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4	 Abstract	

ABSTRACT

Nina Brandstack 

DETECTION OF PATHOLOGIC CHANGES FOLLOWING TRAUMATIC BRAIN INJURY 
USING MAGNETIC RESONANCE IMAGING 
From the department of Radiology, University of Turku, Turku, Finland 2013

Background: Approximately two percent of Finns have sequels after traumatic brain injury 
(TBI), and many TBI patients are young or middle-aged. The high rate of unemployment after TBI 
has major economic consequences for society, and traumatic brain injury often has remarkable 
personal consequences, as well. Structural imaging is often needed to support the clinical TBI 
diagnosis. Accurate early diagnosis is essential for successful rehabilition and, thus, may also 
influence the patient’s outcome. Traumatic axonal injury and cortical contusions constitute the 
majority of traumatic brain lesions. Several studies have shown magnetic resonance imaging 
(MRI) to be superior to computed tomography (CT) in the detection of these lesions. However, 
traumatic brain injury often leads to persistent symptoms even in cases with few or no findings 
in conventional MRI.

Aims and methods: The aim of this prospective study was to clarify the role of conventional 
MRI in the imaging of traumatic brain injury, and to investigate how to improve the radiologic 
diagnostics of TBI by using more modern diffusion-weighted imaging (DWI) and diffusion 
tensor imaging (DTI) techniques. We estimated, in a longitudinal study, the visibility of the 
contusions and other intraparenchymal lesions in conventional MRI at one week and one 
year after TBI. We used DWI-based measurements to look for changes in the diffusivity 
of the normal-appearing brain in a case-control study. DTI-based tractography was used in 
a case-control study to evaluate changes in the volume, diffusivity, and anisotropy of the 
long association tracts in symptomatic TBI patients with no visible signs of intracranial or 
intraparenchymal abnormalities on routine MRI. We further studied the reproducibility of 
different tools to identify and measure white-matter tracts by using a DTI sequence suitable for 
clinical protocols.

Results: Both the number and extent of visible traumatic lesions on conventional MRI 
diminished significantly with time. Slightly increased diffusion in the normal-appearing brain 
was a common finding at one week after TBI, but it was not significantly associated with 
the injury severity. Fractional anisotropy values, that represent the integrity of the white-
matter tracts, were significantly diminished in several tracts in TBI patients compared to the 
control subjects. Compared to the cross-sectional ROI method, the tract-based analyses had 
better reproducibility to identify and measure white-matter tracts of interest by means of DTI 
tractography.  

Conclusions: As conventional MRI is still applied in clinical practice, it should be carried out 
soon after the injury, at least in symptomatic patients with negative CT scan. DWI-related brain 
diffusivity measurements may be used to improve the documenting of TBI. DTI tractography can 
be used to improve radiologic diagnostics in a symptomatic TBI sub-population with no findings 
on conventional MRI. Reproducibility of different tools to quantify fibre tracts vary considerably, 
which should be taken into consideration in the clinical DTI applications.

Keywords: traumatic brain injury, magnetic resonance imaging, diffusion-weighted imaging, 
diffusion tensor imaging, quantitative tractography, reproducibility
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TIIVISTELMÄ

Nina Brandstack 

MAGNEETTIKUVANTAMINEN AIVOVAMMOJEN DIAGNOSTIIKASSA 

Radiologian oppiaine, Turun Yliopisto, Turku 2013

Tausta: Arviolta noin kahdella prosentilla suomalaisista on aivovammojen jälkitiloja, ja merkit-
tävä osa aivovammapotilaista on nuoria tai keski-ikäisiä. Heikko työhönsijoittuminen aivovam-
man jälkeen aiheuttaa yhteiskunnalle merkittäviä taloudellisia menetyksiä, ja usein aivovamma 
aiheuttaa myös huomattavia henkilökohtaisia seurauksia. Kliinisen aivovammadiagnoosin tueksi 
tarvitaan usein kuvantamistutkimuksia. Riittävän varhaisella ja tarkalla diagnostiikalla on tärkeä 
merkitys aivovammapotilaan kuntoutuksen suunnittelussa ja siten vaikutusta myös potilaan en-
nusteeseen. Suurin osa aivovammamuutoksista on joko kortikaalisia kontuusioita tai traumaatti-
sia aksonivaurioita. Useissa tutkimuksissa on todettu näiden muutosten näkyvän paremmin mag-
neettikuvauksessa (MRI) kuin tietokonetomografiatutkimuksessa. Kuitenkin myös perinteisessä 
MRI tutkimuksessa löydökset ovat usein vähäiset huolimatta potilaan traumaperäisistä oireista. 

Tavoitteet ja menetelmät: Tämän prospektiivisen tutkimuksen tavoitteena oli selventää perin-
teisen magneettitutkimuksen roolia aivovammojen kuvantamisessa sekä parantaa aivovammojen 
diagnostiikkaa hyödyntämällä uusia diffuusiokuvantamis- (DWI) ja diffuusiotensorikuvantamis- 
(DTI) tekniikoita. Arvioimme seurantatutkimuksessa kontuusiomuutosten ja aksonivaurioiden 
näkymistä perinteisessä magneettitutkimuksessa viikon ja vuoden kuluttua aivovammasta. Tut-
kimme tapaus-verrokki asetelmassa normaalilta näyttävän aivokudoksen diffusiivisuutta laajal-
ti eri aivoalueilta DWI-menetelmällä. Selvitimme tapaus-verrokki asetelmassa aivojen pitkien 
assosiaatioratojen diffusiivisuus-, anisotropia- ja tilavuusmuutoksia DTI-traktografia –menetel-
mällä oireisilla aivovammapotilailla, joilla ei ollut näkyviä muutoksia perinteisessä magneettiku-
vauksessa. Selvitimme lisäksi DTI-kuvantamiseen perustuvien kliiniseen työhön sovellettavien 
erityyppisten traktografiamenetelmien toistettavuutta.

Tulokset: Näkyvien vammamuutosten määrä ja laajuus perinteisissä magneettikuvissa vähenivät 
merkittävästi vuoden aikana. Hieman lisääntynyt diffuusio normaalin näköisessä aivokudoksessa 
oli tavallinen löydös viikon kuluttua vammasta, mutta ei ollut vakuuttavasti yhteydessä vamman 
vakavuuteen. Aivojen valkean aineen ratojen yhtenäisyyttä kuvaavat fraktionaaliset anisotropia 
-arvot olivat aivovammapotilailla vähentyneet useissa radoissa merkittävästi verrokkiryhmään 
nähden. DTI traktografiaan perustuvan ns. tract-based –menetelmän toistettavuus oli selvästi ’re-
gion of interest’ (ROI) –menetelmää parempi.

Johtopäätökset: Perinteinen magneettitutkimus tulisi tehdä riittävän varhain tilanteissa, jolloin 
uudempia MRI-tekniikoita ei ole käytettävissä ja tietokonetomografialöydös ei selitä potilaan oi-
reita. DWI-kuvantamiseen pohjautuvista aivokudoksen diffusiivisuusmittauksista voi olla hyötyä 
akuutin aivovamman dokumentoinnissa. DTI-traktografia –menetelmällä on mahdollista paran-
taa radiologista diagnostiikkaa oireisilla aivovammapotilailla, joilla perinteinen kuvantamislöy-
dös on normaali, mikä tulisi huomioida aivovammapotilaita hoitavissa ja kuvantavissa yksiköis-
sä. Erityyppisten traktografiamenetelmien toistettavuus vaihtelee merkittävästi, mikä tulisi ottaa 
huomioon kliinisissä sovelluksissa.

Avainsanat: aivovamma, magneettikuvaus, diffuusiokuvaus, diffuusiotensorikuvaus, kvantitatii-
vinen traktografia, toistettavuus
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ADC		  Apparent diffusion coefficient
AF		  Arcuate fasciculus
AOC		  Alteration of consciousness
CR		  Coefficient of repeatability
CSF		  Cerebrospinal fluid
CT		  Computed tomography 
CV		  Coefficient of variation
DAI		  Diffuse axonal injury 
DTI		  Diffusion tensor imaging 
DTT		  Diffusion tensor tractography
DWI		  Diffusion-weighted imaging
FA		  Fractional anisotropy 
FLAIR	 Fluid-attenuated inversion recovery 
GM		  Grey matter
HISC		 Head injury symptom checklist
ICC		  Intraclass correlation
fMRI		 Functional Magnetic Resonance Imaging 
GCS		  Glasgow Coma Scale 
GOS		  Glasgow Outcome Scale 
GOS-E	 Glasgow Outcome Scale- Extended
IFOF		  Inferior fronto-occipital fasciculus
ILF		  Inferior longitudinal fasciculus
LOC 		 Loss of consciousness
MD		  Mean diffusivity 
MR		  Magnetic resonance
MRI		  Magnetic resonance imaging 
mTBI		 Mild traumatic brain injury 
OR		  Odds ratio 
PCS		  Post-concussive syndrome
PPCS		 Persistent post-concussive syndrome
PTA		  Posttraumatic amnesia 
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RF		  Radiofrequence
ROI		  Region of interest
SC		  Superior cingulum
SD		  Standard deviation
SLF		  Superior longitudinal fasciculus
TAI		  Traumatic axonal injury 
TBI		  Traumatic brain injury 
TC		  Temporal cingulum
TE		  Time of echo
TR		  Time of repetition
UF		  Uncinate fasciculus
WM		  White matter
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1.	 INTRODUCTION

Traumatic brain injury (TBI) is a major cause of death and severe disability under the age 
of 45 years in Western countries (MacKenzie, 2000). The estimated annual total number 
of new patients suffering from TBI in Finland is 21 000–31 000 (Koskinen and Alaranta, 
2008). Knowledge of the extension and the exact sites of injury in the invidual patient 
can provide important information for planning long-term rehabilitation, and may have 
an influence on the long-term outcome. Imaging techniques are in a special position 
to validate functional deficits related to TBI since lack of motivation and somatoform 
disorders can influence the accuracy of neuropsychological tests and self-reported 
symptoms. As many TBIs occur in traffic accidents, work-related accidents, sport-related 
injuries, or assaults, their medicolegal consequences may also be significant. 

Traumatic axonal injuries (TAI) and cortical contusions constitute the majority of 
traumatic brain lesions. Traumatic axonal injuries are thought to be present in the majority 
of all severe head injuries, and also to be responsible for the long-lasting or persistent 
problems after mild injuries. Although TBI may result in physical impairment, the more 
problematic consequences involve the individual`s cognition, emotional functioning, 
and behaviour (NIH Consensus Development Panel on Rehabilitation of Persons with 
Traumatic Brain Injury, 1999). Association pathways of the brain are typically involved 
in cognitive tasks, and these are among the most commonly damaged tracts after TBI. 

In the acute management of a TBI patient, computed tomography (CT) is routinely the 
first imaging method (Coles, 2007; Toyama et al. 2005) since it can be performed rapidly, 
and pathology that is critical for the early medical management of cerebral trauma 
can be detected by CT (Bigler, 2011). However, several studies have shown magnetic 
resonance imaging (MRI) to be superior to CT in the detection of intraparenchymal 
traumatic lesions, both in the acute and chronic stages, and regardless of the injury 
severity. However, TBI often leads to persistent symptoms even in cases without 
findings in conventional MRI (Fork et al., 2005; Scheid et al., 2006). The clinical use of 
MRI in the imaging of TBI has not achieved a universally accepted role. MRI studies 
are often performed in the subacute and chronic stages of recovery from TBI, with 
the intention of answering specific neuropsychiatric questions regarding patient status 
and/or to assist in evaluating outcome (Ashwal et al., 2006; Levine et al., 2006). The 
sensitivity in detecting TBI-related anatomical abnormalities by MRI depends on the 
image sequence and methods used. Clinical MRI studies are still often performed with 
old or poorly equipped MRI systems and with ordinary visual evaluation. A seldom 
raised aspect is the role of early imaging in documenting the intracranial injury, since 
late conventional MRI is thought to underestimate especially the extent of TAI. Recently, 
much interest has been directed towards the potential of diffusion-weighted imaging 
(DWI) and diffusion tensor imaging (DTI) techniques to investigate traumatic axonal 
injury. At the moment, DTI may be the most promising neuroimaging technique to 
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examine structural connectivity in the brain in various conditions, but its reproducibility 
has not been adequately studied.

This thesis presents results regarding the visibility of intraparenchymal injuries with 
time on conventional MRI. Additionally, the study aims to establish the role of more 
modern MR imaging techniques including DWI and DTI in the radiological diagnostics 
of traumatic brain injury. Results regarding the abnormalities in quantitative DTI 
tractography of long association tracts in subjects with symptoms after TBI without 
traumatic findings on routine MRI are presented. Also the occurrence and distribution 
of diffusion changes throughout the normal-appearing brain in acute TBI are depicted. 
Another focus of this thesis is to introduce reproducible DTI protocols and analysis 
methods applicable for clinical use in the diagnostics of TBI and other cognitive disorders.
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2.	 REVIEW OF THE LITERATURE

2.1.	 TRAUMATIC BRAIN INJURY (TBI)

2.1.1.	Definition and classification

TBI is a complex process, and there is no single classification encompassing all the 
clinical, pathological, and molecular features of TBI. Because the clinical definition from 
the Department of Veteran Affairs and the Department of Defence (VA/DoD 2009) is 
among the most recently developed and addresses issues specific to TBI among military 
service members, veterans, and civilians (Orman et al., 2011), it is summarized here:

TBI is a traumatically induced structural injury and/or physiological disruption of brain 
function as a result of an external force that is indicated by new onset of at least one of 
the following clinical signs, immediately following the event: 

1. 	 Any period of loss of or a decreased level of consciousness; 

2. 	 Any loss of memory for events immediately before or after the injury;

3. 	 Any alteration in mental state at the time of the injury (confusion, disorientation, 
slowed thinking, etc., also known as alteration of consciousness (AOC));

4. 	 Neurological deficits (weakness, loss of balance, change in vision, praxis, paresis/
paraplegia, sensory loss, aphasia, etc.) that may or may not be transient;

5. 	 Intracranial lesion.

External forces may include any of the following events: the head being struck by an 
object, the head striking an object, the brain undergoing an acceleration/deceleration 
movement without direct external trauma to the head, a foreign body penetrating the 
brain, forces generated from events such as a blast or explosion, or other force yet to be 
defined (Orman et al., 2011).

The most common clinical indicators used to assess acute brain injury severity include 
length of loss of consciousness (LOC) and posttraumatic amnesia (PTA), and the most 
widely used tool for assessing level of consciousness is the Glasgow Coma Scale (GCS) 
(Teasdale and Jennett, 1974). The GCS includes three categories: eyes opening (score 
1-4), best verbal response (score 1-5), and best motor response (1-6). The total score 
of the GCS ranges from 3 to 15, low scores indicating a low level of consciousness. 
PTA is defined as lasting up to the earliest time point after which continuous memory 
has returned. Based on the length of AOC, LOC or PTA, TBI can be categorized as 
mild, moderate, or severe. Acute injury severity is best determined at the time of the 
injury (VA/DoD 2009). Clinical criteria for determining acute severity are summarized 
in Table 1.
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The terms concussion and mild traumatic brain injury (mTBI) have been used 
interchangeably and both are used in the literature cited in this study. Although the 
criteria especially for the mTBI/ concussion vary across studies, most agree that the 
common criteria include GCS scores of 13-15, brief LOC, brief PTA, and negative head 
CT scan (VA/DoD 2009).

Table 1. Severity of brain injury stratification.

Criteria Mild Moderate Severe

Structural imaging Normala Normal or abnormal Normal or abnormal
LOC 0-30 minutes; >30 minutes and >24 hours; 

0 = very mild* <24 hours >7 days= very severe*
AOCb ≤ 24 hours >24 hours Severity based on other criteria
PTA ≤1 day; >1 and <7 days >7 days; 

<10min= very mild* >4 weeks= very severe*
GCSc 13-15 9-12 3-8

a	 Minor abnormalities possibly not related to the brain injury may be present on structural imaging in the 
absence of loss of consciousness (LOC), alteration of consciousness (AOC), and posttraumatic amnesia 
(PTA).

b	 Alteration of mental state must be immediately related to trauma to the head. Typical symptoms would 
be looking and feeling dazed and uncertain what is happening, confusion, difficulty thinking clearly or 
responding appropriately to mental status questions, and being unable to describe events immediately 
before or after the trauma event.

c	 Some studies report the best available Glasgow Coma Scale (GCS) score within the first 6 hours or some 
other time period.

Modified from VA/DoD (2009) Clinical Practice Guideline. 
*	 Adapted from Finnish Clinical Practice Guideline for TBI (Käypä hoito, Aivovammat, 2008).

2.1.2.	The mechanism and pathophysiology of TBI

Pathological classifications of TBI may be anatomical, describing injuries as focal or 
diffuse, or pathophysiological, based on primary and secondary injuries. TBI may be 
produced by blunt force head injury (contact or noncontact), penetrating injuries, or blast 
injuries. The forces and, correspondingly, the range of pathologies associated with each 
mechanism are different. Focal pathologies caused by TBI include scalp lacerations, 
skull fractures, contusions/lacerations, intracranial hemorrhage, and focal lesions 
secondary to raised intracranial pressure. Diffuse pathologies include global ischemic 
injury, traumatic axonal injury/ diffuse vascular injury, and brain swelling.

Traditionally, TBI has been classified as an open (typical of gunshot wounds) or closed 
injury, depending on the presence of disruption of the dura mater. Most of all TBIs are 
closed injuries, and they can be both focal or diffuse. The term diffuse axonal injury (DAI) 
has lately been reserved for the clinical syndrome with supporting neuroradiological 
changes, while the term used for the pathological/neuroradiological demonstration of 
damaged axons in a pattern supporting a traumatic etiology is traumatic axonal injury 
(TAI) (Smith, 2011). In the literature cited in this study, however, both the terms, DAI 
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and TAI, have mainly been used interchangeably for the neuroradiological demonstration 
of damaged axons.

Pathologies caused by TBI are not static but change with time. These pathologies 
are modified by other pathophysiological parameters, which enables therapeutic 
interventions. Even the effects of a mild TBI may lead to long-term problems. More 
studies are needed to identify patients at risk of long-term neurodegeneration and to 
understand the underlying pathological processes.

A TBI-associated lesion may occur anywhere in the brain, but lesions often predominantly 
affect cortical structures (contusions) and white matter (WM) pathways (TAI).

