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Abstract

The diagnotic criteria for disorder of the executive function of the brain (DEFB) as a syndrome of sequela
were administratively established (ad-DEFB) in Japan in 2006 to support disabled patients whose impair-
ment, limited to cognition (memory, attention, execution, and behavior), emerges after organic brain injuries
regardless of physical deficits. However, some patients suffering from traumatic brain injury (TBI) have
been excluded from receiving medico-social services. In particular, this tendency is more prominent in
patients with mild TBI because no lesions are apparent on conventional computed tomography (CT) or mag-
netic resonance imaging (MRI) in the chronic phase. Recent development of new MRI neuroimaging modali-
ties and positron emission tomography (PET) imaging makes it possible to detect regions of minute organic
lesions and metabolic dysfunction in the brain where organic lesions may be absent or cannot be detected
on conventional CT or MRI. In this review, we discuss diagnostic criteria for mild TBI and ad-DEFB, the
relationship between the two disorders, characteristic neuroimaging [(MRI and 18F-fluorodeoxyglucose-
positron emission tomography (FDG-PET)] of diffuse brain injury including cerebral concussion, which is
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the principal cause of mild TBI, and suggested pathological mechanisms of ad-DEFB in DBI.
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Introduction

After suffering traumatic brain injury (TBI), there
may be a substantial number of disabled people
whose impairment is not recognized socially because
their disabilities are limited to cognitive impair-
ment without obvious physical deficits. Since 2006,
the Japan Ministry of Health, Labour and Welfare
(MHLW) has provided medico-social services for
such patients diagnosed with an administratively
established syndrome of disorder of executive
function of the brain (ad-DEFB) as sequela.®
One of the diagnostic criteria for ad-DEFB is the
confirmation of organic brain lesions (Table 1).2%
Consequently, some TBI patients have been excluded
from receiving services because no lesions were
apparent on conventional computed tomography
(CT) or magnetic resonance imaging (MRI) in
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the chronic phase. In particular, this tendency is
more prominent in patients with mild TBI. Recent
development of new MRI neuroimaging modalities
and positron emission tomography (PET) imaging
makes it possible to detect regions of minute organic
lesions and metabolic dysfunction where organic
lesions may be absent or have not been detected
on conventional CT or MRI. Another issue that
may prevent adequate support of patients with
mild TBI is a poor understanding and confusion
of diagnostic criteria for ad-DEFB and mild TBI,
as well as the relationship between the two disor-
ders. In this review, we discuss the diagnostic
criteria of mild TBI and ad-DEFB, the relationship
between the two disorders, characteristic neuroim-
aging (MRI and 18F-fluorodeoxyglucose-positron
emission tomography (FDG-PET)) of diffuse brain
injury (DBI) including cerebral concussion, which
is the principal cause of mild TBI, and suggested
pathological mechanisms of ad-DEFB in DBI.
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Table1 Diagnostic criteria for disorder of the executive
function of the brain administratively defined by the
Department of Health and Welfare for Persons with
Disabilities, The Japan Ministry of Health, Labour and
Welfare, and National Rehabilitation Center for Persons
with Disabilities*?

1. Major symptoms

1. The fact of the accident or the presence of the
disease that causes brain injuries is evident.

2. Daily family and/or social lives are limited by
cognitive impairments in memory, attention,
execution, and/or behavior.

II. Examinations

Organic brain lesions are revealed by CT, MRI, electro-
encephalogram, and/or other neuroimaging modalities,
or its presence can be verified in medical records or
certificates described at the acute/subacute phase.

III. Exclusion criteria

1. Cognitive symptoms which can be accounted as
symptoms (e.g. aphasia/dysphasia) due to which
persons can be issued a Certificate for Physical
Disability, other than major cognitive symptoms
described above (article I-2), are excluded.

2. Major cognitive symptoms described above (article
I-2) which have already been seen before the
accident or the presence of the disease are excluded.

3. Major cognitive symptoms described above
(article I-2) due to congenital disorders, perinatal
brain injuries, developmental disorders, and/or
progressive diseases are excluded.

IV. Diagnosis

1. The diagnosis should be made when articles I, II,
and III described above are all fulfilled.

2. The diagnosis should be made at the chronic phase
(6 months or more after the accident or the presence
of the disease that causes organic brain lesions).

