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Traumatic brain injuries (TBI) affect 1.7 million Americans a year. Approximately 75% of cases are classified as mild (mTBI). 

However, individuals still experience chronic symptoms; several studies have documented sleep disturbances experienced by patients 

suffering from mild TBI. The circuitry for sleep regulation is located in the brain stem and was the focus of our study. We 

hypothesized that TBI damages brain stem tracts, impairing neuronal communication among them. The brain stem tracts were studied 

with magnetic resonance using high angular resolution diffusion images (HARDI). Structural parameters, average diffusivity (AD) 

and fractional anisotropy (FA), can be calculated from HARDI data to measure the tissue organization and rate of diffusion in the 

brain, respectively. Degradation of the brain stem nerve fibrous structures due to mTBI will decrease the water diffusion, resulting in 

lower AD and FA values in the brain stem. In this manner, these diffusion values can indicate whether a nerve bundle is intact or 

compromised. Brain stem images were collected for healthy subjects and regions of interest (ROIs) were drawn in the midbrain, pons, 

and medulla areas, based on histological slices. Average diffusivity and FA values were calculated within these areas for the ROIs 

based on the following anatomical structures: cerebral crus and aqueduct; corticospinal tract; and the pyramid of medulla. Relative 

standard deviation of the AD and FA values ranged from 2-12 percent. This work will lead to a data base of normal brain stem 

diffusion values, which will eventually be used to compare normal subjects to mTBI patients. 

 
INTRODUCTION 

Traumatic brain injuries (TBI) affect 1.7 million 
Americans annually.1 Despite the classification of the 
majority of TBI cases—75 percent—as mild2, mild 
traumatic brain injury (mTBI) contributes to chronic sleep 
disturbances in individuals. Studies based on subjective 
sleep complaints3 and objective sleep quality studies have 
found that mTBI patients have circadian rhythm disorders4, 
decreased deep sleep with awakenings lasting more than 5 
minutes5, difficulty falling asleep6, and lower melatonin 
levels7. Although the sleep disturbances are present after 
mTBI, the etiology of these disturbances is not fully 
understood and must be researched. 

Sleep Circuitry 

The mechanisms for sleep promotion and regulation are 
located in the brain stem.8 The midbrain, pons, and medulla 
are involved in the initiation and regulation of different 
sleep stages.9 We hypothesize that blast or blunt trauma 
impairs neurological communication within the sleep 
regulatory network by damaging small white matter tracts 
within these structures, causing sleep disturbances in mTBI 
patients. The brain stem structure can be studied using 
magnetic resonance imaging (MRI) to determine the 

correlation between brain stem tract damage to sleep 
disturbances to better understand the etiology of theses 
disturbances.  

Diffusion MRI 

The random translation motion of water through the 
brain is driven by diffusion. Water molecules 
microscopically interact with tissue structure, such as fibers 
and cell membranes. DWI measures the displacement 
distribution of water through the brain, allowing for high 
resolution noninvasive in vivo studies of the structural 
organization of tissues.10 The restriction of diffusion in the 
brain due to highly organized structures is not equivalent in 
all directions; therefore, DWI uses a diffusion tensor to 
characterize the three-dimensional diffusion of water 
molecules.11 Scalar diffusion parameters, average 
diffusivity (AD) and fractional anisotropy (FA), can be 
calculated from the diffusion tensor to provide further 
structural information.12 

Objective 

Diffusion weighted imaging of the brain stem structure 
allows the noninvasive study of the etiology of sleep 
disturbances in patients that have suffered mild traumatic 



SHELBY GOICOCHEA, LUIS COLON-PEREZ, DAVID B. FITZGERLAD, THOMAS MARECI 

University of Florida | Journal of Undergraduate Research | Volume 15, Issue 3 | Summer 2014 
2 

brain injury. We collected high angular resolution diffusion 
images (HARDI) of human brain stem and drew regions of 
interest in the midbrain, pons, and medulla. From these 
regions, FA and AD values will be calculated to create a 
database of healthy brain stem diffusion values. 

SUBJECTS AND METHODS 

Subjects 

 We recruited 5 healthy age-matched controls who have 
not experienced mTBI and lacked sleep disturbances. To 
ensure that their sleep was not disrupted, subjective data 
was collected through structured interviews and objective 
data was collected through administering the Pittsburgh 
Sleep Quality Index and the Epworth Sleepiness Scale. 
Upon completion of the screening process, the healthy 
controls underwent DWI scans. 