Contusions
Contusions typically involve the crests of gyri and are often superficial, involving the 
grey matter only, but they may extend into underlying white matter and form a hematoma. 
By definition the pia mater is intact in overlying contusions but torn in lacerations. 
Contusions typically involve the frontal poles, the inferior frontal lobe, the temporal 
poles and lateral and inferior aspects of the temporal lobes, and the cortex below and 
above the Sylvian fissure (Smith, 2011). Contusions involving the occipital lobes and 
cerebellum are rare due to the smooth inner surface of the posterior fossa of the skull 
(compared with the bony ridges of the anterior and middle fossae). Still, contusions may 
be seen in atypical places directly related to skull fractures. The pattern of contusions 
may be coup (contusions involving frontal and temporal lobes following a fall forward), 
contrecoup (contusions involving frontal and temporal lobes following a backward fall), 
or underlying fractures. 

Traumatic axonal injury (TAI)
Traumatic axonal injuries contributes to at least 35% of the mortality and morbidity of 
TBI cases without space-occupying lesions, and TAI is an important cause of severe 
disability in head injury survivors (Smith, 2011). 

The location and severity of traumatic axonal injury is related to various factors (Adams 
et al., 1982; Parizel et al., 1998) including the characteristics of acceleration/deceleration 
forces during the trauma incident, and differences in attenuation and rigidity between 
adjacent cerebral structures. Originally, trauma-induced axonal injury was thought to 
be the result of axons being disconnected at the time of the impact (primary axotomy). 
However, current opinion based on many experimental studies (Farkas and Povlishock, 
2007) is that the forces modify focal axonal sections, resulting in mechanoporation with 
calcium influx and microtubule disruption causing local axonal transport impairment and 
axonal swelling, followed by detachment over a period of time after injury (Smith, 2011). 

Association pathways (i.e. fibre bundles that travel to other cortical areas in the same 
hemisphere), the commissural fibres (i.e. fibres that pass to the contralateral hemisphere) 
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of the corpus callosum, and several projection fibres (i.e. fibres that connect the cerebral 
cortex with the subcortical centres, the brain stem, and the spinal cord) belong to the most 
commonly damaged tracts after TBI (Kinnunen et al., 2011; Kraus et al., 2007; Lipton et 
al., 2008; Nakayama et al., 2006; Niogi et al., 2008; Rutgers et al., 2008; Salmond et al., 
2006; Xu et al., 2007). The association tracts commonly damaged include the uncinate 
fasciculus (UF), cingulum, superior lognitudinal fasciculus (SLF), inferior lognitudinal 
fasciculus (ILF), and the inferior fronto-occipital fasciculus (IFOF) (Kinnunen et al., 
2011; Kraus et al., 2007; Niogi et al., 2008; Xu et al., 2007). Association tracts are 
typically involved in cognitive tasks such as executive functions, attention, memory, 
and learning (Niogi and Mukherjee, 2010; Schmahmann et al., 2008). The UF (Catani 
and Mesulam, 2008; Duffau et al., 2009; Schmahmann et al., 2008) and cingulum 
(Schmahmann et al., 2008) are also involved in emotion processing. Association tracts 
may also be components in processing visual spatial information (IFOF), may serve 
as the conduit for the neural systems serving visual awareness and engagement in the 
environment (SLF), or may be important for the auditory-related processing (AF). 
Damage in ILF may cause visual agnosia and prosopagnosia (Schmahmann et al., 2008). 
The corpus callosum transfers motor, sensory, and cognitive information between the 
brain hemispheres, and is involved in several functions of the body, such as, tactile 
localization, eye movement, and maintaining the balance of arousal and attention. The 
projection fibres consist of fibres uniting the cortex with the lower parts of the brain and 
with the spinal cord, and they are involved in several, for example sensoral and motor, 
functions of the brain.

2.1.3.	Epidemiology of TBI

TBI is a major cause of death and severe disability under the age of 45 years in Western 
countries (MacKenzie, 2000). Road traffic accidents, falls, and violence are the major 
causes of TBI (Murray et al., 1999; Tagliaferri et al., 2006).

Data on hospital discharges and on deaths at national or local level do allow head injuries 
to be identified by the International Classification of Diseases (ICD) codes (Jennett, 
1996).

Epidemiology of TBI, however, is difficult to describe accurately because of 
inconsistencies in the TBI definition and classification, along with discrepancies in 
data collection. Especially true number of mild TBI cases is difficult to define, since it 
might be that only about 25% of individuals with TBI are treated in hospitals (Sosin et 
al., 1996). Moreover, the TBI mortality rate and distribution of etiological factors may 
change over time, and differ between regions (Dutton et al., 2010; Murray et al., 1999). 

There are significant differences in the death rates even between Finland and the other 
Nordic countries; in the study of Sundstrøm et al. (2007), Finland had about twice as 
high a TBI mortality rate as the other Nordic countries. It seems unlikely that all the 
observed variation would be explained by differences in the criteria used to define TBI or 



	 Review of the Literature	 17

to identify patients, since Sundstrøm et al. also found a similar difference when analyzing 
data from a completely different source: Finnish neurosurgeons performed approximately 
twice as many operations for acute TBI as their Nordic colleagues. Alcohol misuse is a 
well-known modifiable risk factor for TBI and other injuries. In Finland, the drinking 
pattern is more intoxication-oriented compared to the other Nordic countries (Ramstedt, 
2007). This high frequency of heavy drinking may partly explain the higher number of 
TBI deaths among Finns. Moreover, assaults as a cause of moderate or severe TBI are 
relatively common in Finland (13%) compared to the other European countries (0.7%-
3.6%) studied by Hukkelhoven et al. (2002), which may also reflect the drinking habits.  

According to the systematic review article of brain injury epidemiology in Europe, the 
incidence in adults with all TBI severities, is in the range of 150-300 per 100 000 per 
year (Tagliaferri et al. 2006). In their study, Koskinen and Alaranta (2008) found that, 
during 1991-2005, the average incidence of hospitalized TBI as the primary diagnosis 
in patients who did not have a previous TBI in their medical history, was 101/ 100 
000 in Finland, and ca. 59% of the patients were males. Falls were the most common 
and traffic accidents the second most common external cause of TBI in all age groups. 
Falls were especially common in the youngest and oldest age groups. In the age group 
of 20–29 years, falls (36%) and traffic accidents (34%) were almost equally common. 
The estimated annual total number of new patients suffering from TBI in Finland is 21 
000–31 000 (Koskinen and Alaranta, 2008). 

2.1.4.	Outcome

Definition
Different tools to define outcome after TBI have been developed. The Glasgow Outcome 
Scale (GOS) (Jennett and Bond, 1975) has been generally accepted and is one of the 
most widely used methods of analyzing outcome in head-injured patients (Teasdale et al., 
1998). It is used to rate a patient’s overall outcome, taking into consideration cognitive 
and physical impairments, as well as disability in everyday activities. The five categories 
of the original scale are: dead (1), vegetative (2), severely disabled (3), moderately 
disabled (4), and good recovery (5). The extended version of the scale (GOS-E) (Wilson 
et al., 1998) divides each of the latter three categories into two, making eight categories, 
and thus describes the upper range of outcome in more detail.

Severe and moderate TBI
According to a meta-analysis of studies on severe TBI (Stein et al., 2010), case fatality 
rates are approximately 35% and have not decreased since 1990. Progress in diagnosis 
and treatment has been balanced by factors that are associated with poorer outcome, 
including more virulent mechanisms of injury and higher age of TBI patients (see, e.g. 
Dutton et al., 2010; Sundstrøm et al., 2007). Mortality (at 6 months or at one year) in 
moderate TBI has ranged between 9% and 21% in multicentre studies (Andriessen et al., 
2011, Compagnone et al., 2009; Murray et al., 1999). 
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Subjects with moderate-to- severe injuries face a spectrum of cognitive, social, emotional, 
and behavioural changes from their pre-traumatic level. In the recent multicentre study 
of Andriessen et al. (2011), 52% of severe and 45% of moderate TBI survivors still 
experienced some level of disability (GOSE ≤6) at one year post-injury, emphasizing the 
severe and long-term consequences of the disorder. The major cognitive and functional 
deficits after moderate TBI include memory problems, concentration difficulties, 
fatigue, and headaches (Vitaz et al., 2003). The psychosocial problems of decreased 
social contact, depression, and loneliness remain a persistent long-term problem for the 
majority of individuals with severe TBI (Morton and Wehman, 1995). 

Mild TBI (mTBI)
Mild traumatic brain injury represents about 70-90% of all treated TBIs, and the 
population-based rate is propably two to six times higher than that of hospital-treated 
mild TBIs (Holm et al., 2005). 

Most individuals with mild TBI recover completely without permanent cognitive or 
psychological sequelae (Iverson, 2005). A sub group of the patients, however, have 
prolonged post-concussive symptoms, including cognitive (e.g., poor memory and 
concentration), somatic (e.g., headache, dizziness), and affective (e.g., depression, 
irritability) symptoms diminishing the quality of life (McCauley et al., 2001) for these 
patients. In late, persistent, or prolonged post-concussive syndrome (PPCS), these 
symptoms last for over six (Evans, 2004) or by other standards, three (Bigler, 2008) 
months. However, it is not clear that there is a postconcussive “syndrome” per se, or 
rather common symptoms that occur to greater or lesser degrees in a particular individual 
as a function of a specific injury and relevant premorbid factors (McAllister, 2011). In 
the literature, besides the definition, also the indicator of poor outcome varies (from 
self-reported symptoms to more objective measures, including neurocognitive tests). 
Several reviews, summarized by McAllister (2011), are consistent in concluding that at 
group level, most spontaneous cognitive recovery after mTBI is complete by 3 months 
postinjury. According to the estimate of Iverson (2005), 10-20% of mTBI patients 
experience incomplete recovery, which makes mTBI a major public health concern. 

Predicting outcome after TBI
There are several pre-injury, time of injury and post- injury factors that have been shown 
to have an influence on outcome after TBI. These factors include age at injury (Kuo 
et al., 2011), gender (Berry et al., 2009), genetic factors (McAllister, 2011), level of 
education (Sherer et al., 2002), compensation/litigation (Holm et al., 2005), the force 
and direction of impact (Ommaya et al., 2002), the size, location, and nature of the brain 
lesion (Jacobs et al., 2011; Lehtonen et al., 2005; Medana and Esiri, 2003; Perlbarg 
et al., 2009), preoperative midline shift (Kuo et al., 2011), PTA (Walker et al., 2010), 
GCS (Machamer et al., 2005), and the psychological and emotional state of the patient 
(Whelan-Goodinson et al., 2008). The recently published 30-year follow-up study of 
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Himanen et al. (2011) suggests that besides the higher age at injury and presence of other 
illnesses, the vocational outcome is associated with long-term survival.

Although a large scale of prognostic factors for traumatic brain injury has been evaluated, 
clinical classification and conventional neuroimaging techniques fail to accurately predict 
long-term outcome (Lee et al., 2008; Le and Gean, 2009). Recently, two promising 
multifactoral models has been developed for outcome prediction in moderate-to-severe 
TBI: The Corticosteroid Randomization after Significant Head Injury (CRASH) trial 
(http://www.crash.lshtm.ac.uk/Risk%20calculator/index.html) and the International 
Mission on Prognosis and Analysis of Clinical Trials in TBI (IMPACT) (http://www.tbi-
impact.org/) are freely available on the internet. In both models, age and clinical features 
with or without CT classification are used as predictive factors. Also blood glucose and 
hemoglobin values (IMPACT) and geographical location (CRASH) have been taken 
into account. However, even if these models provide robust probabilistic estimates of 
outcome in groups of patients, they cannot accurately predict outcome in individuals 
(Menon and Zahed, 2009). 

Structural neuroimaging exams are often administered for diagnostic purposes after 
traumatic brain injury. Ideally, neuroimaging would provide accurate diagnosis of injury 
severity that would be informative considering acute treatment and also be predictive 
for indiduals long-term functional recovery. According to several earlier studies, 
diffusion-weighted imaging (DWI) (Goetz et al., 2004; Shanmuganathan et al., 2004) 
and diffusion tensor imaging (DTI) (Caeyenberghs et al., 2010; Kraus et al., 2007; Messé 
et al., 2011; Niogi et al., 2008; Wang et al., 2008; Warner et al., 2010) may be valuable 
MRI techniques in outcome prediction. 

Predicting whether patients will go on to develop persistent postconcussive syndrome 
after mild TBI is particularly challenging. However, to find predictors for PPCS is of 
potential interest, because neurobehavioural rehabilitation reduces the risk of persistent 
symptoms, and treatment failure is common if symptoms persist after 3 to 6 months 
(Mittenberg et al., 1996). Previous data of Lange et al. (2012) do not support an association 
between white matter integrity in the corpus callosum and self-reported postconcussion 
syndrome 6 to 8 weeks after mild TBI.

2.2.	 STRUCTURAL IMAGING OF TBI

2.2.1.	Structural and technical principles

Structural imaging refers to various techniques including computed tomography (CT) 
and magnetic resonance (MR) imaging (MRI) that generate static views of the brain. The 
brain can be compartmentalized into white matter (WM), gray matter (GM), and cerebral 
spinal fluid (CSF) –filled spaces. The brain’s vasculature can be separately imaged using 
structural imaging techniques, but the vasculature makes up only a small percentage of 
total brain volume and the microvasculature within GM and WM becomes (except in 

http://www.crash.lshtm.ac.uk/Risk%20calculator/index.html
http://www.tbi-impact.org/
http://www.tbi-impact.org/
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cases of a present disease state or hemorrhage) classified as the tissue that it is embedded 
in. Although a focal lesion, such as a contusion, may appear as an impressive localized 
lesion on structural imaging, the true neurobehavioural effect of that region of damage is 
how it disrupts the network of WM pathways (Bigler, 2011). Besides TBI, the changes 
in the integrity of the WM pathways are related to a wide variety of brain disorders at 
any age, and the ability to measure these pathways is of great interest in many clinical 
settings.

CT and MRI analyse a three-dimensional volume or slice of patient tissue to produce 
a two-dimensional image. The resulting image is built of a matrix of picture elements 
(pixels), each one representing a volume element (voxel) of patient tissue. CT and MRI 
define a numeric value for each pixel. The matrix of picture elements that make up each 
image is usually between 128 x 256 (32 768 pixels) and 560 x 560 (313 600 pixels). 
To produce an anatomic image, shades of gray are assigned to ranges of pixel values. 
To analyze optimally all the anatomic information of any particular slice, the image is 
viewed at different window-width and window-level settings optimized for different 
tissues (Brant, 2007).

2.2.2.	Computed Tomography (CT)

CT produces a volume of data in order to demonstrate different bodily structures based 
on their ability to block the X-ray beam. CT is highly accurate in the detection of acute 
intra-axial and extra-axial hemorrhage, as well as skull, temporal bone, facial and orbital 
fractures (Barr et al., 2007).

In the acute management of a TBI patient, CT imaging is routinely the first imaging 
method (Coles, 2007; Toyama et al. 2005). CT scans can be performed rapidly, and 
pathology that is critical for the early medical management of cerebral trauma, such 
as various types of hemorrhages, clinical presentation of cerebral edema, and presence 
of midline shift, can be detected by CT (Bigler, 2011). Moreover, CT can safely be 
performed also in monitored patients and in patients with (or without knowledge about 
having) a pacemaker or other implanted metallic device. From the rehabilitation and 
neurobehavioural outcome perspective, CT imaging, however, has a very limited role. 
Plenty of studies have shown magnetic resonance imaging (MRI) to be superior to CT 
in the detection of intraparenchymal traumatic lesions, both in the acute and chronic 
stages, and regardless of the injury severity (See, e.g. Fiser et al., 1998; Hadley et al., 
1988; Ichise et al., 1994; Jenkins et al., 1986; Newton et al., 1992; Paterakis et al., 2000). 
Especially traumatic axonal injuries and brainstem injuries are much better seen by MRI 
than by CT (Barr et al., 2007).

2.2.3.	Conventional Magnetic Resonance (MR) Imaging (MRI)

Magnetic resonance imaging is based on the ability of a small number of tissue protons 
to absorb and emit radio wave energy when the body is placed within a magnetic field. 
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Whereas CT evaluates only one tissue parameter, X-ray attenuation, MRI analyzes 
multiple tissue characteristics including proton (hydrogen) density, T1 and T2 relaxation 
times of tissue, and blood flow within tissue (Brant, 2007). A small number of tissue 
protons align with the main magnetic field and are afterwards displaced from their 
alignment by application of radiofrequency (RF) gradients. When the RF gradient is 
terminated, the displaced protons realign with the main magnetic field, releasing a pulse 
of energy that is detected, localized, and processed by a computer algorithm (Brant, 
2007). Different tissues absorb and release radiowave energy at different characteristic 
rates. Longitudinal or spin-lattice relaxation (T1) is the mechanism by which an excited 
magnetization vector returns to equilibrium (conventionally shown along the z axis), and 
T1 is basically a measure of how quickly a tissue can become magnetized. Tranverse or 
spin-spin relaxation (T2) is the mechanism by which the excited magnetization vector 
(conventionally shown in the x-y plane) disintegrates, and it indicates how quickly 
a tissue loses its magnetization. T2 is always at least slightly faster than longitudinal 
relaxation. Proton density-weighted images, respectively, emphasise proton density 
differences in tissues. 

The present MRI technology is based on a relatively large scale of MR sequence 
techniques, with several variations used by different MR manufacturers. In this study, 
the following MRI sequences are considered conventional:

Spin-echo (SE)
SE pulse sequences produce conventional (standard) T1-weighted images (T1WIs), 
T2WIs, and proton density-weighted images. For the SE sequences, the operator selects 
two major components of MR instrument settings: time of repetition (TR) and time of 
echo (TE). TR is the time between RF pulses, and the MR signal is acquired at time TE 
after excitation. SE T1WIs are obtained by selecting short TR (≤ 500 ms) and short TE 
(≤ 20 ms), and SE T2WIs by selecting long TR (2000 ms) and long TE (70ms). Proton 
density-weighted images are obtained by minimizing both T1 and T2 effects, which 
emphasize hydrogen-density differences in tissues. In proton density-weighted images, 
a long TR (2000 to 3000 ms) and a short TE (25 to 30 ms) are used.  

Fast spin-echo (FSE)
Fast spin-echo sequences, also known as turbo spin-echo (TSE), multiple spin-echo, echo 
train, or rapid-acquisition relaxation-enhanced (RARE) sequences, markedly reduce 
image acquisition time. Blurring occurs because of lower signal intensity compared with 
SE sequences (Brant, 2007). 

Inversion recovery (IR)
Inversion recovery pulse sequences are used mainly to emphasize differences in T1 
relaxation times of tissues. A delay time, the time of inversion (TI), is added to the TE, 
and TR instrument settings selected by the operator (Brant, 2007).
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Fast spoiled gradient echo (FSPGR) 
Fast spoiled gradient-echo of three-dimensional MRI data improves the anatomical 
display of the sulcal structure of the hemispheric convexities.

