain and other parts of the body where it acts
primarily as an agonist of the μ opioid receptors in the central
nervous system and in peripheral tissue.58–60 Recently, Holbrook
et al. demonstrated that the administration of morphine for

optimal control of pain and anxiety after injury may reduce
the risk of post-traumatic stress disorder.61

3.2.2 Results

Figures 4(a) and 4(b) show the average dynamics of chromophore
concentration of 10 mice (n ¼ 10) during injury [Fig. (4a)] and
after IP morphine administration [Fig. (4b)] at a dose of
10 mg∕kg of body weight,59 20 min after injury. As can be
seen in Fig. 4(b), morphine worsens the hemodynamic reaction;
there is a content stabilization and then ∼15 min after the injec-
tion, a decrease in levels of HbO2, THC, and StO2 is observed.
On the other hand, morphine succeeds in maintaining the Hbr
level. These findings are opposed to those obtained by de
Nadal et al., who found morphine to have no significant effect
on cerebral hemodynamic content and blood flow in severe
brain injury patients.62 In Fig. 4(c), variation in the normalized

Fig. 3 Bar graph of chromophore concentrations at three states: (a) preinjury (baseline), (b) postfocal
traumatic brain injury (TBI), and (c) following hypertonic saline (HTS) administration given immediately
20 min after the injury. The trend in chromophore following these three states is clearly observed. Each
bar represents the average and standard error over 10 mice. In (a), each bar corresponds to 2 min, while
in (b) and (c), it corresponds to 1 min. (d) Average normalized reduced scattering spectra for the above
three states. Slope (sp) decreased by ∼18% from normal brain (baseline) and did not return toward its
baseline level after HTS injection. However, it delays or prevents further decrease of sp.
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reduced scattering spectra is presented as in HTS [Fig. 3(d)]. Each
line is the average over time in measurements of the baseline
(10 min), following injury (20 min), and postmorphine injection
(30 min), respectively, from 10 mice. As seen, after treatment
with morphine, sp did not return to its baseline level or increase
following morphine injection. Thus, it appears that morphine
was able to delay or prevent the gradual decrease of sp seen

in untreated TBI.34,35 This delay in cell swelling, probably reflect-
ing a decrease in ICP, is in agreement with Lauer et al., who
reported that morphine administration preserves systemic arterial
pressure without elevating ICP in head injury patients.63 It should
be stressed that the clinical effectiveness of morphine for
the reduction of ICP in severe head injury remains open to
question.63,64

Fig. 4 Bar graph of chromophore concentrations postfocal TBI (a) and following morphine administration
(b). Each bar represents the average and standard error over 10 mice over 1 min. (c) Average
normalized reduced scattering spectra for the above two states. (d) to (f) The same for mannitol
experiment.
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3.3 Experiment #3: Mannitol Test

3.3.1 Introduction

Mannitol is a sugar-alcohol solution which is somewhat effec-
tive in reducing brain swelling and controlling ICP in TBI
patients. Mannitol is also used in the treatment of large-scale
cerebral occlusive diseases.65 The presumed mechanisms in-
clude osmotic dehydration, shrinkage of brain parenchyma, and
improvement of the blood’s rheological properties to improve

CBF.66 Nonetheless, its effectiveness in the ongoing treatment
of severe head injury remains under dispute.67–69 There is
evidence that excessive administration of mannitol may be
harmful.67

3.3.2 Results

Figures 4(d) and 4(e) show the average dynamics of chromophore
concentration of 10 mice (n ¼ 10) during injury [Fig. (4d)] and
after IP mannitol administration [Fig. (4e)] at a dose of 2 mg∕kg

Fig. 5 The same as in Fig. 4 for melatonin [(a) to (c)] and minocycline [(d) to (f)] studies.
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of body weight,70 20 min after induction of injury. Following
mannitol injection, a decrease in HbO2, THC, and slightly of
StO2 was observed over time, concurrently with a slightly
increased Hbr. In Fig. 4(f), variation in the normalized reduced
scattering spectra is presented. Each line is the average over time
in measurements of baseline (10 min), following injury
(20 min), and post-HTS injection (30 min), respectively, from
10 mice. As before, sp did not return to its baseline or increase
following mannitol administration. Thus, it appears that manni-
tol was effective in delaying or restricting the postinjury
decrease in sp. This delayed cellular swelling apparently reflects
the effectiveness of mannitol in the modulation of ICP.71