DWI Acquisition 

HARDI of the brain stems of 5 healthy controls was 
obtained in a Philips 3T magnet with a spin echo 
preparation and echo planar imaging readout at 1.7 mm 
isotropic resolution with 6 direction diffusion weightings 
of 100 s/mm2 and 64 direction diffusion weightings of 
1000 s/mm2. 

Pre-processing 

The 64 and 6 angular-direction image data sets were then 
combined using in-house software written in IDL, MRI 
Analysis Software (MAS). The combined data was motion-
corrected using FSL’s Eddy Correct.13 MAS was used to 
interpolate the data to a 0.85 mm isotropic resolution. 
Finally, quantitative AD and FA maps were created with 
MAS from the HARDI acquisition data.  

Regions of Interest 

The brain stem was divided into the following three 
sections: the midbrain, pons, and medulla. Using the 
transverse plane, the upper limit for the midbrain was 
identified by the disappearance of the third ventricle (Fig.1, 
line 1) and the lower limit defined by the top of the 
peduncles (Fig.1. line 2). The upper limit of the pons 
begins at the lower limit of the midbrain, and the lower 
limit was defined by the beginning of the corticospinal 
tracts (Fig.1, line 3). The top of the medulla was defined by 
the beginning of the corticospinal tracts and the bottom by 
the bottom of the cerebellum (Fig. 1, line 4), determined in 
the sagittal plane. 

Within each region of the brain stem, the transverse 
slices of these landmarks (lines 1-4) were recorded. The 
median slice is determined and selected for the ROI  

 

 

drawings. This procedure helped compensate for the 
differences in structure length between healthy subjects, 
leading to increased reproducibility (A. Ford, PhD, oral 
communication, Jan 2012). Using AD and FA maps of in 
vivo brain stem acquisitions, the ROIs were segmented in 
MAS from transverse slices following histological 
guidelines (Fig. 2D-F). 15 For the midbrain section (Fig.1, 
line A), the cerebral crus (peduncle) was visualized in an 
FA map, while the cerebral aqueduct (periaqueduct), 
excluding the cerebrospinal fluid, was drawn in an AD map 
(Fig. 2A). Using the pons (Fig. 1, line B) and medulla (Fig. 
1, line C) sections of the brain stem, FA maps were used to 
segment the corticospinal tract (CST) (Fig. 2B) and 
pyramid of medulla (CST) (Fig. 2C), respectively.  

RESULTS 

DWI brain stem in vivo scans were obtained from the 
subjects. Due to the anisotropy in the brain originating 
from the degree of myelinated axonal fibers, a diffusion 
tensor (Ð) is necessary to properly characterize the 
diffusion of water in three-dimensions given by equation 1, 

 

Ð = �
𝐷𝑥𝑥 𝐷𝑥𝑦 𝐷𝑥𝑧
𝐷𝑦𝑥 𝐷𝑦𝑦 𝐷𝑦𝑧
𝐷𝑧𝑥 𝐷𝑧𝑦 𝐷𝑧𝑧

� 

 
where D represents the diffusion coefficient in the direction 
indicated by the subscript.16  

The “diagonalization” of the diffusion tensor produces 
three eigenvalues (λ), which represent the principal fiber 
orientations and associated diffusivitivies.17 Scalar 
diffusion parameters, AD and FA, can be calculated (Table 
1) from these eigenvalues18 after accurate segmentation of  

 

 

Figure 1. Human brain stem separated into 
midbrain, pons, and medulla, labeled as A, 
B, C, respectively (including the ROI 
placement) edited image.15 

(Eq. 1) 
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Table 1. AD and FA values for the left (L) and right (R) ROIs in the midbrain, pons, and medulla of the brain 
stem. 