MRI studies are often performed in the subacute and chronic stages of recovery from 
TBI, with the intention of answering specific neuropsychiatric questions regarding 
patient status and/or to assist in evaluating outcome (Ashwal et al., 2006; Levine et 
al., 2006). However, the clinical use of MRI in imaging of TBI has not achieved a 
universally accepted role. Even if MRI is superior in demonstrating traumatic lesions 
compared to CT, its role in clinical decision-making or outcome prediction has given 
conflicting results (Paterakis et al., 2000; Levin et al., 1987; Wilson et al., 1988; 
Mitchener et al., 1997; Van der Naalt et al., 1999; Hofman et al., 2001; Hughes et al., 
2004; Scheid et al., 2003; Gerber et al., 2004; Tong et al., 2004; Schaefer et al., 2004; 
Huisman et al., 2004; Pierallini et al., 2000). In more recent studies (Niogi et al., 2008; 
Lee et al., 2008) the number of abnormalities in conventional MRI has not correlated 
with cognitive performance in TBI. A seldom raised viewpoint is, however, the role 
of early imaging in documenting the intracranial injury, since late imaging may fail to 
demonstrate the trauma- induced changes. Previous systematic studies clarifying the 
visibility of traumatic axonal injury lesions with time have been practically non-existent.

2.2.4.	More advanced MR imaging techniques

The sensitivity in detecting TBI-related anatomical abnormalities by MRI depends on 
the image sequence and methods used. TBI often leads to persistent symptoms even in 
patients without findings in conventional MRI (Sheid et al., 2006; Fork et al., 2005). 
Several studies with relatively modern imaging techniques, such as haemorrhage 
sensitive T2*-weighted gradient-echo imaging or susceptibility- weighted imaging, 
magnetization transfer imaging, diffusion-weighted imaging, and diffusion tensor 
imaging have demonstrated that both CT and conventional MRI are rather insensitive 
tools for detecting traumatic axonal injury and underestimate the extent of injury 
(see, e.g. Scheid et al., 2003; Tong et al. 2004; Hofman et al., 2002; Schaefer et al., 
2004; Huisman et al., 2004, respectively). The frequency of axonal injury is, however, 
underestimated even with MR imaging techniques including fluid-attenuated inversion 
recovery (FLAIR), T2-weighted fast spin-echo, and T2*-weighted gradient-echo (GE) 
sequences (Parizel et al., 2005; Schaefer et al., 2004). Recently, much interest has been 
directed towards the potential of DWI and DTI techniques to investigate traumatic axonal 
injury. Since this study consentrates on the DWI and DTI techniques, the literature of 
these methods is more widely reviewed. 

2.2.4.1. T2*-Weighted Imaging and Susceptibility-Weighted Imaging (SWI)

The presence of paramagnetic blood breakdown products results in magnetic susceptibility 
differences and creates local magnetic field inhomogeneties, which manifest as marked 
hypointensity on T2*-images. T2*-weighted gradient-echo MR imaging and the high-
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resolution gradient-echo MRI technique, known as susceptibility-weighted imaging, are 
known to be useful in detecting hemorrhagic lesions associated with DAI (Scheid et 
al., 2003; Tong et al., 2004). SWI is 3-6 times more sensitive than conventional T2*- 
weighted gradient-echo (T2*GE) sequences in detecting the size, number, volume, and 
distribution of hemorrhagic lesions in DAI (Mittal et al., 2009). 

2.2.4.2. Magnetization transfer imaging (MTI)

Magnetization transfer imaging contrast is obtained by applying a radio frequency only 
to the proton magnetization of the macromolecules based on the interaction and exchange 
of protons unbound in free water with those bound with macromolecules (Bagley et al., 
2000). Tissue damage is visualized as a reduced proton exchange, or a decrease in the 
magnetization transfer ratio (MTR), whereas an elevated proton exchange, or increased 
MTR, is evidence of possible remyelination or resolution of edema. 

2.2.4.3. Diffusion-weighted imaging (DWI)

DWI is an imaging technique acquired on a standard MRI scanner that provides information 
about the random thermal motion of water molecules and allows quantification of tissue 
architecture through the degree of tissue water diffusion within a voxel (Basser, 1995). 
This determination of ‘apparent diffusion coefficient’ (ADC) or ‘mean diffusivity’ 
(MD), represents the overall average measure of diffusion and can provide information 
on pathological changes not detectable on visual evaluation. The terms mean diffusivity 
and apparent diffusion coefficient have been used interchangeably and both are used 
in the literature cited in this study. Based on DWI the lesions can be characterized into 
those with increased diffusivity and those with decreased diffusivity (Arfanakis et al., 
2002; Assaf et al., 1997). The value of DWI in the evaluation of TAI and other traumatic 
lesions in the acute stage have been demonstrated in several previous studies (Alsop et 
al., 1996;  Ezaki et al., 2006; Hergan et al., 2002; Kinoshita et al., 2005;  Liu et al., 1999; 
Schaefer et al., 2004). Besides the improved lesion detection and characterization, DWI 
may provide clinically relevant quantitative data on traumatic tissue changes outside the 
visible lesions. 

The precise mechanisms underlying the changes in ADC values associated with acute 
head trauma are still not fully understood. Huisman et al. (2003) have assumed that 
the increased ADCs may be a marker of less severe injury, most likely representing 
vasogenic edema. In severe TBI, edema has been reported to be predominantly cellular, 
with decreased ADC in the acute stage (Marmarou et al., 2006). During the first and 
second days after the injury, the majority of shearing injuries have shown decreased ADC 
values (Assaf et al., 1997; Schaefer et al., 2004). However, after the first days, mainly 
increased ADCs have been reported, and at one week these have been dominant (Assaf et 
al., 1997). Earlier studies have shown increased ADC values in normal-appearing brain 
in acute TBI (Goetz et al., 2004; Inglese et al., 2005; Shanmuganathan et al., 2004), but 
also reduced ADC in the normal-appearing corpus callosum due to acute TAI has been 
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reported (Huisman et al., 2004). Previous reports have demonstrated ADC changes of 
normal appearing brain tissue only in some regions (Goetz et al., 2004; Huisman et al., 
2004; Inglese et al., 2005), or in whole-brain histograms (Shanmuganathan et al., 2004). 
Increased ADC values in whole-brain peak ADCs have shown significant correlation 
with GCS (Shanmuganathan et al., 2004), and according to the earlier study of Goetz 
et al. (2004), increased ADC values of normal-appearing white matter in TBI patients 
correlate with injury severity. The extent of pathological changes, however, has not been 
clarified. In most previous studies of ADC changes in TBI, the measurements have been 
performed only in structures in which traumatic axonal injury generally occurs, such as 
frontotemporal white matter, corpus callosum and corona radiata. 

2.2.4.4. Diffusion tensor imaging (DTI)

DTI is an imaging technique acquired on a standard MRI scanner that can be used to non-
invasively estimate white matter tract integrity in vivo. Both 1.5 T and 3 T MRI scanners 
are common in clinical use, but typical current “best practice” 3 T DTI protocols differ 
considerably from older 1.5 T versions, with the inclusion of modern array head coils 
resulting in higher signal to noise ratios (Vollmar et al., 2010). 

DTI provides information about the random thermal motion of water molecules, and 
allows quantification of tissue architecture through both, the degree and directionality 
of tissue water diffusion (Basser, 1995; Basser and Pierpaoli, 1996). In human tissues, 
water diffusion is not free in all directions but hindered and restricted by the presence of 
barriers, including cell cytostructure and membranes. For example, in the white matter 
(WM) regions of the brain, where the neuronal projections or axons are similarly aligned, 
water diffusion is generally greater in the direction along axons than perpendicular to 
them. This characteristic is referred to as anisotropic diffusion. Anisotropy is commonly 
expressed relative to the magnitude of the diffusion tensor as the fractional anisotropy 
(FA) (Basser and Pierpaoli, 1996). The gray matter regions are characterized by a less 
ordered tissue structure, and diffusion, in contrast to white matter, tends to be less 
anisotropic and more uniform in all directions. 

DTI technique describes the diffusion process using three eigenvectors, of which the 
magnitudes, the eigenvalues (Alexander et al., 2007), quantify the diffusion in three 
orthogonal directions. The anisotropic diffusion in the WM of the brain is determined 
by several factors including the thickness of the myelin sheath and of the axons, and 
the distribution of directions, and the density of WM fibre tracts. FA ranges from 0 to 
1, where 0 represents completely isotropic diffusion (free diffusion) and 1 represents 
the most anisotropic diffusion (diffusion restricted to one direction). In addition, radial 
diffusivity (RD) denotes the extent of diffusion perpendicular to the direction of maximal 
diffusivity, which presumably includes diffusion through intracellular and extracellular 
space perpendicular to the predominant orientation of the axons. Mean diffusivity (MD), 
or ‘apparent diffusion coefficient’ (ADC), refers to the average of the three eigenvalues 
and represents the overall average measure of diffusion. DTI can, at the macroscopic scale 



	 Review of the Literature	 25

of a voxel, detect the extent of directional bias of diffusion occurring at the microscopic 
level. Thus, DTI is able to distinguish between regions where fibres are highly aligned 
in the voxel from those where fibres are less coherent. Orientation of specific tracts can 
be visualised on two-dimensional colour maps based on eigenvalues and eigenvectors 
of the diffusion tensor ellipsoid that determine the shape and orientation, respectively, at 
each image pixel (Mori et al., 1999).

DTI analysis may be performed in several ways including whole-brain histogram 
analysis, voxel-based analysis (VBA), region-of-interest (ROI) method, and quantitative 
fibre tracking (Quantitative diffusion tensor tractography, qDTT):

Whole-Brain histogram Analysis
Histogram analysis can be used to produce a summary of changes to the whole brain. It 
is fast, easy to implement, does not require spatial warping, and can be used for single-
subject analysis. However, whole-brain histogram analysis cannot provide regionally 
specific information, and thus may lack utility for correlation to deficits in particular in 
cognitive and behavioural domains (Niogi and Mukherjee, 2010). 

Voxel-Based Analysis (VBA)
The VBA analysis method is fully automated, data-driven, and easily reproducible. 
However, inaccurate spatial normalization of data may introduce errors, which makes 
interpreting the results problematic since positive results may be a result of local 
misalignment (Niogi and Mukherjee, 2010). VBA analysis examines the entire brain 
without the need for a priori hypotheses, which is why these studies are best suited 
to determine common areas of damage by comparing TBI cohorts to normal controls. 
However, the spatial heterogeneity of injury in TBI reduces the sensitivity of group 
comparisons using VBA, because VBA only detects those changes that are common 
across the entire experimental cohort when compared with normal controls. Moreover, 
it has not been universally accepted that VBA has sufficient statistical power for single-
subject analysis, which may limit its clinical utility (Niogi and Mukherjee, 2010).

Region-Of-Interest (ROI) method
One commonly used approach to DTI analysis is based on cross-sectional identification 
of a tract of interest by drawing regions of interest (ROIs) for the specified volume. 
Fractional anisotropy and mean diffusivity can be derived from the calculated tensor 
for each voxel within the ROI as a quantitative measure of the directionality and total 
amount of water diffusion of the given ROI volume (Basser and Pierpaoli, 1996). ROI 
measurement has the advantage of being relatively easy to implement, but, on the 
other hand, there are several limitations related to the manual ROI definition including 
inconsistency in placing ROIs and contamination from the CSF or grey matter, as well 
as inclusion of white matter from different projections (Kanaan et al., 2006; Snook et 
al., 2007). Additionally, the decision to include or exclude subjects who have incidental 
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findings, such as nonspecific white matter hyperintensities, can influence the results of 
a study (Iverson et al., 2011). Most importantly, ROIs typically encompass only a small 
region of the entire 3D course of the tract of interest, thus reducing the generalizability 
of the results (Niogi and Mukherjee, 2010). 

Quantitative Diffusion Tensor Tractography  (qDTT)
Quantitative diffusion tensor tractography is a relatively new method to perform 
DTI analysis that can be used to assess entire pathways according to diffusion tensor 
anisotropy, derived from DTI (Wang et al., 2008; Wilde et al., 2008). Fibre tracking 
algorithms, which use the information provided by the diffusion tensor concerning the 
orientation of fibres within a voxel, can be used to calculate the representation of WM 
tracts in 3D, which, in turn, allows DTI metrics such as mean diffusivity, fractional 
anisotropy, and volume of the whole tract to be measured. The major potential limitation 
with quantitative tractography is that mTBI may possibly manifest with only small foci 
of damage, even at the microstructural level, which may be difficult to detect when 
examining whole-tract scalar measures in pathways that are mostly normal along their 
3D trajectories (Niogi and Mukherjee, 2010). 

Pathologic processes that alter the microstructure such as loss or disorganization of 
fibres associated with breakdown of myelin and downstream nerve terminals, neuronal 
swelling or shrinkage, and increased or decreased extracellular space, may affect 
both diffusion and anisotropy. FA and ADC/MD together are considered proxies for 
white matter integrity (Ducreaux et al., 2005). In particular, fractional anisotropy (FA) 
values have been promising to reveal injured white matter, and in general, FA values 
are considered more sensitive to show abnormalities than ADC values (Huisman et al., 
2004; Inglese et al., 2005; Kraus et al., 2007; Lipton et al., 2009; Niogi and Mukherjee, 
2010; Warner et al., 2010). A variety of diffusion changes associated with traumatic 
axonal injury in subjects with TBI have been reported. However, TAI have been mainly 
characterized by reduced FA (Arfanakis et al., 2002; Bendlin et al., 2008; Huisman et al., 
2004; Kraus et al., 2007; Rutgers et al., 2008; Wang et al., 2008) and/or increased ADC 
(Bendlin et al., 2008; Huisman et al., 2004; Inglese et al., 2005; Nakayama et al., 2006; 
Rugg-Gunn et al., 2001). 

Earlier clinical DTI studies on TBI have found reduced FA in several white matter areas, 
both within lesions and in tissue appearing normal on conventional MRI (Arfanakis et 
al., 2002; Chan et al., 2003; Huisman et al., 2004; Inglese et al., 2005; Nakayama et al., 
2006; Ptak et al., 2003; Rugg-Gunn et al., 2001; Salmond et al., 2006). At post-acute 
stages, ADC in areas of decreased FA has been found to be normal or increased (Chan et 
al., 2003; Inglese et al., 2005; Nakayama et al., 2006; Rugg-Gunn et al., 2001; Salmond 
et al., 2006). Several studies have shown widely distributed pathological FA values for 
various tracts in severe TBI, whereas in milder cases, the injuries may be more local 
(Niogi et al., 2008; Kraus et al., 2007; Bendlin et al., 2008). Most previous DTI studies 
of TBI using quantitave tractography have been limited to one or two tracts, such as the 
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corpus callosum (Nakayama et al., 2006; Wilde et al., 2008), or to only moderate/severe 
TBI (Warner et al., 2010; Wang et al., 2008; Caeyenberghs et al., 2010). 

2.2.5.	Structural imaging of TBI: Recent development

At the moment, DTI may be the most promising neuroimaging technique in TBI; 
besides the improved detection and localisation of the traumatic lesions without ionizing 
radiation, these lesions have in several studies correlated well with cognitive performance 
(Caeyenberghs et al., 2010; Kraus et al., 2007; Messé et al., 2011; Niogi et al., 2008; 
Wang et al., 2008; Warner et al., 2010). Moreover, the addition of DTI measures adjusted 
for age, gender, and admission GCS score may significantly improve prognostic models 
(Betz et al., 2012).

Although these results are promising, healthy scepticism and caution should be exercised 
with regard to interpreting their meaning because there is no consensus about which 
methods of data analysis to use and relatively few investigations have been conducted, 
of which most have been small in sample size and have examined patients at only 
one time point after injury (Grossman et al., 2010). Diffusion tensor tractography is 
increasingly used to examine structural connectivity in the brain in various conditions, 
but its reproducibility is understudied; there is still a need for reproducible imaging 
protocols and analysis methods applicable for clinical use in the diagnostics of TBI and 
other cognitive disorders. 

2.3.	 RELIABILITY OF THE STRUCTURAL IMAGING OF TBI

The concept of reliability is complex, but the decicion on whether a particular 
measurement or tool is of any value or not, may basically be made by answering the two 
questions: How reliable the measurement or tool is in itself, and how reliable raters are 
in performing it.

Pathology that is critical to the early medical management of cerebral trauma can be 
detected by CT (Bigler, 2011), but radiologists on call miss a significant number of 
brain contusions on acute brain CT, and there is significant variation in the detection of 
brain contusions even among the most experienced readers (Laalo et al., 2009). In MRI 
(unlike in CT), there are, besides the reader-dependent factors, numerous variables that 
can be adjusted during the acquisition of imaging that may have an influence on the 
reliability. As described before, a growing body of literature suggests that both CT and 
conventional MRI techniques are rather insensitive tools for detecting the full extent of 
TBI, especially traumatic axonal injury, and they fail to accurately predict long-term 
outcome. 

Several factors that influence the reproducibility of DTI measures have been studied in 
the literature. Scanner parameters including field strength and parallel imaging cf. non-
parallel imaging (Alexander et al., 2006), as well as acquisition parameters such as voxel 
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size (Vollmar et al., 2010), and use of motion correction (Ling et al., 2011), and cardiac 
gating (Chung et al., 2010), as well as the number of diffusion-weighted directions (Ni 
et al., 2006; Wang et al., 2012), may all influence the reproducibility of the DTI-based 
analyses. Besides the technical factors, the role of rater performance in reproducibility 
is important, since many of the technical factors may be standardized relatively easily.

In clinical DTI studies, tracts of interest are often identified on cross-sectional images, 
and the measurement is performed by drawing ROIs. Limitations related to the manual 
ROI definition include inconsistency in placing ROIs and contamination from the CSF 
or grey matter, as well as inclusion of white matter from different projections (Kanaan 
et al., 2006; Snook et al., 2007). The degree of reproducibility in cross-sectional ROI 
approaches is related to the ROI shape and size; a small ROI is more prone to noise 
and partial volume effects so that increasing ROI size improves reproducibility, as long 
as contamination from surrounding structures with markedly different voxel values is 
avoided (Vollmar et al., 2010).