3. Neuro-psychological examinations can be referred to
for the diagnosis.

Head Injury and Traumatic Brain Injury

Up to now, injury of the head due to trauma has been
referred to as “head injury”. This medical term is
generally recognized to mean organic or non-organic
(functional) damage of the intra- and extra-cranial
organs including the brain, scalp, and skull, and partly
includes damage of the nerves, vessels, bone, and soft
tissues of the neck due to a direct impact to the head.

On the other hand, there is another medical term
“TBI”. These similar terms are often used inter-
changeably in the medical literature. However, there
are some nuances between these terms. TBI refers
to organic or non-organic (functional) damage of the
brain regardless of direct or indirect impact to the
head. These include injuries of the brain caused by
indirect impact to the head; for example, impacts
to the body or neck including whiplash injury and

blast injury can also be included in TBI. However,
simple injuries of the scalp, skull, extracranial vessels,
nerves, and soft tissues are excluded in this category
even if these are related to direct head impact.

For both categories of injury, evaluation of brain
damage induced by impact is an important clinical
goal for patient care. From this point of view, “TBI”
is thought to be a more appropriate designation to
be utilized than “head injury”. Advancement and
propagation of CT and MRI have led the recent
rapid progress toward more precise evaluation of
acute brain pathology due to trauma. However, the
clinical evaluation of the severity of brain damage
still depends on an examination of the neurological
status and the consciousness level of the patients.

Internationally, clinical severity in the acute phase
of TBI generally can be divided into the following
three grades according to the Glasgow Coma Scale
(GCS)¥; mild TBI (GCS score: 13-15 points), moderate
TBI (GCS score: 9-12 points), and severe TBI (GCS
score: 3-8 points).>”

Diagnostic criteria of mild TBI were first advo-
cated by the TBI Committee of the American

Table 2 Diagnostic criteria for mild TBI by the
American Congress of Rehabilitation Medicine Special
Interest Group on Mild Traumatic Brain Injury®

A traumatically induced physiological disruption of brain
function, as manifested by at least one of the following:

1. any loss of consciousness

2. any loss of memory for events immediately before or
after the accident

3. any alteration in mental state at the time of the accident
(e.g., feeling dazed, disoriented, or confused) and

4. focal neurologic deficit(s) that may or may not be
transient

But where the severity of the injury does not exceed the
following:

loss of consciousness of approximately 30 min or less
after 30 min, an initial Glasgow Coma Scale score of
13-15, and post-traumatic amnesia not greater than 24 hr
This definition includes:

1. the head being struck,
2. the head striking an object, and

3. the brain undergoing an acceleration/deceleration
movement (i.e., whiplash) without direct external
trauma to the head.

It excludes stroke anoxia, tumor, encephalitis, etc. CT, MR,
electroencephalogram, or routine neurological evaluations
may be normal. Due to the lack of medical emergency, or the
realities of certain medical systems, some patients may not have
the above factors medically documented in the acute stage.
In such cases, it is appropriate to consider symptomatology
that, when linked to a traumatic head injury, can suggest the
existence of a mild TBI
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Congress of Rehabilitation Medicine (ACRM) in 1993
(Table 2).?) Eleven years after the ACRM definition
was published, the World Health Organization
(WHO) Collaborative Center Task Force on Mild
TBI published a comprehensive review of defini-
tions utilized in research studies and identified
significant definition discrepancies.? According to
these publications, a GCS score of 13-15 points is
necessary but not sufficient for a mild TBI diagnosis.
We do not know what diagnosis should be made for
cases with a GCS score of 13-15 points, but with
no loss of consciousness, loss of memory for events
immediately before or after accident, alteration in
mental state at the time of the accident, nor focal
neurologic deficits that may or may not be transient
(this may be called “super mild TBI”). We should
note that “mild TBI” is just a medical term used as a
clinical diagnosis made in the acute phase, but does
not depend on whether brain damage is organic or
functional, and additionally whether symptomatic
sequelae are present or absent afterward.

In the United States of America (USA), about
1,700,000 patients are diagnosed with TBI every
year, about 75% of which correspond to mild TBI,
while about 30% of mild TBI patients are suffering
symptomatic sequelae for several months to years
in the chronic phase.'?