3.4 Experiment #4: Melatonin Test

3.4.1 Introduction

Melatonin (5-methoxy-N-acetyltryptamine) is a methoxyindole
hormone produced by the brain’s pineal gland, whose physio-
logical roles include protecting the cellular membrane from oxi-
dative agents.72,73 It is a highly efficient free radical scavenger
found to be of value in the treatment of cardiovascular diseases,
degenerative brain diseases, brain injuries, stroke, and numerous

cancers.74,75 Melatonin was also shown to induce neuroprotec-
tive effects by increasing the activity and expression of the anti-
oxidant enzymes superoxide dismutase, glutathione peroxides,
and glutathione reductase under both baseline physiological
conditions and under elevated oxidative stress.76,77 Previous
studies have shown that melatonin administration after TBI
reduces contusion volume and attenuates neurobehavioral dys-
function, moderating the level of brain tissue damage, along
with a reduction in inflammation and the rate of infections.78,79

3.4.2 Results

Figures 5(a) and 5(b) show the average dynamics of chromo-
phore concentration of 10 mice (n ¼ 10) during injury
[Fig. (5a)] and after melatonin administered IP [Fig. (5b)] at
a dose of 10 mg∕kg of body weight,77 20 min after induction
of injury. The effect of injury on the brain is clearly seen in
Fig. 5(b); a decrease in HbO2 and StO2 was observed over
time, concurrently with an increased Hbr. Following injection,
Fig. 5(b), melatonin stabilized Hbr and StO2 hemodynamics,
and caused a moderate decrease in HbO2 and THC, inhibiting
further brain damage. In Fig. 5(c), variations in the normalized
reduced scattering spectra measured for the three states are

Fig. 6 Summary of the drugs’ differential effects upon chromophore response. Each panel includes the
mean� standard error ðSEÞ of baseline chromophore concentrations, their levels 20 min postinjury, and
status during the 30 min of measurements following drug injection. ***Significant difference between drug
administration with injury state (p < 0.001).
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presented. Each line is the average over time in measurements of
baseline (10 min), following injury (20 min), and post-HTS
injection (30 min), respectively, from 10 mice. Overall, the
slope did not return to its baseline or increase, suggesting an
increase in ICP.80 Very recently, Dehghan et al. reported the
effect of melatonin on ICP and brain edema following TBI in
rats a using weight-drop model.81 They concluded that daily ad-
ministration of melatonin for 72 h after TBI is effective in
decreasing ICP and brain edema, improving neurological scores.
A possible reason for this discrepancy with the present study
could be the difference in dose and timing of melatonin admin-
istration, injury model, and measurement setup. Nonetheless,
other studies also showed reduced brain edema82,83 and its

effectiveness in diverse models of experimental traumatic cen-
tral nervous system.74,84,85

3.5 Experiment #5: Minocycline Test

3.5.1 Introduction

Minocycline (minocin), a semisynthetic tetracycline antibiotic,
is a multifaceted therapeutic agent potentially effective in the
treatment of neurological disorders, including stroke, multiple
sclerosis, TBI, spinal cord injury, neurodegenerative diseases
(Huntington, Parkinson), and more.12,86–89 Minocycline exerts
its neuroprotective effects via suppression of cerebral inflamma-
tion and apoptotis and by stabilizing levels of soluble alpha-
amyloid precursor protein.90,91

3.5.2 Results

Figures 5(d) and 5(e) show the average dynamics of chromo-
phore concentration of 10 mice (n ¼ 10) during injury
[Fig. (5d)] and after IP minocycline administration [Fig. (5e)]
at a dose of 45 mg∕kg of body weight,92,93 20 min after injury.
The effect of injury on the brain is clearly seen in Fig. 5(d), a
decrease in HbO2, THC, and StO2 concurrently with increased
Hbr. Following injection, Fig. 5(e), minocycline treatment
caused stabilization in chromophore levels. Figure 5(f) presents
the variation in normalized reduced scattering spectra, whose
slope did not return to its baseline or increase. The decrease
in sp may be attributed to increased BBB permeability induced
by minocycline, leading to cerebral edema and increased
ICP.94,95