Another tool used to identify specific white matter tracts is DTI tractography. There are 
various ways to perform quantitative fibre tracking analysis. The most common methods 
for isolating fibre tracts include the use of multiple inclusion and exclusion ROIs (Mori 
and van Zijl, 2002; Wakana et al., 2007). Tract-based analyses have several advantages 
compared to the cross-sectional ROI analyses including the larger number of voxels 
that reduce the measurement variance (Kanaan et al., 2006), as well as the higher level 
of automaticity and lower level of subjectivity (Borich et al., 2012). The need for many 
ROIs to isolate the specific tract can, however, diminish the reliability of the tract-based 
methods (Malykhin et al., 2008). Another tractography-technique-related limitation is 
the choosing of the appropriate FA threshold and deflection angle (Niogi and Mukherjee, 
2010). By using a low FA threshold, the peripheral parts of the tracts are included, while 
tractography with a high FA threshold concentrates on the core of the tract. Moreover, 
the large volume variability of the WM tracts (Hasan et al., 2010) can decrease the 
accuracy of FA and MD measurements. Additional measurements from the core of the 
tract may be used to confirm the tract-based results (Kurki et al., 2012; Yasmin et al., 
2008). Tractography with a high FA threshold provides a novel alternative possibility to 
perform the central part analysis in corresponding volumes representing the region with 
highest FA values in each subject (Kurki et al., 2012).

Reliability results concerning the cross-sectional ROI measurements in a healthy 
population have been somewhat controversial (Bisdas et al., 2008; Brander et al., 2010; 
Vollmar et al., 2010), and the reproducibility of the ROI measurements has been shown 
to vary regionally and depending on the ROI drawing method (Bisdas et al., 2008; 
Brander et al., 2010; Hakulinen et al., 2012). Only few previous reliability studies on 
the cross-sectional ROI measurements of the association tracts have been published. 
Previously, the semi-automated tractography-based MD and FA measurements have 
been reported to provide good to excellent intra- and inter-rater reliability in a healthy 
adult population (Wakana et al., 2007), and an excellent intra- and inter-rater reliability 
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in a combination of healthy and depressed subjects (Malykhin et al., 2008) in several 
WM tracts. Reliability of the tract volumes has shown more variation, and in the study of 
Malykhin et al. (2008), the least reliable measurements were for volumes of the uncinate 
fasciculus and rostral cingulum.  

In general, no single reliability estimate should be used for reliability studies (Bruton 
et al., 2000). As a reliability estimate, it is preferable to use the ICC rather than the 
CV, as the former relates the size of the error variation to the size of the variation of 
interest, but even the ICC analysis has some limitations; Since the ICC is calculated as 
a comparison of variation between cases (e.g., volume, FA or MD values of the tracts 
in the study population) to variation within cases (e.g., across raters), ICC may be 
high with a relatively large variation within cases if there is a large variation between 
cases (Bruton et al., 2000). Bland and altman’s 95% limits of agreement test gives 
additional information on the magnitude of disagreement between measurements that 
can be interpreted clinically (Bruton et al., 2000; Rankin and Stokes, 1998). However, in 
previous DTI reliability studies, the use of this coefficient of repeatability (CR) analysis 
has been rare. 

Besides TBI, the changes in the integrity of the white matter tracts are related to a 
wide variety of brain disorders at any age, which should be kept on mind in the clinical 
interpretation of the results, as well as in legal proceedings (Wortzel et al., 2011). 
Reduced FA and an increased MD are nonspecific findings in most pathological processes 
affecting the brain’s parenchyma (Hakulinen et al., 2012; Wortzel et al., 2011). Reduced 
FA has been detected even in heavy cigarette smokers and in internet addiction disorder 
subjects (Lin et al., 2012; Lin et al., 2013). It is known that age also affects both FA and 
ADC values, and that small changes occur across the lifespan and even in different ways 
in men and women (Sullivan et al., 2001; Hakulinen et al., 2012). At present, there is no 
gold standard for validating diffusion measures, which are dependent on the scanning 
protocols, software methods, and observers (Hakulinen et al., 2012). There is a need for 
reproducible imaging protocols and analysis methods applicable for clinical use in the 
diagnostics of TBI and other cognitive disorders.
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3.	 AIMS 

The general aim was to clarify the role of magnetic resonance imaging in the detection 
of pathologic changes following traumatic brain injury and investigate how to improve 
the radiological diagnostics of traumatic brain injury patients with persistent symptoms 
but with only few or no findings on conventional structural imaging (i.e. CT or routine 
MRI). 

The specific aims were:

1.	 to investigate the visibility of traumatic brain lesions on conventional MRI in 
early and late phase, with the hypothesis that there is a significant decrease in both 
the number and the volume of traumatic lesions with time

2.	 to study the occurrence and distribution of ADC changes throughout the normal-
appearing brain in acute TBI and, by correlating the ADC values with both the 
acute injury severity and outcome scores, to estimate the clinical significance of 
the eventual changes

3.	 to evaluate the number and type of abnormalities in quantitative diffusion tensor 
tractography of long association tracts in subjects with symptoms after traumatic 
brain injury without traumatic findings on routine MRI

4.	 to analyze the reproducibility of tractography-based measurements compared 
with conventional core ROI measurements by using a DTI sequence suitable for 
clinical protocols
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4.	 SUBJECTS AND METHODS

4.1.	 SUBJECTS WITH TBI (I-II) AND CONTROLS (II)

In this prospective study, 36 consecutive unselected patients attending the emergency 
department of Turku University Hospital due to TBI were studied one week (7 ± 2 days) 
and again one year (384 ± 29 days) after the trauma. The severity of the brain trauma 
was assessed by the Glasgow Coma Scale on arrival at the hospital and by the duration 
of post-traumatic amnesia (PTA), which was defined as the earliest time point for the 
recovery of continuous memory. The outcome was assessed one year after trauma by the 
Glasgow Outcome Scale, extended version (GOS-E) (Jennett et al., 1981). Subjective 
symptoms, both at one week and at one year after the injury, were assessed by the Head 
Injury Symptom Checklist (HISC) (McLean et al., 1984). 

The inclusion criteria for the TBI patients were: 1) acute (<3 days) brain trauma with 
one or more of the following: a) loss of consciousness for at least one min, b) PTA 
for at least 30 min, c) focal neurological symptoms or signs of brain injury during 
the first three days (hemiparesis, confusion etc.) not attributable to other factors, 
and d) neuroradiological findings demonstrating acute TBI; 2) age 16 - 70 years; 
and 3) informed consent. Patients with other central nervous system diseases or 
contraindications to MRI were excluded.

The temporally first 10 of the patients were studied on a Siemens Magnetom 1.5 T MR 
imaging system, and the following 26 were studied on a General Electric Signa 1.5 T 
MRI system. Only the patients studied on the General Electric Signa MRI system were 
included in study II. Of these 26 patients, another four were excluded because of the lack 
of their MR imaging information at the time of analysis. 

The TBI patients were divided into two groups; patients without visible lesions on 
conventional MRI images (n=16 (I); n=7 =Group A (II)), and patients with visible 
traumatic lesions (n=20 (I); n=15 =Group B (II)). In study II, fourteen healthy subjects 
served as controls and formed group C. The age and sex of the patients and controls did 
not differ significantly from each other.

Detailed dermographics of the patients and control subjects are presented in Table 2.

The majority of patients were male (69.4% (I); 77.3% (II)), and the mean age of the 
patients was 42.2 ± 16.7 years (I) and 41.8 ± 18.1 years (II). Most injuries were caused 
by a fall. 
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TABLE 2. Demographics of the subjects in studies I and II. Mean ± SD. 

Group A, I Group B, I Group A, II Group B, II Group C, II
Normal MRI Positive MRI Normal MRI Positive MRI Controls p-values
(n=16) (n=20) (n=7) (n=15) (n=14) A-B (I) A-B (II) A-C B-C

Age1 (range) 43 ± 14 (20-67) 42 ± 19 (16-67) 40 ± 18 (20-67)  42 ± 19 (18-67) 43 ± 17 (21-73) 0.696 0.919 0.857 0.966
Sex2 (m/f, n) 9/7 16/4 4/3 13/2 10/4 0.131 0.136 0.537 0.329
Cause of injury2 (n) 0.439 0.248
- traffic accident 3 7 1 6
- fall 13 13 6 9
Duration of PTA3 (n) 0.005**

- < 24 h 15 10
- 1 – 7 days 1 6
- > 7 days - 4
Initial GCS score3 14.2 ± 0.7 13.1 ± 2.7 14.3 ± 0.8 12.7 ± 3.0 0.592 0.396
   - range 13-15 6-15 13-15 6-15
GOS-E at one year3 7.1 ± 0.6 6.5 ± 1.1 7.1 ± 0.7 6.5 ± 1.2 0.122 0.254
   - range 6-8 5-8 6-8 5-8
HISC at one year1 4.4 ± 4.4 5.4 ± 6.1 0.900
   - range 0-15 0-18 

PTA=Post Traumatic Amnesia; GCS=Glasgow Coma Scale; GOS-E= Glasgow Outcome Scale, extended version; 
HISC=Head Injury Symptom Checklist
1Spearman’s Rank Correlation test
2One-way ANOVA
3Kruskal-Wallis test **Significant at level p<0.01

4.2.	 SUBJECTS WITH TBI AND CONTROLS (III, IV)

Demographics of the patients and control subjects are presented in Table 3.

III: The study population consisted of 153 consecutive clinical patients referred to 3 T 
MRI with advanced imaging sequences between July 2008 and December 2011, because 
of persisting symptoms following TBI, and with no TBI findings on conventional 
MRI. Subjects who had nonspecific white matter T2 hyperintensities with a maximum 
diameter less than 5 mm were included. This study was prospective, but the clinical 
characterization of the examined patients was studied retrospectively. 

The criteria for including subjects with TBI in this study were: 1) TBI leading to loss 
of consciousness and/or posttraumatic amnesia; 2) no other neurological or vascular 
disease, chronic hypertension or chronic alcoholism; 3) no signs of other brain diseases 
in routine MRI; 4) age 16-56 years, 5) time from injury ≥ 3 months, and 6) detailed 
clinical background information available. Of the 153 examined patients, 30 were 
excluded for lack of detailed clinical information, 13 for a time between trauma and 
MRI of less than three months, two for an age of over 56 years, and one for a lack of 
MRI data analysis, resulting in a total of 106 patients who were finally included (55 
men and 51 women; aged 16-56 years, mean 38.4+10.8 years (male 38.4+11.7 and 
female 38.3+10.0 years)).
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TABLE 2. Demographics of the subjects in studies I and II. Mean ± SD. 

Group A, I Group B, I Group A, II Group B, II Group C, II
Normal MRI Positive MRI Normal MRI Positive MRI Controls p-values
(n=16) (n=20) (n=7) (n=15) (n=14) A-B (I) A-B (II) A-C B-C

Age1 (range) 43 ± 14 (20-67) 42 ± 19 (16-67) 40 ± 18 (20-67)  42 ± 19 (18-67) 43 ± 17 (21-73) 0.696 0.919 0.857 0.966
Sex2 (m/f, n) 9/7 16/4 4/3 13/2 10/4 0.131 0.136 0.537 0.329
Cause of injury2 (n) 0.439 0.248
- traffic accident 3 7 1 6
- fall 13 13 6 9
Duration of PTA3 (n) 0.005**

- < 24 h 15 10
- 1 – 7 days 1 6
- > 7 days - 4
Initial GCS score3 14.2 ± 0.7 13.1 ± 2.7 14.3 ± 0.8 12.7 ± 3.0 0.592 0.396
   - range 13-15 6-15 13-15 6-15
GOS-E at one year3 7.1 ± 0.6 6.5 ± 1.1 7.1 ± 0.7 6.5 ± 1.2 0.122 0.254
   - range 6-8 5-8 6-8 5-8
HISC at one year1 4.4 ± 4.4 5.4 ± 6.1 0.900
   - range 0-15 0-18 

PTA=Post Traumatic Amnesia; GCS=Glasgow Coma Scale; GOS-E= Glasgow Outcome Scale, extended version; 
HISC=Head Injury Symptom Checklist
1Spearman’s Rank Correlation test
2One-way ANOVA
3Kruskal-Wallis test **Significant at level p<0.01

4.2.	 SUBJECTS WITH TBI AND CONTROLS (III, IV)

Demographics of the patients and control subjects are presented in Table 3.

III: The study population consisted of 153 consecutive clinical patients referred to 3 T 
MRI with advanced imaging sequences between July 2008 and December 2011, because 
of persisting symptoms following TBI, and with no TBI findings on conventional 
MRI. Subjects who had nonspecific white matter T2 hyperintensities with a maximum 
diameter less than 5 mm were included. This study was prospective, but the clinical 
characterization of the examined patients was studied retrospectively. 

The criteria for including subjects with TBI in this study were: 1) TBI leading to loss 
of consciousness and/or posttraumatic amnesia; 2) no other neurological or vascular 
disease, chronic hypertension or chronic alcoholism; 3) no signs of other brain diseases 
in routine MRI; 4) age 16-56 years, 5) time from injury ≥ 3 months, and 6) detailed 
clinical background information available. Of the 153 examined patients, 30 were 
excluded for lack of detailed clinical information, 13 for a time between trauma and 
MRI of less than three months, two for an age of over 56 years, and one for a lack of 
MRI data analysis, resulting in a total of 106 patients who were finally included (55 
men and 51 women; aged 16-56 years, mean 38.4+10.8 years (male 38.4+11.7 and 
female 38.3+10.0 years)).

An experienced neurological evaluation and a detailed neuropsychological examination 
had been performed in all patients, revealing common TBI-related symptoms and 
cognitive deficits (such as fatigue, impaired memory, attentional deficits, executional 
deficits) clinically related to their TBI. Severity of the TBI was defined on the basis of 
both the GCS and duration of the PTA as follows: mild TBI= GCS 13-15, PTA < 24 h; 
moderate TBI= GCS 9-12, PTA 1-7 days; severe TBI= GCS 3-8, PTA 1-4 weeks; very 
severe TBI= PTA more than 4 weeks. If the GCS and PTA criteria were not consistent, 
the more severe criteria were chosen. Outcome was assessed using the GOS-E. 

The injury was caused by a traffic accident in 55 patients, by a fall in 27 patients, by 
violence in 8 patients, and by other factors in 16 patients. The median time interval 
between injury and MR investigation was 41 months (minimum 3 months, maximum 
40 years).    

The results were compared with 62 age- and sex-matched healthy persons with no 
signs of brain abnormalities in MRI (31 men and 31 women; aged 16–55 years, mean 
35.5+11.3 years). A questionnaire was used to exclude earlier TBI and other brain 
diseases in control subjects.

IV: To evaluate intra-rater and inter-rater reproducibility of the DTI-related measurements, 
DTI images of 15 participants (n= 10 TBI sequels and 5 healthy subjects: mean age 
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39.7±12.2 years, range 18-58 years) were randomly selected from a larger population 
that had been studied with DTI methodology; these participants formed Group A. Ten 
participants (n= 3 TBI sequels and 7 healthy subjects: mean age 36.0±11.4 years, range 
18-55 years) were scanned twice 8-210 days apart in the same scanner with the same 
DTI protocol to find measurements with high between-scan consistency; they formed 
Group B.

TABLE 3. Demographics of the subjects in studies III and IV. Mean ± SD. 

Controls (III) Patients (III) Group A3 (IV) Group B4 (IV)
(n = 62) (n = 106) (n = 15) (n = 10)

Age (range) y 35.5 ± 11.3 (16-55) 38.4 ± 10.8 (16-56) 39.7±12.2 (18-58) 36.0±11.4 (18-55)
Sex (m/f, n) 31/31 55/51 10/5 4/6
Cause of injury (n)

- traffic accident 55
- fall 27
- violence 8 
- other1 16

Initial severity2 (range) 1.9 ± 0.79 (1-4)
GOS-E score (range) 6.2 ± 0.95 (8-4)
Median time from 
TBI (range, months)

41 (3-14 827)

1 	 Mostly bike accidents and object strikes the head
2 	 Severity of TBI was defined on the basis of both Glasgow Coma Scale (GCS) and duration of posttrau-

matic amnesia (PTA) as follows: 1= mild TBI= GCS 13-15, PTA < 24 h; 2= moderate TBI= GCS 9-12, 
PTA 1-7 days; 3= severe TBI= GCS 3-8, PTA 1-4 weeks; 4= very severe TBI= PTA more than 4 weeks. 
If the GCS and PTA criteria were not consistent, the more severe criteria were chosen.

3 	 n= 10 TBI sequels and 5 healthy subjects
4 	 n= 3 TBI sequels and 7 healthy subjects

4.3.	 GATHERING THE DATA

4.3.1.	MR image acquisition and image processing (I-II)

I: Ten patients were studied on a 1.5 T scanner (Siemens Magnetom, Erlangen, Germany), 
and the following sequences were used for analysis: 

1) 	 T2-weighted axial turbo spin echo (TSE) 3500/93 ms (repetition time/ echo time) 
with one acquisition, slice thickness 5.0 mm, data acquisition matrix 192 256 and 
field of view (FOV) 23.0 cm; 

2) 	 T1-weighted coronal SE 600/15 with two acquisitions, slice thickness 7.0 mm, 
data acquisition matrix 192 256 and	 FOV 23.0 cm; 

3) 	 T2/PD-weighted coronal TSE 3500/93/19 with one acquisition, slice thickness 4.0 
mm, data acquisition matrix 192 256 and FOV 23.0 cm.
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I, II: Twenty-six patients were studied on an another 1.5 T scanner (General Electric 
Signa, Milwaukee, Wisconsin, USA) using the following sequences: 

1) 	 T2-weighted axial fast spin echo (FSE) 4520/81.6 with 2 acquisitions, slice 
thickness 5.0 mm, data acquisition matrix 512 x 224 and FOV 24 x 18 cm,

2) 	 Fluid-attenuated T2-weighted fast spin echo inversion recovery (FSEIR) 
10002/172.5 with inversion time 2200 ms, one acquisition, slice thickness 7.0 
mm; data acquisition matrix 256 x 192 and FOV 24.0 cm, and

3) 	 3D fast spoiled gradient echo (FSPGR) 11.3/4.2, flip angle 20, one acquisition, 
data acquisition matrix 256 x 192, slice thickness 1.2 mm, FOV 22 x 17.6 cm, 124 
contiguous axial slices with no interslice gap.  

Because of missing MRI information for four patients at the time of analysis, only 
twenty-two of the patients were included in study II.

II: Additional T2*-weighted or EPI images were used to detect hemorrhagic lesions. 
DWI was performed using a spin-echo echo planar imaging sequence (SE-EPI) 
3000/98.8, one acquisition, slice thickness 5.0 mm, data acquisition matrix 128 x 128, 
FOV 24.0 cm.  The diffusion was measured in three orthogonal directions using b values 
of 0 and 1,000 s/mm2.  Three sets of orthogonal images and one set of trace images were 
generated on line. The images were transferred to a separate workstation, and ADC maps 
were generated using commercial software (Functool, GE Medical Systems). 

4.3.2.	Classification of the intraparenchymal lesions (I)

Primary intraparenchymal lesions were classified by their location into cortical contusions 
and other traumatic lesions. The MRI examinations were analysed by an experienced 
neuroradiologist. The early and late MRI studies were reviewed on different days. 

