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Introduction: Action of the ascending reticular activating system (ARAS) on the cerebral
cortex is responsible for achievement of consciousness. In this study, we attempted to
reconstruct the lower single component of the ARAS from the reticular formation (RF) to
the thalamus in the normal human brain using diffusion tensor imaging (DTI).

Methods: Twenty six normal healthy subjects were recruited for this study. A 1.5-T scanner
was used for scanning of diffusion tensor images, and the lower single component of the
ARAS was reconstructed using FMRIB software. We utilized two ROls for reconstruction
of the lower single component of the ARAS: the seed ROI — the RF of the pons at the level
of the trigeminal nerve entry zone, the target ROl —the intralaminar nuclei of the thalamus
at the level of the commissural plane.

Results: The reconstructed ARAS originated from the pontine RF, ascended through the
mesencephalic tegmentum just posterior to the red nucleus, and then terminated on the
intralaminar nuclei of the thalamus. No significant differences in fractional anisotropy, mean
diffusivity, and tract number were observed between hemispheres (p > 0.05).

Conclusion: We reconstructed the lower single component of the ARAS from the RF to
the thalamus in the human brain using DTI. The results of this study might be of value for

the diagnosis and prognosis of patients with impaired consciousness.
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INTRODUCTION

Consciousness is an arousal and awareness of environment and
self, which is achieved through action of the ascending reticular
activating system (ARAS) on the brain stem and cerebral cortex
(Daube, 1986; Paus, 2000; Zeman, 2001; Gosseries et al., 2011).
The ARAS is composed of several neuronal circuits connecting
the brainstem to the cortex. These neuronal connections origi-
nate mainly in the reticular formation (RF) of the brainstem and
project through synaptic relays in the intralaminar nucleus of thal-
amus to the cerebral cortex (Daube, 1986; Paus, 2000; Zeman,
2001; Afifi and Bergman, 2005; Gosseries et al., 2011). In addition,
several brainstem nuclei (locus coeruleus, dorsal raphe, median
raphe, pedunculopontine nucleus, parabrachial nucleus), non-
specific thalamic nuclei, hypothalamus, and basal forebrain are
also included in the ARAS system (Aston-Jones et al., 2001; Parvizi
and Damasio, 2003; Fuller et al., 2011). Thorough evaluation of
the ARAS is important for diagnosis and management of patients
with impaired consciousness, such as patients who are in a veg-
etative state or those with minimal consciousness (Zeman, 2001;
Gosseries et al., 2011).

Conventional brain MRI, functional neuroimaging techniques,
electrophysiological methods, and MR spectroscopy have been
used in studies of the ARAS in the human brain (Parvizi
and Damasio, 2003; Schiff, 2006; Tshibanda et al., 2009, 2010;

Gawryluk et al., 2010). However, because the ARAS cannot be
clearly discriminated from adjacent neural structures, accurate
identification and estimation of the ARAS in the human brain
can be problematic when using these methods. In contrast, diffu-
sion tensor imaging (DTI) allows for evaluation of white matter
because of its ability to image water diffusion characteristics (Mori
et al., 1999). In normal white matter, water molecules have rela-
tive freedom of movement parallel to nerve fiber tracts. However,
their movements are restricted across tracts, giving rise to diffusion
anisotropy of white matter. Accordingly, diffusion anisotropy has
been used for evaluation of the extent of fiber change in white mat-
ter (Changetal.,2010; Puigetal.,2010). Several recent studies have
attempted to demonstrate the usefulness of DTI for evaluation of
lesions in patients with impaired consciousness and connectivity
of specific ARAS nuclei in the human brain (Voss et al., 2006;
Perlbarg et al., 2009; Tollard et al., 2009; Tshibanda et al., 2009;
Fernandez-Espejo et al., 2010, 2011; Newcombe et al., 2010; Edlow
et al., 2012). However, little is known about the whole reconstruc-
tion and estimation of the ARAS in the human brain (Edlow et al.,
2012).

In the current study, using DTI, we attempted to reconstruct
the lower single component of the ARAS from the pontine RF
to the intralaminar nuclei of the thalamus in the normal human
brain.
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MATERIALS AND METHODS

SUBJECTS

Twenty six normal healthy subjects (14 males, 12 females; mean
age, 31.85 4 9.80 years; range, 20-50) with no history of neuro-
logic disease were recruited for this study. All subjects partici-
pated in this study as volunteers and provided written consent
before undergoing DTI scanning. The study was approved by the
institutional review board of our hospital.