For the purpose of comparison, Figs. 6 and 7 provide a sum-
mary of the drugs’ differential effects upon chromophore and
structural (scattering) parameters, derived from the previous fig-
ures. In Fig. 6, each panel includes baseline chromophore con-
centrations, their average levels 20 min after injury, and status
during the 30 min following drug injection. By comparing the
panels, it is evident that the drugs differentially affected brain
hemodynamics, which were markedly altered by injury
(p<0.001). Specifically, HTS, melatonin, and minocycline par-
tially stabilized chromophores’ concentrations toward their
baseline levels, thereby mitigating injury pathophysiology
and reducing tissue damage. In Fig. 6(a), melatonin and mino-
cycline are shown to increase HbO2 concentrations toward their
baseline level, while no change in HbO2 level was observed
after injury with HTS treatment. Along the same line, in
Fig. 6(b), we found that Hbr was slightly increased after
drug treatment, except in the case of minocycline, which
returned Hbr levels to within the baseline range. Furthermore,
Figs. 6(c) and 6(d), deduced from the HbO2 and Hbr concen-
tration profile (Sec. 2.4), highlight the contribution of each neu-
roprotectant drug to blood flow (indirectly) and tissue oxygen
saturation (StO2), respectively. Among others, minocycline
treatment demonstrated an improvement in blood flow and cer-
ebral oxygenation. In light of these results, it is concluded that
minocycline most efficiently reduced brain tissue damage and
inhibited the progression of injury by restoring THC to its base-
line level and by elevating oxygen saturation. Previous studies
have revealed that minocycline successfully reduced brain dam-
age and inflammation, protected against neurogenerative dis-
eases, and improved cognitive functioning.12,90 As a second
alternative to minocycline, it can be argued that HTS had a pos-
itive effect on the brain as it mitigated further deterioration of

Fig. 7 (a) The measured average value of brain water content over
30 min following drug injection. The results are expressed as the
mean� SE. ***Significant difference between drug administration
with injury state (p < 0.001). (b) Spectral differences between the
drugs’ effects and in comparison to baseline state (normal brain).
Each spectrum represents the average during 30 min after drug
administration.
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injury. Finally, in comparison to other drug treatments, it is clear
that notable differences exist with morphine and mannitol, as
both drugs failed to recover hemodynamic parameters.
Specifically, their negative influence on HbO2 level is notice-
able. The low level of oxygenation induced by morphine
[Fig. 6(d)] probably reflects respiratory depression, one of mor-
phine’s adverse effects.96,97

As mentioned previously, cerebral edema and the associated
increase in ICP are the major immediate consequences of TBI
that contribute prominently to early postinjury death. Thus, we
investigated this causal relationship. Figure 7(a) represents the
average brain water concentration during 30 min after drug
injection, while Fig. 7(b) presents the average of the normalized
reduced scattering coefficient over 30 min postinjection. It is
clearly evident from Fig. 7(a) that HTS is the only drug found
to decrease cerebral water content after injury toward its base-
line level, while minocycline successfully inhibited any further
increase in water level after administration.94 Unexpectedly,
morphine and mannitol were found to increase water level by
∼7 and 15%, respectively, from normal brain condition. The
high dose of mannitol given in the experiment probably passes
from the bloodstream into the brain, where it increases ICP,

worsening brain swelling.67,98 However, it is unlikely that
water level will increase as such within a short time postinjec-
tion. This abnormal behavior should be further elucidated in
future study to offer a more complete understanding of manni-
tol’s effects upon cerebral water content. The increase in water
content following morphine therapy is also not clear, and this
mechanism needs to be further clarified in the future. Our liter-
ature search did not reveal such variations in cerebral water con-
centration after morphine injection in a mouse model of focal
TBI.