Contusions
Rating of contusions was done according to their number in different anatomical 
locations and their size. The extent of contusions was rated on a scale of 0–3, in which 1 
indicated contusions that included cortex and white matter (WM), together less than 0.5 
cm, while 2 indicated contusions that included WM from 0.5 to 2 cm, and 3 indicated 
contusions that included WM over 2 cm.

Other intraparenchymal lesions
Other intraparenchymal lesions were characterized as traumatic on the basis of their 
location and characteristics. These lesions consisted of traumatic axonal injuries and 
traumatic deep grey matter injuries. In general, haemorrhagic white matter changes 
without adjacent cortical lesion or lesions at the grey–white matter junction, in the corpus 
callosum, corona radiata and the dorsolateral upper brain stem, were characterized as 
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traumatic axonal injury. Visual rating of the traumatic lesions on T2-weighted images 
was done using a modified Scheltens semi-quantative rating scale (Scheltens et al., 
1993). Both T2-hyperintense and T2-hypointense changes were included.

4.3.3.	Apparent diffusion coefficient (ADC) measurements and regions of interest 
(ROI) analysis (II)

The ADC measurements were performed in 46 different anatomical locations including 
bilateral cortical, subcortical and deep brain structures using the region-of-interest (ROI) 
method. 

The measurements were performed using oval ROIs under the guidance of an 
experienced neuroradiologist (TK). The white matter atlas (Diffusion Tensor Imaging 
Atlas of the Brain’s White Matter Tracts (www.dtiatlas.org/) was used to ensure correct 
ROI placements and delineations. 

All measurements were performed outside the visible traumatic lesions. In addition to 
EPI (b=0) and trace diffusion images, orthogonal images were also used to separate 
various white matter structures. The fasciculi were visualized as structures with relatively 
low signal intensity on images with anteroposterior (y direction) diffusion gradient and 
relatively high signal intensity on other orthogonal images. Based on orthogonal DWI, 
superior longitudinal and subcallosal fasciculi and cingulum could be differentiated 
from other white matter, but in inferior frontal and deep temporal regions with several  
adjacent fasciculi, specific tracts were not defined. 

4.3.4.	Cognitive and neuropsychological methods (I-III)

The Glasgow Outcome Scale (GOS) has been generally accepted and one of the most 
widely used methods of analyzing outcome in head-injured patients (Teasdale et al., 
1998). It is used to rate a patient’s overall outcome, taking into consideration cognitive 
and physical impairments, as well as disability in everyday activities. In this thesis (I-III), 
the extended version of the scale (GOS-E) has been used, because patients with a mild or 
moderate head injury in general end up with good recovery or only moderate disability, 
and this scale describes this upper range of outcome in more detail. Additionally, 
subjective symptoms both at one week and at one year after the injury, were assessed by 
the Head Injury Symptom Checklist (McLean et al., 1984) (I).

4.3.5.	MR image acquisition and image processing (III-IV) 

MR data acquisition
MRI was performed at 3 T (Achieva, Philips Medical Systems, Best, the Netherlands) 
using a sensitivity encoding (SENSE) 8-channel transmit-receive head coil. The imaging 
protocol consisted of the following:

http://www.dtiatlas.org/
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1) 	 transverse T2-weighted turbo spin echo images (TR/TE 3405/80 ms, 40 slices 
with 3.0 mm thickness, 0.3 mm gap; 296 x 560r matrix, turbo factor 11, FOV 240 
mm, RFOV 84%, number of excitations 1, imaging time 2 min 37 s); 

2) 	 coronal fluid attenuated inversion recovery (FLAIR) images (TR/TE/TI 
11000/125/2800 ms, 32 slices with 4.0 mm thickness, 1.0 mm gap; 231 x 512r 
matrix, turbo factor 31, FOV 230 mm, RFOV 88%, number of excitations 1, 
imaging time 2 min 45 s); 

3) 	 sagittal 3D FLAIR images (TR/TE/TI 8000/338/2400 ms, 200 slices with 1.6 mm 
thickness, interval 0.8 mm; 129 x 432r matrix, turbo factor 110, FOV 230 mm, 
RFOV 100%, number of excitations 1, imaging time 4 min 00 s); 

4) 	 sagittal 3DT1 turbo field echo images, (TR/TE/TI 8.3/3.8/1032 ms, 165 slices 
with 1.0 mm thickness, 0.0 mm gap; 242 x 288r matrix, turbo factor 240, flip angle 
8o, FOV 244 mm, RFOV 105%, number of excitations 1, imaging time 5 min 29 
s);

5) 	 transverse susceptibility-weighted fast field echo images (venous BOLD) (TR/TE 
17/24 ms, 144 slices with 1.8 mm thickness, interval 0.9 mm; 201 x 512r matrix, 
turbo factor 21, flip angle 15o, FOV 230 mm, RFOV 80%, number of excitations 
1, imaging time 2 min 52 s); transverse minimum intensity projection images 
were created from the original images with a slice thickness of 4.0 mm;

6) 	 transverse DTI images; diffusion-weighted turbo spin echo EPI images (TR/TE 
5877/62, 60 slices with 2.0 mm thickness, gap 0.0 mm, 112 x 128r matrix, turbo 
factor 59, EPI factor 59, FOV 224 mm, RFOV 100%, number of excitations 2, 
imaging time 3 min 52 s); b values of 0 and 800 sec/mm2 and 15 different gradient 
encoding directions were used, and isotropic images with 2.0 x 2.0 x 2.0 mm 
voxel size were obtained. 

The images were post-processed with the Philips Diffusion Registration Tool (Philips, 
Medical Systems, Best, the Netherlands) to remove distortions and misalignments due to 
shear and eddy current, as well as head motion (Netsch et al., 2004; Rohde et al., 2004). 
All transverse images were obtained according to the line between the lower border of 
the genu and splenium of the corpus callosum. 

Only DTI images were used for analysis in the reliability study (IV). Before the further 
DTI- based analysis, DTI images were, however, fused with the 3DT1 images to obtain 
more exact anatomical landmarks.

MR data analysis
The conventional images of the subjects were evaluated, as was the original report, by a 
neuroradiologist (TK) to exclude the signs of TBI on conventional images (III).
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The association tracts studied were the uncinate fasciculus (UF) (III,IV), superior 
cingulum (SC) (III,IV), temporal cingulum (TC) (III), superior longitudinal fasciculus 
(SLF, only fibres between the frontal and parietal/occipital lobes were included) 
(III,IV), arcuate fasciculus (AF, only fibres between the temporal and frontal lobes 
were included) (III,IV), inferior fronto-occipital fasciculus (IFOF, encompassing only 
connections between the frontal and occipital lobes) (III,IV) and inferior longitudinal 
fasciculus (ILF, fibres between the occipital lobe and medial temporal, inferior temporal, 
or fusiform gyri were included) (III).

One of the raters (TK) had four years’ experience in DTI data acquisition and analysis, 
and provided DTI-specific training for the other two raters (radiology resident (NB) 
(III, IV) and neuroradiologist (JL) (IV)). White matter integrity was quantified by the 
FA and ADC values. The principal fibre orientation within each pixel was visualized by 
colour-coded orientation maps (red: right-left, blue: superior-inferior, green: anterior-
posterior). Regardless of the analysis approach used (IV), the same fused DTI and 3DT1 
images with a FA colour map for each subject were used for each subsequent analysis 
step.	

III: The tract-based DTI analyses of the 14 assosiation tracts in TBI patients and healthy 
controls were assessed by one rater with 14 years’ experience in neuroradiology. An 
increase in diffusivity, or decrease in volume or FA of more than 2 SD from the mean 
of controls was regarded as abnormal. Separate normal values were used for men and 
women. To determine the intra-rater reliability of the ROI placements related to the tract-
based measurements, repeated placement of ten tracts (both UF, SC, SLF, AF and IFOF) 
on a subset of 10 TBI images at an interval of over two weeks was studied. To determine 
the inter-observer reliability, another rater analyzed ten of the tracts from a subset of 10 
TBI images.

IV (Group A): The tract-based and cross-sectional DTI analyses of the 10 association 
tracts were assessed by three raters to evaluate the inter-rater reliability. One rater 
was selected to repeat the measures after a two-week period to evaluate the intra-rater 
reliability. 

IV (Group B): To study the between-scan reproducibility, two repeated tract-based DTI-
analysis approaches using data from the DTI examinations at two different time point 
(8-210 days apart) were assessed for each of the 10 participants by one rater. 

Cross-sectional ROI quantification (IV)
The UF, SC, SLF, AF and IFOF were delineated bilaterally with defined standard ROI 
sizes (5-8 voxels for UF, AF and ILF; 10-15 voxels for SC and SLF) and locations 
(UF: blue in the axial slice, level of the upper temporal lobe; SC: green in the coronal 
slice, level of the corpus mamillare; SLF: green in the axial slice, level of the upper 
back part of the aqueduct; AF: blue in the axial slice, level of the middle splenium of 
the corpus callosum; IFOF: green in the coronal slice, above the blue UF) (Figure 1). 
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The manually defined ROIs were drawn consulting FA maps, colour maps and a white 
matter atlas. The mean FA and ADC values from the voxels within the manually defined 
ROIs were recorded for subsequent statistical analyses. Each ROI measurement was 
repeated three times, and values from the ROI with the lowest FA were used for further 
analysis.

	 Arcuate fasciculus	 Inferior fronto-occipital fasciculus	 Uncinate fasciculus

	 Cingulum	 Superior longitudinal fasciculus

Figure 1. ROI places for the cross-sectional quantification.

Semi-automated tract-based quantification 
Deterministic DTI tractography (FiberTrak package, Philips) was performed, and 
the tracts were defined by means of two or three free-hand inclusion ROIs, placed in 
standard positions according to anatomical landmarks. Regions of interest were drawn 
on the baseline image of the DTI scans. All ROIs were placed bilaterally. For uncinate 
fasciculus, two ROIs were drawn on each side of the same coronal slice, one just anterior 
to the temporal stem where the frontal cortex begins, and the other in the temporal 
pole. For the superior cingulum bundle, two ROIs were drawn in the antero-posterior 
direction on coronal slices around the cingulum on each side, posterior ROIs at the 
level of the upper back part of the aqveduct, and anterior ROIs between the commissura 
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anterior and back part of the rostrum of the corpus callosum. For the temporal cingulum 
bundle, two ROIs were drawn on coronal slices around the cingulum (parahippocampal 
gyrrus) on each side, one ROI at the level of the upper back part of the aqueduct, and 
another ROI at the level of the middle splenium of the corpus callosum. For the superior 
longitudinal fasciculus, two ROIs were drawn on coronal slices. The anterior ROI was 
drawn just behind the corpus mamillare, and the posterior ROI at the level of the upper 
back part of the aqueduct. Connections to the temporal lobe were manually removed 
with exclusion ROIs at the level of the middle part of the splenium; this removed part 
of the SLF formed the arcuate fasciculus. For the inferior occipito-frontal fasciculus, 
two ROIs were drawn on coronal slices, one just anterior to the temporal stem where 
the frontal cortex begins, and one in the occipital cortex in the most anterior slice where 
the occipital cortex was visualised. For the inferior longitudinal fasciculus, two ROIs 
were drawn on coronal slices, one at the level of the upper back part of the aqueduct 
and one in the occipital cortex in the most anterior slice where the occipital cortex was 
visualised. 

After the ROIs were delineated and the fibre tracts were reconstructed, aberrant fibres 
were manually removed with exclusion ROIs to include only fibres within the desired 
tract. Fibres crossing the midline and fibres to the thalami or brainstem were removed 
from all trajectories. Volume and FA and MD values from the remaining fibres were used 
for subsequent statistical analysis. 

III: The tractography was performed using the following FA and turning angle threshold 
to terminate the tracking process: FA 0.15/angle 27°. 

IV (Group A): DTI tractography was performed using the following FA and turning 
angle threshold to terminate the tracking process: FA 0.15/angle 27° (UF, SC, SLF 
and ILF) or FA 0.15/angle 60° (AF). Additional volume-based analysis in the central 
part of the tract was performed, by repeating fiber tracking at increased FA thresholds 
with the same ROIs until the desired volume was achieved. Tract volumes closest to 
the predetermined size were used in the study: 3 cm3 for UFs, SCs and AFs; 6 cm3 for 
SLFs and IFOFs.  

IV (Group B): The tractography was performed using two different FAs and turning 
angle thresholds for each tract to evaluate whether the lower FA and higher turning angle 
threshold decrease the reliability: FA 0.15/angle 27°; FA 0.15/angle 60°; FA 0.30/angle 
27° (Figure 2). The additional volume-based analysis in the central part of the tract was 
performed with two predetermined sizes for each tract: (3cm3 and 1cm3 for both UFs, 
SCs and AFs; 6cm3 and 2cm3 for both SLFs and IFOFs) (Figure 2).
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Cingulum

	 Superior longitudinal fasciculus	 Inferior fronto-occipital fasciculus

	 Uncinate fasciculus	 Arcuate fasciculus

Figure 2. Tractography of the superior cingulum, superior longitudinal fasciculus, inferior fronto-
occipital fasciculus, uncinate fasciculus and arcuate fasciculus using the following FA and turning 
angle threshold to terminate the tracking process: FA 0.15/angle 27° (light blue); FA 0.15/angle 60° 
(dark blue); FA 0.30/angle 27° (green). The additional volume-based analysis in the central part of the 
tract was performed with two predetermined sizes: 3cm3 (purple) and 1cm3 (red).
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4.4.	 STATISTICAL DATA ANALYSIS

The Wilcoxon signed rank test was used for the statistical analyses of MRI changes 
between various time points (I). The associations between radiological findings and 
clinical variables were studied with Spearman’s correlation coefficient, one-way 
ANOVA, and Kruskal-Wallis statistics (I, II). 

The Mann-Whitney U test was used for the statistical analyses of changes in ADC 
values between the various groups (II). The association between ADC values and GCS 
or GOS-E scores was analysed with the Kruskal-Wallis test (II). 

The results of study III are based on repeated measures analysis of covariance, which 
takes into account correlated responses between and within subjects and fasciculi. 
Estimates are adjusted for multiplicity using the simulation method in the SAS 
software MIXED procedure. Gender, age, time from injury, trauma mechanism, and 
severity of the TBI were considered as covariates for the tests. Pearson’s correlations 
were employed to demonstrate the relationships between various quantitative values. 
Differences in the correlations between patients and controls were evaluated using the 
same Repeated Measures ANCOVA design. The significant differences were defined 
by the slope estimates of the higher order interaction terms. The association between 
tract characteristics and outcome, was assessed using multivariate logistic regression 
with odds ratios, and 95% confidence intervals were calculated. To determine the intra-
observer reliability of the ROI placements related to the tract-based measurements, 
repeated placement of ten tracts (both UF, SC, SLF, AF and ILF) on a subset of 10 TBI 
images at an interval of over two weeks was studied. To determine the inter-observer 
reliability, another rater analyzed ten of the tracts from a subset of 10 TBI images. Two-
way mixed effects models (i.e. ICC (3,1), where rater and rating effects were random and 
measure effects of individual ratings were fixed, were used to calculate ICCs between 
raters and within rater (Shrout and Fleiss, 1979). The condition “absolute agreement” 
was chosen. Raters were considered as having a fixed effect because they were not 
randomly selected. As with other reliability coefficients, there is no standard acceptable 
level of reliability using the ICC. In our study, similarly to the recent study of Borich 
et al. (2012), ICC values greater than 0.75 were considered to demonstrate excellent 
reliability, values between 0.40 and 0.75 fair to good reliability, and values less than 0.40 
poor reliability. Chinn (1991) recommends that any measure should have an intra-class 
correlation coefficient of at least 0.6 to be useful. 

IV: To assess the inter-rater and intra-rater reliability of each analysis method, intra-class 
correlation coefficients (ICCs) for mean tract volumes, for mean FA, and for mean MD 
of each association tract were calculated. Separate two-way random effects models (i.e. 
ICC (2,1), where raters were assumed to be a random subset of all possible raters, were 
used to calculate ICCs among raters and within one rater for each approach (Shrout 
and Fleiss, 1979). The condition “absolute agreement” was chosen. This model was 
chosen because it is an appropriate model to assess inter-rater reliability with more than 
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two raters, as well as intra-rater reliability with multiple values from one rater (Portney 
and Watkins, 2000; Shrout and Fleiss, 1979). Additional ICC analyses were carried 
out to assess the between-scan reliability of the tract-based analysis methods. Internal 
consistency was calculated by using standardized Cronbach’s alpha. A previously 
described interpretation of Coronbach’s alpha was used (George and Mallery, 2003). 
An additional Bland-Altman reliability analysis was done, by calculating the Coefficient 
of Repeatability (CR), which represents the value below which the absolute difference 
between two repeated test results may be expected to lie with a probability of 95%. For 
comparison with literature data, the coefficient of variation (CV) was also computed 
according the equation, where the coefficient of variation (CV) is defined as the ratio of 
the standard deviation to the mean.

I-IV: Differences were considered significant at p <0.05. The statistical analyses were 
performed with the SAS 8.1 system (I), SPSS 13.0 system (II), and SPSS 19.0 for Mac 
and SAS 9.3 software for Windows (III, IV).

4.5.	 ETHICAL CONSIDERATIONS

After a complete description of the study had been given to the subjects, written informed 
consent was obtained. The protocol was approved by the Conjoint Ethics Committee of 
Turku University and Turku University Hospital. 
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5.	 RESULTS

5.1.	 VISIBILITY OF CONTUSIONS AND OTHER INTRAPARENCHYMAL 
INJURIES IN CONVENTIONAL MRI IN EARLY AND LATE STAGE 
AFTER TBI (I)

Traumatic brain lesions were detected in 20 of the 36 patients in acute phase MRI; contusions 
were detected in 18 and other lesions in 12 cases. Contusions were found in the same 18 
patients on control MR images at one year, but other lesions were seen only in 10 cases. 

Contusions
The number of contusions detected in different anatomical locations had decreased at 
the re-examination by 29.3% (from 133 to 94, p < 0.001). Thus, almost a third of all 
contusions seen at one week could not be detected in the chronic phase MR images. The 
mean sum of the extent of contusions decreased from 14.3 ± 10.4 in the acute MRI to 8.0 
± 6.1 at one year (p<0.001). 

Other intraparenchymal lesions
The number of anatomical regions with other traumatic lesions was reduced from 65 
in the first MRI study to 45 lesions at one year. The mean semi- quantitative scores of 
lesions decreased from 11.8 ± 9.9 in early MRI to 8.8 ± 8.6 in late MRI (p<0.01).