 Area ROI 1 2 3 4 5 Average RSD 

Average Diffusivity (AD) 

MidBrain 

peduncleL 6.93E-04 7.84E-04 6.59E-04 8.48E-04 7.29E-04 7.43E-04 9.00% 

peduncleR 6.92E-04 8.18E-04 7.66E-04 8.55E-04 7.48E-04 7.76E-04 7.20% 

periaqueductL 7.79E-04 8.38E-04 8.19E-04 8.24E-04 8.57E-04 8.24E-04 3.10% 

periaqueductR 7.63E-04 8.12E-04 7.93E-04 7.88E-04 8.26E-04 7.96E-04 2.70% 

Pons 
cstL 6.65E-04 5.27E-04 4.93E-04 6.62E-04 6.19E-04 5.93E-04 11.90% 

cstR 6.88E-04 5.85E-04 5.67E-04 6.60E-04 5.93E-04 6.18E-04 7.60% 

Medulla 
cstL 9.10E-04 1.06E-03 1.12E-03 8.05E-04 8.99E-04 9.58E-04 12.00% 

cstR 1.02E-03 1.03E-03 1.02E-03 8.53E-04 1.01E-03 9.87E-04 6.80% 

Fractional Anisotropy (FA) 

MidBrain 

peduncleL 6.93E-01 6.18E-01 6.65E-01 6.02E-01 6.68E-01 6.49E-01 5.20% 

peduncleR 6.80E-01 6.39E-01 6.37E-01 5.60E-01 6.41E-01 6.31E-01 6.20% 

periaqueductL 2.58E-01 2.29E-01 2.64E-01 2.11E-01 2.31E-01 2.39E-01 8.20% 

periaqueductR 2.21E-01 1.86E-01 2.36E-01 2.26E-01 2.15E-01 2.17E-01 7.80% 

Pons 
cstL 4.72E-01 5.50E-01 6.36E-01 5.83E-01 5.27E-01 5.53E-01 9.90% 

cstR 4.44E-01 5.34E-01 5.48E-01 5.14E-01 5.58E-01 5.19E-01 7.80% 

Medulla 
cstL 4.38E-01 4.40E-01 4.12E-01 4.70E-01 5.07E-01 4.54E-01 7.20% 

cstR 3.78E-01 4.19E-01 3.99E-01 4.43E-01 4.03E-01 4.08E-01 5.20% 

         

the ROIs in the midbrain, pons, and medulla (Fig. 2). 
Average diffusivity is a measure of the mean amount of 
diffusion in a magnetic resonance voxel.18 It only provides 
indirect information on the integrity of axon and extra-
axonal matrix in the brain tissues19. When axons are 
demyelinated, the loss of cell and matrix integrity is 
reflected as a higher AD value, because the presence of cell 
membranes and matrix molecules slows the rate of 
diffusion, represented by a lower AD value. This diffusion 
parameter is calculated through use of the following 
equation (Eq. 2)16 

 

𝐴𝐷 = 𝜆1+𝜆2+𝜆3
3

 

 

Fractional anisotropy (FA) is a diffusion parameter 
indicating the directionality of the water diffusion. 

Fractional anisotropy values were calculated using the 
equation below (Eq. 3).16 

 

𝐹𝐴 = �1
2
�

(𝜆1 − 𝜆2)2 + (𝜆2 − 𝜆3)2 + (𝜆3 − 𝜆1)2

𝜆12 + 𝜆22 + 𝜆32
 (Eq. 3) 

 

A low FA value designates that the water diffusion is 
directionally independent (i.e., it is random and 
unrestricted). Relatively high FA values classify the water 
diffusion as directionally dependent on restricted diffusion 
along cell membranes (e.g., unidirectional water diffusion 
through a nerve fiber).20 Degradation of the brain stem 
nerve structures will increase the isotropy of water 
diffusion, resulting in a lower FA value. In this manner, FA 
values can indicate whether a nerve bundle is intact (high 
FA value) or compromised (low FA value).21 

 
 

(Eq. 2) 
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DISCUSSION 

Diffusion weighted images improved the brain stem 
structures’ contrast, which allowed for appropriate 
segmentation and ROI delineation; the ROIs were easily 
identified in the AD and FA maps. High FA values can be 
observed in white matter structures (peduncle and CST) 
and low values are observed in gray matter regions 
(periaqueduct), which agrees with expectation for the tissue 
structure. The relative standard deviation (RSD) of the AD 
and FA values is moderately large, but can be significantly 
decreased by collecting a larger population of healthy brain 
stem data. This would also create a more reliable and 
robust brain stem diffusion value database. In future work, 
brain stem images will be collected from veterans clinically 
diagnosed with disrupted sleep and mild traumatic brain 
injury. The calculated diffusion values will be compared to 
the healthy subject database to quantify the effects of TBI 
on the brain stem. We suspect that the diseased population 

will have increased AD values and decreased FA values 
due to damage of the brain stem tracts as a result of blast or 
blunt trauma.  
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