As stated above, the slope of the graph (sp) represents tissue
morphological (cell organelle size, density, distribution, etc.)
changes: as the slope increases, returning toward baseline, it
reflects a decrease in particle size and vice versa. This reduction
in sp is attributed to a reduction in cellular swelling and, ulti-
mately, a reduction in ICP. The spectral differences between
the drugs’ effects in Fig. 7(b) emphasize this point. From
both Figs. 7(a) and 7(b), it can be concluded that HTS therapy
is the most effective treatment agent for the inhibition of cellular
swelling and the moderation of ICP of the injured brain. Our
results stand in agreement with other studies that confirmed
the beneficial effects of HTS administration upon brain water

Fig. 8 Normalized reduced scattering spectra following drug therapy at four representative time points.
Discrepancies in response of each drug over time are clearly observed highlight brain structural changes
to a specific treatment.
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content and ICP, both in humans and in a variety of brain injury
paradigms in animals.47,57,99 In Fig. 8, the normalized reduced
scattering spectra under different time intervals are provided for
all tested drugs, highlighting the structural trends (slope varia-
tions) occurring in the brain during injury and after drug admin-
istration in comparison to baseline. Please note the superiority of
HTS over the others by increasing the sp (slope becomes closer
to baseline). These structural trends describe an increase in par-
ticle size or the evolution of swelling of the cells and cell organ-
elles in the brain due to ion and water movements, membrane
breakdown, and capillary changes. This figure also demon-
strates our ability to follow changes over time in order to mon-
itor cellular swelling within brain structure in high time
resolution [Ref. 34, Fig. 7].

In addition to the above animal study, calibration and vali-
dation experiments were conducted with different solid-tissue
phantoms with known optical properties over the wavelength
range of 650 to 1000 nm. In total, one phantom for calibration
and two phantoms for validation purposes were used. Following
the calibration process, a scale factor (vector) was determined
for the true values of scattering and absorption coefficients,
respectively. These factors were used later for estimation of
the true optical properties of the validation phantoms.
Reconstruction of the estimated reduced scattering and absorp-
tion spectra versus the actual (reference) spectra of the validation
phantoms are shown in Figs. 9(a) and 9(b), respectively.
Comparison of μs

0ðλÞ in Fig. 9(a) indicates good agreement
between the actual and estimated spectra, with small differences

in both scattering amplitude (A) and power (sp). Frequently, the
normalized reduced scattering spectra are presented and the
value of the sp most importantly reflects cellular swelling;
with that, a difference of only ∼1% in sp was found in phantom
#1. At the same time, a difference of ∼10% in the estimated sp
and A was also observed in comparison to the given values for
the second homogenous phantom [Fig. 9(c)]. Normalized
reduced scattering coefficient of both phantoms, respectively,
is shown in Fig. 10, demonstrating a good correlation between
sets of measurements. This observed agreement validates the
present method for estimating reduced scattering parameters
from the measured diffuse reflectance. On the other hand, the
recovered (estimated) absorption spectra profile for both phan-
toms is illustrated in Figs. 9(b) and 9(d), respectively. Although
the intensities of these two recovered absorption spectra are dis-
tinct from the true values, their spectral shapes are quite similar.
From Eq. (4), it is obvious that the accuracy and magnitude of
the absorption measurements depend on the medium path-
length factor. We, therefore, believe that with the larger set
of phantoms having different optical properties, an optimal
scale vector can be obtained, further reducing the discrepancies
(bias) in absorption intensities. Thus, although the absorption
spectrum enables quantification of different chromophores’ con-
centration values, in Eq. (5) we used a vector based upon a pri-
ori knowledge regarding baseline absolute concentration levels
in order to compensate for the error derived from the estimated
absorption.

Fig. 9 Estimated reduced scattering (a) and absorption (b) spectra versus the actual (reference) spectra
of phantom #1. (c) and (d) Estimated reduced scattering and absorption spectra, respectively, versus the
actual (reference) spectra of phantom #2. Note: in all panels, A, actual; E, estimated.
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4 Conclusion
The primary aim of this study was to evaluate and compare the
effects of five different neuroprotective drugs as treatments of
head injury in mice using noninvasive optical diffused light
spectroscopy. To our knowledge, the present results demon-
strate, for the first time, on the macroscopic level the recovery
of brain hemodynamic and morphologic parameters induced by
drug administration shortly after focal TBI (CHI model). In
addition, the global effects of the drugs tested upon this battery
of hemodynamic parameters of brain damage were yet to be
comparatively quantified.

Taken together, the current results demonstrate that admin-
istration of minocycline improved hemodynamic outcome
and reduced the level of tissue injury at an early phase postinjury
(∼1 h), while HTS administration decreased brain water con-
tent, inhibiting an increase in ICP. These findings highlight
the ongoing controversy among researchers regarding which
drug therapy is preferred for treatment of TBI.10–13 The lack
of agreement is due, in part, to the complex pathophysiology
of injury, involving multiple pathological processes: parenchy-
mal inflammation, free radical production, increased intracellu-
lar calcium, lipid peroxidation, nitric oxide production, etc.