Clinical correlations
The disappearance of lesions was not connected with the age or sex of the patient. Nor was 
the mechanism of injury associated with the observed MRI change. Those patients with more 
severe injuries (either GCS ≤ 12 or PTA > 24 hours) showed significantly greater change both 
in the number and extent of non-contusional lesions compared to patients with mild injuries. 
There was not a similar association with contusions. The one-year outcome measured by 
GOS was significantly associated with the change in the extent of non- contusional lesions; 
those showing a greater change had a poorer outcome. In logistic regression analysis taking 
into account the severity of the injury, the extent of non-contusional changes was not 
independently associated with GOS. The change in subjective post-concussive symptoms 
between one week and one year was not significantly associated with the MRI changes. 

5.2.	 DIFFUSIVITY OF NORMAL-APPEARING BRAIN IN ACUTE TBI (II)

Group A  
(i.e. TBI patients without visible lesions in conventional MRI, n=7)
Increased ADC values (> mean + 2SD) were detected in 33.0 % of measurements 
(106 of 322 measurements). Three or more pathological values were seen in 86 % of 



	 Results	 45

subjects. Four patients (57 % of subjects) had increased values in more than 25 % of 
ROIs. 

A decreased (< mean - 2SD) ADC value was observed only in the globus pallidus of two 
patients, and in the cerebellum of one patient (0.9 % of measurements). 

Group B  
(i.e. TBI patients with visible traumatic lesions in conventional MRI, n=15)
Nine patients had both contusions and TAI lesions, four patients had contusions without 
visible TAI, and two patients had only TAI lesions.

Increased (> mean + 2SD) ADC values were detected in 24.8 % of measurements (171 
of 690 measurements). Three or more pathological values were seen in 80 % of subjects. 
Five patients (33 % of subjects) had increased values in more than 25 % of ROIs. One 
subject showed increased ADC values in all supratentorial white matter and deep grey 
matter areas, midbrain, and cerebellum.

Decreased (< mean - 2SD) ADC values were detected in 4.2 % of measurements. 
Decreased ADC values were found in eight patients in the various white matter regions, 
thalamus, and basal ganglia. In one patient, a decreased ADC was present in 10 different 
ROIs, but otherwise only some pathological areas were detected.

Group C  
(i.e. Control subjects, n=14)
The lowest ADC values were measured in the superior longitudinal fasciculus, subcallosal 
fasciculus, cingulum, corona radiata, cerebellar white matter, and globus pallidus. The 
highest ADC values were found in the hippocampus, corpus callosum, inferior frontal 
white matter, and temporopolar white matter. Increased (> 2SD) ADC values were 
detected in 3.0 % and decreased (> 2SD) ADC values in 0.9 % of the measurements in 
control subjects.

Differences between the groups and correlation to the GCS and outcome
The ADC values between the two TBI groups did not differ in any region; pathological 
values were detected most often in the genu of the corpus callosum (12/22 ROIs), 
pallidum (19/44 ROIs), corona radiata (18/44 ROIs), and superior longitudinal 
fasciculus (17/44 ROIs). An intermediate amount of pathological findings was found 
in lobar white matter regions (12-17/44 ROIs). Pathological values were least common 
in pons (2/44 ROIs), cingulum (8/44 ROIs), cerebellum (9/44 ROIs), and midbrain 
(9/44 ROIs). 

There were significant differences in the ADC values between the controls and both 
patient groups in several lobar white matter regions and fasciculi, in the corpus 
callosum and corona radiata, as well as in some deep grey matter structures. The ADC 
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values of the various regions, however, did not correlate with the GCS scores or with 
the GOS-E scores in any region. There was no significant correlation between the 
number of regions with pathological values and the GCS or GOS-E scores, either. No 
correlation was found even when the number of regions with increased and decreased 
ADC values was compared separately with the GCS and the GOS-E. Of the eight 
patients with the most extensive ADC changes, five had GCS 15 and three had GOS-E 
8. 

5.3.	 QUANTITAVE DIFFUSION TENSOR TRACTOGRAPHY OF LONG 
ASSOCIATION TRACTS IN PATIENTS WITH TBI WITHOUT 
FINDINGS IN ROUTINE MRI (III)

Healthy controls
The right AF was missing in 13 cases, whereas other tracts were present in all control 
subjects. There was large variability in the sizes of both AFs. The standard deviations 
of volumes in the other tracts were 22.3 - 34.6 % from the mean value. The standard 
deviations of FA values were 3.1 - 6.0 % from the respective mean values, and the 
variation in FA values was largest in both AFs and TCs. The standard deviations of ADC 
values were 2.0 - 4.2 % from the respective mean values. The largest variation in ADC 
values was detected in the left UC, both TCs, both IFOFs, and both ILFs.

There was significant negative correlation between FA values and volumes in both SLFs, 
AFs, IFOFs, and ILFs. No significant correlations were found between the ADC values 
and tract volumes. FA and ADC values had a negative correlation in all tracts except for 
the left SC and left ILF.

In healthy controls, 50 (80.6%) did not have any pathological FA values differing from 
the mean normal value by more than 2 SD, 9 (14.5%) had one, one (1.6%) had two and 
two (3.2%) had three tracts with abnormal FA value. No one had more than three tracts 
with pathological FA values.

Subjects with TBI
The AF was missing on the right side in 19 and on the left side in one of the 106 patients. 
Other tracts were present in all cases. 

Abnormal volumes were detected in 5.3 %, abnormal FA values in 10.7 %, and abnormal 
ADC values in 12.1 % of the tracts (n=1458). In the tract volumes, no significant 
difference between patients and controls was found. In the FA values, a significant 
difference (p<0.05) between patients and controls was found in both UFs, both IFOFs, 
and the right ILF, and in the ADC values of both UFs, the right SC, the right SLF, the 
right AF, and both IFOFs.
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Abnormal volumes (10% right, 15% left), FA (16% right, 25% left) and ADC (22% 
right, 19% left) values were most common in the UFs, and abnormal FA and ADC values 
were relatively common (>10%) also in the IFOFs, ILFs, and SLFs. Either FA or volume 
(or both) abnormality was most common in the left UF (32 %), relatively common (>10 
%) in the right UF, both TCs, SLFs, and IFOFs, and in the right ILF. They were relatively 
rare (<10 %) in the SCs, AFs, and left ILF. Time from injury, trauma mechanism or 
severity of the TBI did not have a statistically significant influence on the results. When 
calculated with different normal values for men and women, 3.9 % more abnormal 
values were detected: 0.6 % fewer abnormal FAs, 4.5 % more abnormal ADCs, and 12 
% more abnormal volumes. 

In TBI patients, 12% had four or more pathological FA values that differed from the 
mean normal value by more than 2 SD, 51% did not have any, 17% had one, 10% 
had two, and 9% had three pathological FAs. Volume, FA and ADC values were not 
significantly correlated to the outcome. 

Correlations for normal control subjects between volume, FA and ADC values in the 
fourteen association tracts were compared with the respective correlations for TBI 
patients. The only significant difference between the correlations was that the negative 
correlation between FA and ADC values in the left ILF was stronger in the patient 
group. 

Intra-rater reliability for the measurements was excellent (ICC ≥ 0.897), except for the 
volume measurements in the left SLF (ICC= 0.537), and for the ADC measurements 
in the right UF (ICC= 0.644). Inter-rater reliability for the measurements was 
excellent (ICC≥ 0.766), except for the volume measurements in the left SLF (ICC= 
0.722).

5.4.	 REPRODUCIBILITY OF TRACT-BASED AND REGION OF INTEREST 
DTI ANALYSIS OF LONG ASSOCIATION TRACTS (IV)

Standard deviations of the measurements
Standard deviations of the tract volumes varied greatly depending on the tract; the 
largest variations were found in both AFs and in the right SLF (SD in the range of 1000-
1400 cm3). Volume variation was smallest for both UFs and SCs (SD 300-400 cm3). 
No systemic differences in the SDs between the tracts either for the FA (0.015-0.030 
whole tract; 0.020-0.045 central part) or MD (0.015-0.035 whole tract; 0.015-0.030 
central part) were detected. The tract volume measurements from the middle of the tract 
had some variation (SD in the range of 24-245cm3, 4.8-25%) from the desired volume 
depending on the tract.
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Inter-rater reliability (Group A)
Results for each CR analysis between each rater are presented in Table 4. There were no 
systematic differences in the results, depending on the experience of the raters. Results 
for each ICC, CR, and CV analysis are summarized in Table 5. 

ICC values for the whole tract volume measurements showed good or excellent 
reproducibility (ICC range: 0.639-0.971), but all the CR values (average between 
raters) were over 10% from the respective mean tract volumes. For both the tract-based 
methods, reproducibility of the FA and MD measurements was found to be excellent 
(ICC range: 0.761-0.997). CR values for the mean FA and MD measurements were 
less than 5% from the respective mean tract FA and MD, except for the FA of the left 
AF (7.1%). For the measurements in the middle of the tract, CR values were less than 
6% (FA) and 2% or less (MD) from the respective mean FA and MD. CV estimates of 
the tract-based inter-rater variability in MD were in the range of 0.1%–1.0%, and for 
FA 0.6%–1.8%.

ICC values for the cross-sectional method showed fair to good reliability for FA 
measurements (ICC range: 0.502-0.690) in the left UF, right SC, right SLF and right 
IFOF, and for MD measurements (ICC range: 0.447-0.679) in both SCs, left SLF, right 
AF, and both IFOFs; otherwise, the FA concordance and the MD concordance were 
found to be poor (ICC ≤ 0.388). CV estimates of variability in MD were in the range of 
2.2%–5.5%, and for FA 5.1%–11.0%. CR values for the cross-sectional ROI-based FA 
and MD measurements were relatively high; only the mean CR values for the MD in 
both the SCs and SLFs were less than 10% from the respective mean MD.

Intra-rater reliability (Group A)
Results from each ICC, CR, and CV analysis are summarized in Table 5.  

For both the tract-based methods, the reliability of FA and MD measurements was 
found to be excellent (ICC range: 0.907-0.999), except for MD measurements of the 
right UF with good intra-rater reliability (ICC= 0.738). CR values for all the tract-
based FA and MD measurements were less than 5% from the respective mean FA and 
MD values. CV estimates of the tract-based intra-rater variability in MD were in the 
range of 0.0%–0.8%, and for FA 0.1%–1.1%. ICC values for the whole tract volume 
measurements showed excellent reliability (ICC range: 0.831-0.998, p <0.0001), but 
the CR values were over 10% from the respective mean tract volumes in all the tracts 
except for both SCs. 

For the cross-sectional method, intra-rater reliability was found to vary from fair to 
excellent for FA measurements (ICC range: 0.418-0.813) in all tracts except for the left 
AF (ICC=0.271) and for MD measurements (ICC range: 0.515-0.810) in all tracts except 
for the left AF (ICC=0.314) and the left UF (ICC=0.228). CV estimates of variability in 
MD were in the range of 1.2%–3.9% and for FA 4.1%–7.9%. CR values for the cross-
sectional ROI measurements in general were relatively high; the mean CR values for 
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all FA measurements were more than 10% from the respective mean FA. The mean CR 
values for the MD measurements in both the SCs, SLFs, AFs and the right IFOF were, 
however, less than 10% from the respective mean MD.

Between-scan reliability (Group B)
According to the ICC analysis, the between-scan reliability of the FA and MD measurements 
was found to be mainly excellent for both the tract-based methods. Reproducibility varied 
between fair to good and excellent, except for poor reproducibility in MD measurements 
in the left IFOF with 0.15 FA threshold. Measurements for the whole tract volume with 
turning angle threshold 27° showed excellent reproducibility with both 0.15 and 0.30 FA 
threshold (ICC range: 0.787-0.918 and 0.766-0.932, respectively). With the the higher 
turning angle threshold (60°), reproducibility was good or excellent (ICC range: 0.745-
0.906), except for the volume measurements in the left AF (ICC 0.459) and in the right 
SLF (ICC 0.661). However, neither the two used FAs (0.15/ 0.30) or the turning angle 
(27°/ 60°) thresholds had a systematic influence on the reproducibility of the FA, MD, 
and whole tract volume measurements. 

The reproducibility of the FA and MD measurements in the central part of the tract 
varied from good to excellent (ICC range: 0.746-0.989 and 0.634-0.964, respectively) 
in all the tracts with both the pretermined sizes (3cm3 and 1cm3 for both the UFs, SCs 
and AFs; 6cm3 and 2cm3 for both the SLFs and IFOFs). However, a tendency towards 
better reproducibility of the central tract measurements with the smaller predetermined 
sizes could be detected. 

CV estimates of the tract-based between-scan variability in MD were in the range of 
0.6%–2.5%, and for FA in the range of 0.7%–3.5%.

No systematic bias (i.e., one set of repeated measures is not consistently higher or lower 
than the other set) was found between the scans.

Internal consistency (Group A)
Internal consistency of the measurements yielded results similar to these of the ICC 
analysis.
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Table 4. Standard deviations (SD) of the measurements, and inter-rater and intra-rater coefficients of 
repeatability (CR) of each analysis method for the right (dx) and the left (sin) uncinate fasciculus (UF), 
superior cingulum (SC), superior longitudinal fasciculus (SLF), arcuate fasciculus (AF), and inferior 
fronto-occipital fasciculus (IFOF). Inter-rater CR values between each pair of raters (R1-R2; R1-R3; 
R2-R3) are presented.

Analysis Inter-rater CR Intra-
rater 
CR

Inter-rater CR Intra-
rater 
CR

R1-R2 R1-R3 R2-R3 SD R2-R2 R1-R2 R1-R3 R2-R3 SD R2-R2
UF dx Tract based sin

Mean V tot 138 190 212 371 176 254 335 393 333 264
Mean FA tot 8 9 7 20 11 15 14 16 30 9
Mean MD tot 10 19 19 24 40 38 28 28 32 25
Mean FA std 8 12 14 35 13 33 21 27 42 4
Mean MD std 8 6 5 21 19 6 7 12 19 2
ROI based
Mean FA 138 145 183 53 96 205 219 161 81 184
Mean MD 114 141 165 37 103 97 91 91 33 101

SC dx Tract based sin
Mean V tot 142 450 415 366 48 177 470 417 385 139
Mean FA tot 5 10 9 16 6 15 17 14 18 10
Mean MD tot 4 7 7 21 5 8 9 7 16 4
Mean FA std 10 15 15 37 7 6 44 45 42 7
Mean MD std 4 6 7 19 2 3 3 3 17 4
ROI based
Mean FA 79 123 128 61 90 95 161 168 48 86
Mean MD 44 75 54 32 37 70 62 59 35 65

SLF dx Tract based sin
Mean V tot 1220 1030 572 1105 586 1620 1560 719 682 650
Mean FA tot 12 12 7 14 6 19 20 11 18 9
Mean MD tot 6 10 9 19 3 6 10 11 23 7
Mean FA std 19 21 10 34 13 36 34 15 27 9
Mean MD std 4 4 3 18 7 14 17 8 19 10
ROI based
Mean FA 99 97 87 52 94 190 138 119 39 106
Mean MD 86 84 65 21 46 65 74 63 30 49

AF dx Tract based sin
Mean V tot 627 800 986 1126 676 1950 1540 1510 1246 1100
Mean FA tot 11 19 17 20 16 21 32 37 17 19
Mean MD tot 7 7 14 18 10 16 18 22 21 15
Mean FA std 12 19 24 38 14 6 34 33 36 6
Mean MD std 12 6 15 16 10 6 18 23 24 8
ROI based
Mean FA 211 132 237 49 125 123 140 189 40 140
Mean MD 107 110 71 34 57 72 93 85 17 73

IFOF dx Tract based sin
Mean V tot 750 1000 1030 632 271 691 1150 885 607 276
Mean FA tot 12 14 12 21 5 16 19 12 21 9
Mean MD tot 32 29 8 23 8 40 45 15 35 30
Mean FA std 31 22 37 37 10 14 32 30 22 11
Mean MD std 8 15 14 23 4 8 14 12 27 6
ROI based
Mean FA 186 157 144 73 114 169 194 149 49 149
Mean MD 98 157 114 49 76 101 87 65 46 106
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Table 5. Inter-rater and intra-rater reliability of each analysis method for uncinate fasciculus, superior 
cingulum, superior longitudinal fasciculus, arcuate fasciculus, and inferior fronto-occipital fasciculus. 
Results with acceptable reproducibility (CR/Average less than 10%; ICC >0.6) are bolded.