DIFFUSION TENSOR IMAGE

DTI data were acquired using a 6-channel head coil on a
1.5-T Philips Gyroscan Intera (Philips, Best, Netherlands) with
single-shot echo-planar imaging. For each of the 32 non-
collinear diffusion sensitizing gradients, we acquired 67 contigu-
ous slices parallel to the anterior commissure-posterior com-
missure line. Imaging parameters were as follows: acquisition
matrix = 96 x 96, reconstructed to matrix =128 x 128, field of
view =221 mm X 221 mm, TR = 10,726 ms, TE = 76 ms, parallel
imaging reduction factor (SENSE factor) =2, EPI factor =49,
and b=1000s/mm?2, NEX =1, and a slice thickness of 2.3 mm
(acquired isotropic voxel size 2.3 mm x 2.3 mm X 2.3 mm).

PROBABILISTIC FIBER TRACKING

Analysis of diffusion-weighted imaging data was performed using
the Oxford Centre for Functional Magnetic Resonance Imag-
ing of the Brain (FMRIB) Software Library (FSL; www.fmrib.
ox.ac.uk/fsl). Affine multi-scale two-dimensional registration was
used for correction of head motion effect and image distor-
tion due to eddy current. Fiber tracking was performed using a
probabilistic tractography method based on a multifiber model,
and applied in the current study utilizing tractography rou-
tines implemented in FMRIB Diffusion (5000 streamline samples,
0.5mm step lengths, curvature thresholds=0.2) (Smith et al,
2004). Advantages of probabilistic tractography, which was used
in this study, include greater robustness to noise, as well as
the ability to detect pathways with sharper angles and to dis-
tinguish crossing fibers (Behrens et al., 2007; Winston et al.,
2011).

The pathway of the ARAS was determined by selection of fibers
passing through seed regions of interest (ROI) and target (termi-
nation) ROIs. A seed ROI was placed on the RF of the pons at the
level of the trigeminal nerve entry zone (Daube, 1986; Afifi and
Bergman, 2005). Analysis of the medial lemniscus and rubrospinal
tract was performed in order to confirm the boundary of the RF
on the pons (Figure 1A). For analysis of the medial lemniscus,
seed ROIs were placed on the anteromedial medulla and the target
ROI was placed on the somatosensory cortex (Hong et al., 2010).
For analysis of the rubrospinal tract, seed ROIs were placed on
the red nucleus and the target ROI was placed on the contralateral
dorsolateral region of the medulla (Monakow’s area) (Nathan and
Smith, 1982; Kwon et al., 2011). The target ROI was given on the
intralaminar nuclei of the thalamus at the level of the commissural
plane (Morel, 2007). In defining the intralaminar nuclei of the
thalamus, we referred to a brain atlas (Morel, 2007) (Figure 1A).
Of 5000 samples generated from the seed voxel, results for contact
were visualized at a threshold minimum of 1 streamlined through
each voxel for analysis. Values of fractional anisotropy (FA), mean

diffusivity (MD), and tract number of the lower single component
of ARAS were measured.

STATISTICAL ANALYSIS

SPSS software (v.15.0; SPSS, Chicago, IL, USA) was used for data
analysis. Paired t-test was used for determination of the differ-
ence in values of DTI parameters of the ARAS between the right
and left hemispheres. Pearson correlation test was used for deter-
mination of correlation between DTI parameters of the ARAS
and age. Results were considered significant when the p value
was <0.05.

RESULTS

We reconstructed the lower single component of the ARAS
between the pontine RF and intralaminar nuclei of the thalamus.
The reconstructed component of the ARAS originated from the
pontine RE ascended through the mesencephalic tegmentum just
posterior to the red nucleus, and then terminated on the intralam-
inar nuclei of the thalamus at the level of the commissural plane
in all subjects (Figure 1B).

Mean values for FA, MD, and fiber volume of the right ARAS
were 0.43 £0.05, 0.96 £ 0.13, and 156.96 = 112.06, respectively,
and those of the left ARAS were 0.43 £ 0.04, 0.9440.13, and
159.73 £ 72.88, respectively. No significant differences in FA, MD,
and tract number were observed between the right and left hemi-
spheres (p > 0.05) (Table 1). In addition, results of the Pearson
correlation test showed no significant age-related changes of FA,
MD, and tract number (p > 0.05).