Differential doses and timing of treatment, diverse models of
trauma, animal type, and different measurement techniques
are among other factors that also contribute to this ongoing con-
troversy. As such, no clinical neuroprotective treatment is still
available to date, and the search for the effective drug to prevent
further brain damage is of great interest across the world. Based
on our current findings, it is suggested that minocycline in com-
bination with HTS may be an optimal therapy choice to mitigate
the pathologies of head injury. Both drugs are safe, inexpensive,
and have manageable side effects. As far as we are aware, this
kind of combination has not been discussed to date. In contrast,
our findings in mice indicate that using morphine and mannitol
failed to provide adequate protection following trauma and
could cause more severe injury. It is worth noting that the effec-
tiveness of these drugs in term of their chemistry or physiologic
effects was not evaluated nor compared during this study.
Therefore, it may appear that although minocycline improved
hemodynamic outcome, it may still be less effective pharmaco-
logically. Future work is needed to investigate these effects and
to correlate them with tissue optical and hemodynamic param-
eters. Furthermore, the results presented here provide the basis
for further development of optical spectroscopy to quantify effi-
cacy of neuroprotective therapies of TBI.

It should be pointed out that in typical DRS configurations,
the use of a standard diffusion equation (SDE) for estimation of
optical properties of tissue derived from diffuse reflectance
measurement is used. The diffuse reflectance expression is cal-
culated to semi-infinite geometry, where source and the detector
are placed on the same surface. However, the use of the present
model, where the emitter and detector are positioned perpen-
dicularly, could yield false results. In addition, with a short
SDS, 0.4 mm in our study, the use of diffusion theory is
risky because it may not work in such conditions; SDE has
been proven ineffective when SDS < 5 mm. To overcome
these limitations of using the diffusion model, or rather using
different approximations of light propagation in tissue (P3, δ-
Eddington, δ-P1, etc.), we chose simply to first calculate the
absorption coefficient using Beer’s law in mode 2 (transmission
mode) and then to estimate the reduced scattering coefficient
throughout mode 1 (reflection geometry) using the linear rela-
tionship to the diffuse reflectance as demonstrated by several
researchers.30,42,100 The main advantage of this approach lies
in its simplicity in terms of system configuration and optical
properties extraction, less computation and in short time, and
its potential application to study highly scattering thick tissue,
such as the brain. In the near future, we plan to focus on the
development of an appropriate mathematical expression for
an orthogonal source–detector model. In spite of the above-men-
tioned advantages, one limitation of this approach could appear
following adult human head monitoring; perpendicular posi-
tions of source and detector would bring a very large distance,
i.e., ∼10 cm. This would require the use of very sensitive detec-
tors and high-power light sources (elevating costs) to increase
the signal-to-noise ratio. In addition, measurement of wide spec-
trums in this case would be very difficult. Please note that these
requirements are, on the contrary, unnecessary for monitoring
infants’ heads, due to the relative small SDS needed.

In summary, the optical setup utilized presently demonstrated
its utility to study the efficacy of neuroprotective drug treatment
early after focal TBI in a small animal model by simultaneously
monitoring, noninvasively, brain hemodynamic parameters on a
macroscopic level and assessing brain edema. We intend in future

Fig. 10 Estimated (E) and actual (A) normalized reduced scattering
spectra of phantom #1 (a) and phantom #2 (b).

Neurophotonics 015001-13 Jan–Mar 2015 • Vol. 2(1)

Shochat and Abookasis: Differential effects of early postinjury treatment with neuroprotective drugs. . .



studies to examine different doses and timing of drug administra-
tion with larger animal populations and to integrate behavioral
tests with optical monitoring in order to further elaborate the
results reported in this work. Additionally, the efficacy of mino-
cycline, HTS, or the combination of the two should also be inves-
tigated in the future to determine the optimal drug treatment
strategy. In general, neuroprotective drug treatment following
TBI in the mice model is considered as an experimental platform
mimicking the human response to TBI. In this context, the current
method carries significant potential in clinical assessment of brain
condition after neuroprotection administration.
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