Fasciculus Analysis CR/Average ICC (±95% CI) CR/Average ICC (±95% CI)
UF dx Tract based sin

Mean V tot 15.1 0.971 (0,940-0.986) 25.8 0.681 (0.428-0.835)
14.6 0.972 (0,920-0.990) 20.8 0.914 (0.769-0.970)

Mean FA tot 2.2 0.980 (0.959-0.991) 3.8 0.967 (0.932-0.984)
2.9 0.968 (0.910-0.989) 2.2 0.989 (0.967-0.996)

Mean MD tot 1.9 0.943 (0.884-0.973) 3.8 0.882 (0.766-0.942)
4.8 0.738 (0.391-0.902) 3.0 0.922 (0.790-0.973)

Mean FA std 2.5 0.987 (0.972-0.994) 5.9 0.948 (0.894-0.975)
3.0 0.981 (0.947-0.994) 0.8 0.999 (0.996-1.000)

Mean MD std 0.8 0.988 (0.975-0.994) 1.0 0.973 (0.943-0.987)
2.3 0.922 (0.789-0.972) 0.2 0.999 (0.996-1.000)

ROI based
Mean FA 28.0 0.388 (0.035-0.654) 36.0 0.502 (0.176-0.728)

16.7 0.813 (0.539-0.932) 32.3 0.612 (0.177-0.847)
Mean MD 17.9 0.179 (-0.190-0.504) 12.4 0.388 (0.035-0.654)

13.2 0.515 (0.036-0.802) 13.5 0.228 (-0.293-0.645)
SC dx Tract based sin

Mean V tot 24.8 0.892 (0.784-0.947) 23.8 0.893 (0.787-0.948)
3.4 0.998 (0.995-0.999) 9.0 0.985 (0.958-0.995)

Mean FA tot 2.0 0.967 (0.931-0.984) 3.6 0.915 (0.829-0.959)
1.4 0.986 (0.960-0.995) 2.3 0.969 (0.911-0.989)

Mean MD tot 0.8 0.989 (0.976-0.995) 1.0 0.971 (0.940-0.986)
0.6 0.994 (0.982-0.998) 0.5 0.994 (0.984-0.998)

Mean FA std 2.7 0.984 (0.966-0.992) 5.8 0.911 (0.820-0.957)
1.3 0.996 (0.989-0.999) 1.2 0.997 (0.992-0.999)

Mean MD std 0.7 0.988 (0.976-0.994) 0.4 0.997 (0.993-0.998)
0.3 0.998 (0.994-0.999) 0.6 0.991 (0.975-0.997)

ROI based
Mean FA 20.3 0.677 (0.422-0.833) 24.8 0.361 (0.004-0.636)

16.7 0.765 (0.441-0.912) 14.8 0.766 (0.444-0.912)
Mean MD 7.4 0.673 (0.415-0.830) 8.1 0.679 (0.425-0.834)

4.8 0.810 (0.533-0.930) 8.3 0.621 (0.190-0.851)
SLF dx Tract based sin

Mean V tot 27.4 0.911 (0.820-0.957) 51.5 0.639 (0.364-0.811)
17.3 0.961 (0.891-0.986) 27.6 0.831 (0.578-0.939)

Mean FA tot 2.6 0.933 (0.863-0.968) 4.0 0.899 (0.797-0.951)
1.4 0.982 (0.948-0.994) 2.2 0.969 (0.912-0.989)

Mean MD tot 1.0 0.974 (0.947-0.988) 1.2 0.980 (0.959-0.991)
0.4 0.996 (0.988-0.999) 0.8 0.990 (0.971-0.997)

Mean FA std 3.4 0.969 (0.936-0.985) 5.8 0.864 (0.734-0.933)
2.6 0.983 (0.952-0.994) 1.9 0.987 (0.962-0.995)

Mean MD std 0.5 0.995 (0.989-0.997) 1.7 0.941 (0.880-0.972)
0.9 0.983 (0.951-0.994) 1.3 0.972 (0.920-0.990)

ROI based
Mean FA 16.3 0.690 (0.442-0.840) 26.7 0.255 (-0.113-0.561)

16.4 0.641 (0.222-0.860) 19.7 0.624 (0.196-0.853)
Mean MD 10.0 0.188 (-0.182-0.511) 8.8 0.565 (0.261-0.768)

5.8 0.742 (0.397-0.903) 6.3 0.762 (0.436-0.911)
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Fasciculus Analysis CR/Average ICC (±95% CI) CR/Average ICC (±95% CI)
AF dx Tract based sin

Mean V tot 63.8 0.889 (0.750-0.953) 63.2 0.821 (0.656-0.911)
50.6 0.929 (0.768-0.980) 37.6 0.931 (0.811-0.976)

Mean FA tot 3.8 0.886 (0.739-0.953) 7.1 0.761 (0.554-0.879)
3.9 0.928 (0.765-0.979) 4.6 0.958 (0.883-0.985)

Mean MD tot 1.2 0.894 (0.755-0.956) 2.3 0.917 (0.833-0.960)
1.3 0.964 (0.879-0.990) 1.8 0.957 (0.880-0.985)

Mean FA std 3.8 0.968 (0.923-0.987) 4.5 0.932 (0.861-0.967)
2.9 0.982 (0.936-0.995) 1.1 0.997 (0.991-0.999)

Mean MD std 1.4 0.929 (0.832-0.971) 2.0 0.939 (0.875-0.971)
1.2 0.937 (0.791-0.982) 1.0 0.988 (0.965-0.996)

ROI based
Mean FA 35.0 0.182 (-0.265-0.565) 24.1 0.174 (-0.195-0.500)

23.5 0.418 (-0.189-0.794) 22.8 0.271 (-0.250-0.671)
Mean MD 12.4 0.447 (0.025-0.734) 10.7 0.021 (-0.339-0.375)

7.3 0.698 (0.223-0.905) 9.4 0.314 (-0.206-0.695)
IFOF dx Tract based sin

Mean V tot 42.0 0.775 (0.555-0.887) 39.1 0.762 (0.555-0.880)
11.8 0.978 (0.936-0.992) 11.5 0.977 (0.936-0.992)

Mean FA tot 3.2 0.939 (0.876-0.971) 3.3 0.933 (0.864-0.968)
1.0 0.992 (0.976-0.997) 1.9 0.973 (0.923-0.991)

Mean MD tot 2.8 0.867 (0.738-0.935) 4.0 0.879 (0.761-0.941)
1.0 0.987 (0.961-0.995) 3.5 0.907 (0.753-0.967)

Mean FA std 5.7 0.924 (0.847-0.963) 4.7 0.842 (0.693-0.922)
2.0 0.988 (0.965-0.996) 2.0 0.974 (0.926-0.991)

Mean MD std 1.5 0.963 (0.924-0.983) 1.3 0.978 (0.954-0.990)
0.5 0.996 (0.989-0.999) 0.8 0.993 (0.979-0.998)

ROI based
Mean FA 27.1 0.575 (0.274-0.773) 26.2 0.262 (-0.105-0.566)

18.0 0.735 (0.385-0.900) 22.3 0.473 (-0.020-0.781)
Mean MD 15.5 0.471 (0.136-0.709) 11.1 0.670 (0.412-0.829)

9.6 0.721 (0.359-0.894) 13.9 0.578 (0.125-0.831)
ICC= intraclass correlation; CR= coefficient of repeatability; UF= uncinate fasciculus; SC= superior 
cingulum; SLF= superior longitudinal fasciculus; AF= arcuate fasciculus; IFOF= inferior fronto-occipital 
fasciculus; dx= right; sin= left; std= standard volume in the middle of the tract
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6.	 DISCUSSION

6.1.	 METHODOLOGICAL CONSIDERATIONS

6.1.1.	Subjects 

Brain lesions detected by MRI are present in most patients hospitalized after closed head 
injury (Fiser et al., 1998; Levin et al., 1992; Van der Naalt et al., 1999). Although the 
criteria for hospitalization may vary according to cultural and other factors, the presence 
of traumatic MRI changes has also been shown in patients who have not been considered 
to need hospitalization (Hofman et al., 2002; Hughes et al., 2004). Our study material 
(I, II) included also mild TBI cases without need of hospitalization, and only few severe 
cases. It should be recognized, in any case, that our study material is selected since it might 
be that only about 25% of the individuals with TBI are treated in hospitals; a vast number 
of subjects with TBI never seek medical care (Sosin et al., 1996). In general, selection 
bias is common in traumatic brain injury research, and limits the clinical usefulness and 
generalizability of study findings (Luoto et al., 2013). The representativeness of the TBI 
group in our third sub-study (III) may be considered low, since only the subpopulation of 
TBI sequels with no traumatic findings on routine MRI, was included. Thus, our results 
can obviously not be generalized widely to subjects with TBI. On the other hand, fully 
unselected TBI materials may not be substantial in clinical practice since the majority 
of patients with mild injury recover without long-term cognitive impairment (Belanger 
et al., 2005). In this respect, our special subpopulation of TBI subjects may actually be 
considered as a strength. 

Even if a relative small study population (n= 15 and n= 10) in our reproducibility study 
(IV) can be considered as a limitation of our study, it is comparable to previous reliability 
studies: Borich et al., 2012 (n=20), Bisdas et al., 2008 (n=12), Malykhin et al., 2008 
(n=8), Vollmar et al., 2010 (n=9), and Wakana et al., 2007 (n=10). Still, the CR values 
for the ROI measurements in our study could have been smaller, if our study population 
had been bigger (Rankin and Stokes, 1998). In our study (III), we had a relatively large 
group of 106 TBI patients. However, since we had mainly patients with good or moderate 
outcome (GOS-E 5-7) with only a small variation in FA values, the size of the study 
sample proved to be small for showing any connection between FA values and outcome. 
Another limitation in this study (III) was that the detailed clinical characterization of the 
examined patients was studied retrospectively. The clinical characterization was based 
on the medical records in several medical centres, and the reliability of the retrospective 
evaluation may have been affected by inconsistent information in the medical records. 
It should also be noted, that we did not have pre-injury DTI of the TBI subjects, and the 
time between injury and MRI scan varied from three months to even 40 years, which 
may limit the intepretation of the results. 



54	 Discussion	

In the other two studies (I, II), the study sample is moderate (n= 36 and n= 22, 
respectively) for a clinical imaging study. We could not show any association between 
the ADC values and severity of injury, whether measured as acute GCS or one-year 
outcome (II). However, since we had only few severe cases and relatively small ADC 
changes, it is possible that a larger study sample could change our results.

6.1.2.	Limitations of the technique

Although modern imaging techniques have been shown to be beneficial in the 
demonstration of traumatic changes, clinical MRI studies are commonly performed with 
old or poorly equipped MRI systems and/or with ordinary visual evaluation. In our first 
sub-study (I), the visibility of changes was, therefore, analysed only in conventional 
sequences. A FLAIR sequence was used in the majority of cases, because previous 
studies have shown it to be equal or superior to more conventional SE images in the 
detection of traumatic lesions (Hofman et al., 2001; Pierallini et al., 2000). However, 
excluding the hemorrhage sensitive T2* and SWI sequences from the analysis may be 
considered as a limitation of the study, since these sequences are currently often easily 
achievable. Moreover, in our sub-studies I, and II, the slice thickness 5.0-7.0 mm in 
part of the sequences was relatively high, resulting in sub-optimal resolution in these 
sequences. 

A weakness of our second sub-study (II) is the lack of standardization and normalization 
of the subject brains. However, the ROI placements were based on the specific white 
matter tract atlas and performed under the guidance of an experienced neuroradiologist. 
To improve differentiation of white matter regions we used orthogonal diffusion images 
for the localization of several anisotropic white matter tracts, which are not visualized 
on echo planar or trace diffusion images. In white matter tracts, the diffusion is high 
along the main axis of the fibres and restricted perpendicular to the axons, which leads to 
relative hypointensity of the tracts in the direction of the diffusion gradient, and relative 
hyperintensity of the tracts perpendicular to the direction of the diffusion gradient. We 
could separate some fasciculi, corona radiata and the internal capsule more realiably on 
the basis of the orthogonal images than on other images. 

Limitations of the DTI tractography technique (III, IV) include concurrent FA and 
volume decline, and the effect of crossing tracts on the results. The large variability 
of the tract volumes (in both controls and subjects with TBI) and the dependence of 
mean FA values on volume can decrease the accuracy of the technique. It is important to 
notice that a study with different field strength, non-parallel imaging or different image 
acquisition parameters could have yielded different results. Additional sources of error 
contribute to data variability: motion during the scans (despite the motion correction) 
(Ling et al., 2011), signal-to-noise level, gradient stability, and differences in subject 
positioning between subjects and between examinations (Wang et al., 2012). The program 
chosen for the semi-automated tract-based quantification might also have an influence 
on the results. Moreover, it should be noticed that, although DTI provides directional 
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information at the voxel level, it provides no accurate information about the connection 
between neighbouring voxels. In our studies, cardiac gating was not applied. It is well 
known that cardiac pulsation can have a profound effect on DTI results; this could be a 
major contribution to the reproducibility noted in our studies. However, cardiac gating 
has not been widely accepted in clinical studies because it lengthens the scanning time, 
and subject motion conditions and arrhythmia can occasionally cause gating instability 
(Landman et al., 2007). 

Each application of DTI has an optimal or near- optimal experimental design. For TBI 
patients, for instance, it may be difficult to remain recumbent during the long imaging 
acquisition time, and it can be desirable to limit the number of diffusion-weighted 
images to minimize the acquisition time and head movements. Tractography results of 
large bundles using 12 diffusion encoding directions has been shown to have similar 
reproducibility compared  to those using 60 directions, but 12 direction may be less 
sensitive to smaller pathways (Heiervang et al., 2006). We considered 15 diffusion 
encoding directions acceptable in our study, since we included relatively large fibre tracts 
and wanted to use DTI protocols suitable for clinical use with a reasonable acquision 
time. 

6.2.	 VISIBILITY OF INTRAPARENCHYMAL INJURIES IN 
CONVENTIONAL MRI IN EARLY AND LATE STAGE AFTER TBI (I)

Contusions
The size of contusions was markedly reduced in our study at one year, with a total volume 
reduction of 44%. Earlier studies have shown a volume reductions of 85.2% during the 
first month (Levin et al., 1987), 14.4% between 2–5 days and 6 months (Hofman et 
al., 2001), and 65.1% between 2–18 days and 4–12 months (Stamatakis et al., 2002). 
However, these studies have either not separated contusions from other lesions (Levin 
et al., 1987; Hofman et al., 2001) or used different field strength during the follow-up 
(Stamatakis et al., 2002). Nearly a third of all contusions seen at one week could not 
be recognized in the chronic phase in our study, and in some cases, the residual deficit 
would probably have escaped detection without the initial scan. 

Other intraparenchymal lesions
Diffuse axonal injury is thought to be present in the majority of all severe head 
injuries. Moreover, it is suggested to be responsible for the long-lasting or persistent 
problems after mild injuries (Voller et al., 2001). Until recently, no technique has been 
accurate in diagnosing and assessing the distribution and severity of traumatic axonal 
injuries. Although modern imaging techniques have been shown to be beneficial in the 
demonstration of traumatic changes, especially traumatic axonal injury, clinical MRI 
studies are still often performed with ordinary visual evaluation. In our study patients, 
lesions suggestive of DAI could be seen in only 12 cases, and both the number and extent 
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of lesions were markedly reduced during the one-year follow-up. In two patients, the 
DAI lesions were no longer visible in the later study. To the authors’ knowledge, previous 
systematic studies clarifying the visibility of DAI lesions with time are practically non-
existent. The early study of Wilson et al. (1988) demonstrated that 50% of sub-cortical 
white matter lesions had disappeared during a follow-up of 11 months. Stamatakis et al. 
(2002) reported a volume reduction of 86.6% in diffuse lesions between 2–18 days and 
4–12 months after the injury, but their initial imaging was obtained with a 0.15 T and the 
follow-up with a 1.5 T field scan. In our material, 30.7% of visible non-contusional intra- 
parenchymal lesions disappeared between one week and one year after the injury, with 
a semi-quantitative volume reduction of 25.4%. Although many studies have shown that 
T2*-weighted, susceptibility-weighted, diffusion-weighted, or diffusion-tensor imaging 
techniques improve the detection of both acute and chronic traumatic axonal injuries 
compared with conventional sequences, they too may show a reduction in trauma-
induced changes with time (Arfanakis et al., 2002; Danielsen et al., 2003; Le et al., 2005; 
Schaefer et al., 2004; Takayama et al., 2000; Wardlaw and Statham, 2000). Indeed, only 
those imaging methods which give quantitative measures of brain morphology (Bigler et 
al., 2002; Blatter et al., 1997; Gale et al., 2005; MacKenzie et al., 2002; Thatcher et al., 
1997; Tomaiuolo et al., 2004) or neuronal integrity (Garnett et al., 2000) have shown an 
increasing amount of pathology with time after TBI.

Possible mechanisms behind the reduction of lesions
The mechanisms behind lesion reduction or total disappearance are not fully understood, 
but probably some of these lesions are related to edema in the acute phase after trauma 
(Barzo et al., 1997; Takayama et al., 2000). Also the disappearance or resolution of DAI 
lesions may be related to the early phase vasogenic or intracellular oedema. It could 
be speculated that a marked change in the visibility of lesions could be associated with 
better outcome. In this study, the patients with more severe traumas showed significantly 
more changes in the visibility of MRI lesions. It seems unlikely that this is a causative 
association, but probably merely reflects a mathematical effect, i.e. those having more 
and greater lesions also have a greater probability of visible changes. Similarly, the 
significant negative association between the GOS score and the extent of the DAI change 
is, according to the logistic regression analysis, only a reflection of more severe injury. 

Clinical correlations
This study is too small to determine whether a greater change in the visibility of MRI 
lesions is associated with better recovery, but this rather limited material did not suggest 
such a connection. This is in accordance with earlier studies which have questioned 
the clinical value of early conventional MRI in outcome prediction (Fiser et al. 1998; 
Hughes et al., 2004; Paterakis et al., 2000). As late imaging may fail to demonstrate the 
trauma- induced changes, as shown in our study, an early MRI is essential in this respect, 
especially if only conventional MRI is available. Moreover, as the long-term outcome 
seems to be intimately connected with the development of atrophic changes (Bigler, 
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1995; Himanen, 2005), their evaluation and connection to the actual trauma may be 
impossible without the possibility of comparison with early phase imaging.

6.3.	 DIFFUSIVITY OF NORMAL APPEARING BRAIN IN ACUTE TBI (II)

Earlier reports have demonstrated ADC changes of normal-appearing brain tissue in some 
regions (Goetz et al., 2004; Huisman et al., 2004; Inglese et al., 2005) or in whole-brain 
histograms (Shanmuganathan et al., 2004) after TBI, but in this study the distribution 
of pathological diffusivity in various brain regions was clarified more extensively than 
previously. 

In the control brains, we also measured the diffusivity of several fascicles that had not 
been included in previous reports (Ahlhelm et al., 2004; Engelter et al., 2000; Helenius 
et al., 2002). The cingulum, superior longitudinal fasciculus, and subcallosal fasciculus 
had relatively low diffusivity, which can be related to the compact structure and heavy 

myelination in these structures. ADCs in the other measured fasciculi were slightly 
higher and in the same range as values in the lobar white matter. The values in the lobar 
white matter and subcortical grey matter were mostly intermediate, which is consistent 
with previous results (Ahlhelm et al., 2004; Engelter et al., 2000; Helenius et al., 2002). 
The diffusivity in the corpus callosum was higher than in other white matter regions, 
which is also in accordance with previous studies (Arfanakis et al., 2002; Tench et al., 
2002). 

Both increased and decreased diffusivity has been shown in normal-appearing brain after 
TBI (Goetz et al., 2004; Huisman et al., 2004; Inglese et al., 2005; Shanmuganathan et 
al., 2004). After the first few days, mainly increased ADCs have been reported, and at one 
week these have been dominant (Assaf et al., 1997). The precise mechanisms underlying 
the changes in ADCs associated with acute head trauma are still not fully understood. 
Axonal damage can range from stretching, with associated poration that if not severe 
may seal over, to axotomy (Farkas and Povlischock, 2007). The possible mechanisms of 
ADC increase in normal-appearing tissue are trauma-induced vasogenic edema, changes 
of cytoarchitecture with neurofilament alignment, and early neurodegeneration (Ebisu 
et al., 1993; Goetz et al., 2004; Hanstock et al., 1994; Hergan et al., 2002; Schaefer et 
al., 1997; Schaefer et al., 2000). Several of our patients had cortical contusions, which 
can cause edema in the surrounding normal-appearing tissue. However, in our material, 
increased ADC values were almost as common in patients without visible lesions as in 
patients with visible TBI. Therefore, it seems that cortical contusions are not an important 
cause of the ADC increases in normal-appearing brain tissue. 