DISCUSSION

In the current study, using DTI, we reconstructed one of the main
pathways of the ARAS, the lower single component of the ARAS
from the RF to the thalamus in normal subjects, although the ARAS
consists of additional brainstem nuclei, hypothalamus, basal fore-
brain, and thalamocortical projections to the cerebral cortex. We
selected two ROIs for reconstruction of the lower single compo-
nent of the ARAS: the seed ROI, which was the RF of the pons
at the level of the trigeminal nerve entry zone (Daube, 1986;
Afifi and Bergman, 2005), and the target ROI, which included
the intralaminar nuclei of the thalamus (the central lateral nuclei,
centromedian/parafascicular nuclei, and paracentral nuclei) at the
level of the commissural plane (Morel, 2007). The rostral por-
tion of the RF of the brainstem above the trigeminal nerve entry
zone is known as the ARAS; in contrast, the caudal portion of
the RF is involved in motor function and autonomic function
related to cardiac and respiratory function (Daube, 1986). There-
fore, we placed the seed ROI in the RF at the level of the trigeminal
nerve entry zone. We placed the target ROI in the intralami-
nar nuclei, which are the main nuclei of the ARAS among the
non-specific thalamic nuclei. Therefore, we believe that because
we could not include the other thalamic nuclei concerned with
the ARAS, the lower single component of the ARAS that was
reconstructed in the current study is not the entire lower sin-
gle component of the ARAS, but the main portion of the entire
lower single component of the ARAS. Consequently, the lower
single component of the ARAS originated from the pontine RF,
ascended through the mesencephalic tegmentum posterior to the
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Seed ROI

Axial view

FIGURE 1 | (A) Seed regions of interest (ROI) are given on the pontine
reticular formation (Red color). The target ROl is given on the intralaminar
nuclei of the thalamus at the level of the commissural plane. Boundary of the
intralaminar nuclei of the thalamus was defined by reference to the text book

Yellow : RST

Target ROI

of the brain atlas (Morel, 2007). ML, medial lemniscus; RST, rubrospinal tract;
RF, reticular formation; AC, anterior commissure; PC, posterior commissure.
(B) Pathways of the reconstructed ascending reticular activating system are
shown at each level of the brain in a normal subject (26-year-old male).

red nucleus, and then terminated on the intralaminar nuclei of
the thalamus. In addition, values for the FA, MD, and tract num-
bers of the reconstructed lower single component of the ARAS
did not differ significantly between the right and left hemispheres.
The tract number is determined by the number of voxels contained

within a neural tract (Kwak et al., 2010). The FA value indicates the
degree of directionality and integrity of white matter microstruc-
tures such as axons, myelin, and microtubules, and the ADC value
indicates the magnitude of water diffusion (Assaf and Pasternak,
2008).
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Table 1 | Diffusion tensor imaging parameters of the ascending
reticular activating system.

Right hemisphere Left hemisphere

ASCENDING RETICULAR ACTIVATING SYSTEM

FA 0.434+0.05 0.43+0.04
MD 0.964+0.13 0.944+0.13
Tract number 156.96 + 112.06 159.73+72.88
MEDIAL LEMNISCUS

FA 0.48+0.04 0.49+0.03
MD 0.83+£0.04 0.80+0.07
Tract number 471.50+£216.80 378.38 £265.52
RUBROSPINALTRACT

FA 0.474+0.05 0.48+0.03
MD 0.92+0.09 0.91+0.1M

Tract number 190.22 +£109.54 195.93 £89.96

Values represent mean (£SD), FA, Fractional Anisotropy; MD, Mean diffusivity;
MD x 1073 (mm?/s).

Several studies have demonstrated the clinical usefulness of
DTI by estimating some areas of the lower single component of
the ARAS from the RF to the thalamus in patients with impaired
consciousness (Perlbarg et al., 2009; Tollard et al., 2009; New-
combe et al., 2010; Fernandez-Espejo et al., 2011). Tollard et al.
(2009) reported on the usefulness of DTI, which was performed
at the subacute stage for prediction of outcome in 45 patients
with severe TBI (traumatic brain injury) (absence of response
to simple orders). In their study, they measured the FA value
at several supratentorial and infratentorial areas, including the
anterior pons, posterior pons, and midbrain, and demonstrated
that the decrease of infratentorial and supratentorial FA, except
in the posterior pons, allowed for prediction of unfavorable out-
comes 1 year from TBI. Perlbarg et al. (2009), who performed DTI
scanning in 30 patients with an absence of response to simple
orders following severe TBI, reported a definite decrease in FA
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