We could demonstrate that ADC increase is a common phenomenon after a TBI and 
can occur in most white matter and deep grey matter regions. Increased ADC values 
were common in our material, both in patients with and without visible traumatic 
lesions. On the contrary, reduced diffusivity was relatively uncommon in our material. 
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It can be supposed that at one week after injury most early phase ADC decreases have 
already disappeared and possibly changed to ADC increases. Diffusivity changes were 
most often detected in brain areas generally associated with the common occurrence of 
traumatic axonal injury, such as the corpus callosum and corona radiata; they were also 
common in the superior longitudinal fasciculus and subcallosal fasciculus and relatively 
common in lobar white matter. However, the changes were generally also detected in 
other supratentorial grey and white matter structures, indicating a widespread diffusion 
change.

Our material included a number of mild cases without a need for hospitalisation. 
Approximately one third of the patients were without visible traumatic lesions, all of 
them having mild TBI according to the GCS (= 13-15). The lack of an association 
between the severity of injury and ADC values in our study may be due to the relatively 
small number of patients and the few severe cases. More sensitive clinical techniques  
(neuropsychological assessments including follow-up) could change our results. 
However, increased diffusivity seems to be a sensitive marker of intracranial injury and 
present even in the mildest cases without visible lesions.

6.4.	 QUANTITAVE DIFFUSION TENSOR TRACTOGRAPHY OF LONG 
ASSOCIATION TRACTS IN PATIENTS WITH TBI WITHOUT 
FINDINGS IN ROUTINE MRI (III)

We were able to demonstrate that variability in mean FA and ADC values in normal 
controls is generally small, which renders 3T DTI tractography a useful method in clinical 
diagnostics. With the tractography method, a wide distribution of FA and ADC changes 
in various association tracts could be detected in TBI subjects who showed no signs 
of contusions, microbleeds, local atrophies, or remnants of superficial hemorrhages on 
routine MRI. The left UF was the most common site of abnormality, but abnormalities 
were also common in several other tracts.

In control brains, the mean FA values of the SLF, AF, IFOF, and ILF were dependent on 
the tract size, which can be related to the variability in the relative amount of peripheral 
white matter in the tractograms, but can also reflect the structural variability of the 
whole tract. Postmortem studies, concluded by Hasan et al. (2010), have shown that 
white matter fibre tracts can be heterogeneous. In our study, the intra- and inter-rater 
reliability was high. Thus, the large variability in volumes more likely results from the 
structural variability of the tracts than from inconsistent ROI placement. However, the 
large standard deviations in the size and FA values in the AF, and the large standard 
deviations in the FA and ADC values in the TC make these tracts less suitable for 
quantitative diagnostics.  Different normal values for genders may not be needed for 
the studied association tracts since only marginally fewer FA changes and slightly more 
ADC changes were detected with different normal values for men and women. However, 
using gender-dependent normal values, many more abnormal volumes in the TBI group 
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could be detected, suggesting that closer matching of normal controls may increase the 
sensitivity of the method. 

A previous tractography study has reported decreased volumes in the corpus callosum, 
fornix and peduncle projections in subjects with TBI (Wang et al., 2008). We did not 
find any significant trauma-induced volume decline in the group comparison, which is 
probably related to the large normal variation in size of the association tracts and to the 
small number of severe cases in our study. 

As described above, diffusion changes in traumatic axonal injury have mainly been 
characterized by reduced FA and/ or increased mean diffusivity, and FA values are 
generally considered more sensitive to show abnormalities than ADC values. In our 
study, ADC values showed more abnormalities than FA values, probably due to the effect 
of crossing tracts on ADC values (Mukherjee et al., 2008a; Mukherjee et al., 2008b) 
and, also, in the tracts traversing close to the lateral ventricles, contamination from the 
cerebrospinal fluid (Concha et al., 2005). 

The high frequency of axonal injury in the UF has also been detected in previous studies 
(Bendlin et al., 2008; Niogi et al., 2008). In our material with only one patient with poor 
outcome (GOS-E ≤ 4), injury to the cingulum seems to be relatively rare compared with 
other reports (Bendlin et al., 2008; Kraus et al., 2007; Niogi et al., 2008; Rutgers et al., 
2008). 

DTI is more sensitive than conventional MRI in detecting subtle, but clinically 
meaningful, changes following TBI. As was expected, we could not show a connection 
between FA values and outcome in our study patients with mainly a relatively similar 
outcome. However, several recent studies (see e.g. Caeyenberghs et al., 2010; Messé et 
al., 2011; Warner et al., 2010) have shown DTI findings to have good correlation with 
clinical status and outcome. Recovery, in general, is much more accelerated during the 
first five months than the last seven months of the first year post-injury, suggesting the 
need for early restorative treatments. Only some of the brain areas, including manual 
motor and visuospatial domains, are likely to recover more slowly, and they might have 
a wider therapeutic window (Christensen et al. 2008). This makes the role of accurate 
early diagnosis highly important. Modern imaging techniques are in a special position 
to validate functional deficits related to TBI since lack of motivation and somatoform 
disorders can influence the accuracy of neuropsychological tests and self-reported 
symptoms. Anosognosia (i.e. lack of awareness of deficits) is common in more severe 
injuries (Hart et al., 2004) and influences an individual’s subjective evaluations of his 
or her cognitive and behavioural changes, which complicates the identification of TBI 
symptoms and their consequences in these patients. Thus, at least in cases with trauma-
related symptoms without declarative findings on routine imaging techniques (i.e. CT 
or conventional MRI), DTI may be crucial in refining TBI diagnosis, prognosis, and 
management.  
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As many TBIs occur in traffic accidents, work-related accidents, sports-related injuries 
or assaults, their medicolegal consequences may also be significant. Accurate diagnosis 
of brain injury is also critical to discriminate true injury from other disorders, as well as 
malingering symptoms.

6.5.	 REPRODUCIBILITY OF TRACT-BASED AND REGION OF INTEREST 
DTI ANALYSIS OF LONG ASSOCIATION TRACTS (IV)

To provide an acceptable measure of change in diffusion measurements with advancing 
age, disease progression, or intervention, it is essential to establish measurement 
reliability. The reliability of a method consists of several aspects including the validity, 
sensitivity, and reproducibility of the method. As described above, many factors that 
influence the reliability of DTI measures have been studied in the literature. The role of 
rater performance in reliability is important, since many of the technical factors are more 
easily standardized. Our study provides an explicit evaluation of the reproducibility of 
tractography measurements of ten association tracts in the brain essential for cognitive 
brain functions, using a clinical DTI protocol at 3.0 T. The examined fibre variables were 
FA and MD, together with the volumetric measurements, including central part analysis 
in corresponding volumes representing the region with highest FA values in each subject. 
Different types of intra-rater, inter-rater, and between-scan reliabilities were compared to 
find important sources of variability, and to evaluate whether increasing the FA threshold 
from 0.15 to 0.30 and decreasing the turning angle threshold from 60° to 27°, as well as 
decreasing the predetermined central part volume, improved the reproducibility. 

In our study, the only operator-dependent step in the analyses was the subjective 
placement of the ROIs in the cross-sectional images for the tract delineation and for 
the ROI-based measurements. We used colour-coded diffusion maps that show fibre 
orientation to improve the definition of the ROIs from the two-dimensional images 
(Hermoye et al., 2006), and placed the ROIs to the shape of the structure to diminish 
the partial volume effects (Snook et al., 2007). Standard ROI sizes and positions were 
used. The most common methods to perform quantitative fibre tracking analysis, such as 
the method used in our study, include the use of multiple inclusion and exclusion ROIs. 
As for accuracy of tracking results, we reconstructed tracts that are well documented in 
previous anatomical studies using ROIs based on a priori knowledge. The macroscopic 
configurations of these reconstructed tracts are thus likely to reflect true fibre bundles, 
but it is possible that some parts of the trajectory may contain inaccuracies due to partial 
volume effects, noise, and crossing fibres. We tried to minimize the impact of the skills 
of the raters to follow the set rules for anatomic delineations by adequately training and 
supervising the raters; there were no systematic differences in our results depending on 
the experience of the raters. 

In the reproducibility of the cross-sectional ROI measurements, the highest agreement 
has been found in the corpus callosum and the lowest for the corona radiata, internal 
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capsule, centrum semiovale, CST, and cerebral peduncle (Bisdas et al., 2008; Bonekamp 
et al., 2007; Brander et al., 2010; Ozturk et al. 2008; Vollmar et al., 2010). In our study, 
the lowest agreement in the cross-sectional ROI measurements was found in the UF 
and AF, which may be related to the tract shape and relatively high amount of crossing 
fibres in these areas. Only few previous reliability studies on the cross-sectional ROI 
measurements of the association tracts have been published. Vollmar et al. (2010) included 
the left uncinate fasciculus in their cross-sectional ROI analysis, and Bonekamp et al. 
(2007) included both cingulum bundles in their reproducibility analysis in children and 
adolescents. Vollmar et al. (2010) had better reproducibility for the FA measurements 
(scan-rescan ICC 0.91) compared to our study (intra-rater ICC 0.502 and inter-rater ICC 
0.612), which may be related to their use of cardiac gating and bigger ROI size. In 
our study, both intra-rater and inter-rater comparisons revealed approximately twofold 
higher variability for FA values (mean CV 5.5% and 8.2%, respectively) compared to 
MD measurements (mean CV 2.5%, and 3.5%, respectively), which is in agreement 
with data reported by Bonekamp et al. (2007). The reproducibility of the ROI-based FA 
and MD measurements in the cingulum was markedly higher in their study compared to 
ours according to the ICC analysis, but it should be noticed that they also had a higher 
standard deviation of the FA measurements and relatively poor reproducibility of the FA 
measurements in the cingulum using the Bland-Altman reliability analysis (CR 12.7% 
from the mean FA). Our results are in accordance with the previous studies that have 
suggested that tract-based analysis may be more specific (Hong et al., 2008; Kanaan et 
al., 2006; Partridge et al., 2005) and reliable (Borich et al., 2012; Partridge et al., 2005; 
Wang and Melhelm, 2005) than ROI-based analysis to evaluate the integrity of white 
matter fibres. In our study, the tract-based method showed better reproducibility of FA 
and MD measurements in all the studied tracts compared to the cross-sectional ROI 
method.

For the tract-based method, the intra- and inter-rater CVs and ICCs for FA and MD were 
comparable with other data (Danielian et al., 2010 (UF); Malykhin et al., 2008 (UF, 
cingulum); Wang et al., 2012 (UF, cingulum, AF, IFOF)). In our study, the inter-session 
reproducibility for FA and MD measurements was, however, markedly higher compared 
to the recent results of Wang et al. (2012) when 15 gradient directions, such as in our 
study, were used. This may be related to the careful subject positioning and minor motion 
during the scan in our study. In accordance with previous studies (Danielian et al., 2010; 
Wang et al., 2012), intra- and inter-rater reproducibilities were higher compared to the 
between-scan reproducibility. In our study, between-scan reproducibility varied from 
good to excellent, except for the fair reproducibility in FA measurements in the left 
SC with FA 0.30/angle 27° and in volume measurements in the left AF with FA 0.15/
angle 60°, and the poor reproducibility in MD measurements in the left IFOF with FA 
0.15/angle 27°. We found no systematic difference in the reproducibility of the FA, MD 
and volume measurements depending on the FA or turning angle threshold. Measures 
of mean fractional anisotropy (FA) and mean diffusivity (MD) along the tracts were 
more reproducible than measures of tract volume, in accordance with previous studies 
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(Heiervang et al., 2006; Malykhin et al., 2008).  Since the large variability in WM tract 
volumes and structure determined by tractography can decrease the accuracy of FA 
and MD measurements, additional measurements from the core of the tract have been 
recommended to confirm the tract-based results (Yasmin et al., 2008). According to our 
results, tractography provides a highly reproducible method to perform this central part 
analysis.

As a reliability estimate, it is preferable to use the ICC rather than the CV, as the 
former relates the size of the error variation to the size of the variation of interest. 
Even the ICC analysis has, however, some limitations; Since the ICC is calculated as 
a comparison of variation between cases (e.g., volume, FA or MD values of the tracts 
in the study population) to variation within cases (e.g., across raters), ICC may be high 
with a relatively large variation within cases if there is a large variation between cases 
(Bruton et al., 2000). Since, in general, no single reliability estimate should be used 
for reliability studies, and since also the ICC analysis has limitations, we considered 
it important to complement the ICC analyses by calculating the Bland and Altman 
95% limits of agreement. The Bland and Altman 95% limits of agreement test gives 
a Coefficient of repeatability (CR) value that gives information on the magnitude of 
disagreement between measurements, for example, if CR for a FA measurement is 20, 
the disagreement between rater (intra-rater reliability) or raters (inter-rater reliability) is 
20 or less with 95% likelihood (Table 4). Even though the Bland and Altman reliability 
analysis gives important additional information that can be interpreted clinically, its use 
has been rare in previous DTI studies. We found relatively high CR values for the ROI-
based FA and MD measurements in several tracts, even if the ICC values were good 
or excellent (Table 5). On the other hand, besides the excellent intra- and inter-rater 
reliability of the tract-based methods according to the ICC analyses, our study showed 
low CR values for the FA (CR/ Average = 0.8-7.1%) and MD (CR/ Average = 0.2-4.8%) 
measurements in all the studied association tracts, indicating reasonable reliability of the 
tract-based methods in clinical use. However, the large variation in volumes seems to 
partly explain the good ICCs for the whole tract volumes in our study, since there was 
also relatively large variation in the measurements between raters, and the CRs of the 
volumes were large. 

Our results make the use of tract-based volume analyses and ROI analyses in the study of 
the association tracts questionable, a finding, which should be taken into consideration in 
clinical applications. Additional investigations with a larger study population (n>50) and 
other clinical DTI study protocols are recommended to confirm our CR results. Because 
concurrent FA and volume changes complicate the grading of injury severity based on 
quantitative imaging data, further studies on whether the use of volume-related normal 
values could improve the accuracy of the method would also be valuable.  

Inter-rater, intra-rater and between-scan reliability studies allow for an estimation of 
reproducibility, but another important aspect of reliability is whether a measurement is 
sensitive to the parameters of interest or not. Large variation in measurement of interest 
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in a normal population makes it difficult to detect changes in a diseased population, 
particularly at an individual level. We evaluated the difference between the TBI and 
healthy subjects by tractography-based analyses in our third sub-study (III), and found 
that the DTI tractography- based FA and MD analyses are suitable for clinical use also 
in this respect.
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7.	 SUMMARY OF FINDINGS AND CONCLUSIONS

7.1.	 SUMMARY OF FINDINGS AND CLINICAL IMPLICATIONS

Study I: Both the number and extent of visible traumatic lesions on conventional MRI 
diminish significantly with time. As conventional MR imaging is still applied in clinical 
practice, it should be carried out soon after the injury at least in CT-negative cases. 
The absence of visible traumatic lesions especially in late conventional MRI does not 
exclude TBI, which has to be taken into account in medicolegal cases.

Study II: Slightly increased diffusion in normal-appearing brain is a common finding 
at one week after TBI, both in patients with and without visible lesions on conventional 
MRI. Diffusivity changes can occur in all supratentorial white matter and deep grey 
matter structures. Decreased ADCs at one week are uncommon in patients with mild 
TBI. This information may be used to improve documentation of the intracranial injury, 
but we could find no association between the ADC values and injury severity, whether 
measured as acute GCS or one-year outcome.

Study III: DTI tractography at 3 Tesla is potentially capable of improving the radiological 
diagnostics in the subpopulation of symptomatic TBI patients with no visible signs of 
intracranial or intraparenchymal abnormalities on routine MRI. Our results further stress 
the use of more sensitive imaging techniques if a chronic post-traumatic aetiology is 
suspected.

Study IV: According to this DTI tractography study of ten association tracts, the tract 
based FA and MD measurements are highly reproducible. Tract-based methods for 
volume measurements have, however, relatively low reproducibility. Compared to the 
commonly used cross-sectional ROI method, the tract-based analysis seem to be a more 
robust way to identify and measure white matter tracts of interest, which should be 
taken into consideration in clinical DTI applications. Neither the turning angle threshold 
(27°/60°) nor FA threshold (0.15/0.30) had a systematic influence on reproducibility.

7.2.	 FUTURE PROSPECTS FOR RESEARCH 

The role of neuroimaging in the diagnosis of TBI is evolving. In general, the structural 
imaging techniques play a role in diagnosis, while the pathophysiology, symptom 
genesis, and mechanisms of recovery have recently been clarified by functional imaging 
techniques. However, DTI may also have the potential to add to our understanding of 
the natural course of traumatic axonal injuries and of the mechanisms of neuroplasticity 
and repair operating during recovery from TBI. DTI may also be useful to assess the 
effectiveness of treatment.
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The diffusivity changes in normal-appearing brain in our study did not correlate either 
with GCS or outcome, and further investigations are needed to evaluate the possibilities 
of clinical applications of these findings. 

We were able to demonstrate that DTI tractography at 3 Tesla is potentially capable of 
improving the radiological diagnostics in TBI patients with no findings on routine MRI. 
The relationship between FA values and outcome in this subpopulation remained unclear, 
since we had mainly (89.6%) patients with good or moderate outcome (GOS-E 5-7) with 
only a small variation in FA values. In our study, the detailed clinical characterization 
of the examined patients was studied retrospectively, which did not allow extensive 
uniform neuropsychological assessments. Further studies with more sensitive clinical 
techniques  (neuropsychological assessments including follow-up) would be needed to 
evaluate whether the FA values are associated with the severity of injury in this TBI 
subpopulation. To find predictors for persistent postconcussive syndrome after mild 
TBI, is of potential interest, because neurobehavioural rehabilitation reduces the risk of 
persistent symptoms, and treatment failure is common if symptoms persist after 3 to 6 
months. We found that the uncinate fasciculus and several other association tracts are 
common sites of injury in TBI patients with persistent symptoms with no findings on 
conventional MRI. Future prospective evaluation of whether DTI abnormalities in these 
tracts are connected with the risk of persistent symptoms would be valuable. 

A few preliminary DTI studies at 7 T have been published recently (see e.g. Polders 
et al., 2011; Zhan et al., 2013), but further studies are needed to evaluate the potential 
advantages of the method in TBI research and diagnostics.

This thesis has concentrated mainly on the structural magnetic resonance imaging of 
traumatic brain injury. However, DTI or other structural methods cannot assess the 
“function” or underlying cerebral metabolic rate and cerebral blood flow in the brain. 
Besides the radioactive isotope based single-photon emission computed tomography 
(SPECT) and positron emission tomography (PET) techniques, the non-ionising 
functional magnetic resonance imaging (fMRI) and magnetic resonance spectroscopy 
(MRS), are relatively new functional imaging techniques increasingly used in TBI 
research (Anderson et al., 2011). Further studies are needed to establish the clinical 
applicability of these methods in TBI. In the future, comparison of modalities in a 
single study is also important, since it will help to establish how the modalities can be 
complementary to one another.
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