In the USA, the number of patients with disorders
of cognition, attention, emotion, motivation, and
behavior as sequelae following mild TBI caused by
a war injury including blast injury and sports (for
example, football, wrestling, and boxing) injury have
increased in recent years, leading to social problems
that cannot be overlooked. In terms of war-related
injury, the US government budgeted $300 million
in 2008 for investigations into the pathophysiology
of TBI disorders, as well as treatment and care of
patients.'V In Japan, no epidemiological investigation
of mild TBI has been performed, and the number of
affected patients is not known precisely, although
injuries related to traffic accidents and sports are
likely to predominate in mild TBI cases.

Diagnosis of Disorder of Executive
Function of the Brain

In 2006, the Japan MHLW launched a compre-
hensive administration support system project
for patients with ad-DEFB who have four major
cognitive symptoms including memory, attention,
execution, and behavior dysfunction due to organic
brain damage types such as head injury, cerebro-
vascular disease, hypoxic encephalopathy, and
radiation injury. Based on this support project,
patients with ad-DEFB are issued a Certificate
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for Mental Disability and receive medico-social
services (life/medical care, reduction/exemption
from taxes and medical fees, and job training) to
achieve independence in Japanese society.!?

The Japan MHLW and National Rehabilitation
Center for Persons with Disabilities administratively
established a diagnostic criteria of ad-DEFB to execute
this support system by regarding ad-DEFB as a
syndrome of sequela (Table 1).2®) To use this criteria,
the following two important points should be noted.

First, the term ad-DEFB is different from a clas-
sically recognized academic term, DEFB (ac-DEFB)
(Fig. 1). The major distinctions of ad-DEFB from
ac-DEFB are that the diagnosis of ad-DEFB should
be made 6 months or more after brain injury with
a necessity of the existence of organic brain damage
demonstrated by neuroimaging, and that patients
with pathologies caused by congenital disease,
perinatal brain damages, developmental disorders,
or progressive diseases have to be eliminated in the
diagnostic criteria.>® Thus, there are double standard
definitions of DEFB in Japan at the present time,
and we should pay attention to the differences at
the time of discussion of DEFB to avoid confusion.

Second, clinical symptoms of DBI have been
intentionally incorporated into these diagnostic
criteria. So far, clinical symptoms due to higher
cortical dysfunction associated with local brain
injury (LBI) including cerebral contusion, such as
aphasia, agnosia, apraxia, amnesia, disorientation, poor
judgement, character change, poor abstract thought,
apathy, and disconnection syndromes, have been
predominantly taken into consideration for diagnosis
of ac-DEFB. On the other hand, DBI symptoms, in
which the pathological essence is axonal damage,
causing disruptions in information transmission
among the cerebral neocortex, basal ganglia, and
limbic system, have been underestimated. These
symptoms include not only cognitive symptoms
like an impairment of memory, but also disorders
of attention, execution, emotion, and behavior that
cannot be easily explained as the brain focal signs
mentioned above. The diagnostic criteria of ad-DEFB
make it feasible to attend to symptomatic patients
with DBI but without focal traumatic lesions on
conventional neuroradiology, who have been over-
looked medically and socially so far.

Ad-DEFB in Mild TBI

Regardless of organic or non-organic brain damage,
chronic sequelae that are related to mild TBI
include disturbances in motor/sensory function,
taste, smell, swallowing, and urination, in addition
to nausea, tinnitus, dizziness, vertigo, headache,
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fatigue, sleeplessness, photophobia, apathy, depres-
sion, anxiety, euphoria, restlessness, and cognitive
dysfunction. Symptoms related to memory, attention,
executive function, and behavioral dysfunction that
are defined as major symptoms of ad-DEFB in Japan
are also included.

In terms of the administrative support for patients
with ad-DEFB launched by The Japan MHLW, any
patients with TBI (including mild TBI) who fulfill
the diagnostic criteria for ad-DEFB are candidates.
However, even after the enforcement of this support
project, a substantial number of patients with mild
TBI may have been overlooked and may have not
been diagnosed with ad-DEFB, due to the following
reasons. Symptoms in patients with mild TBI are
relatively mild in the acute phase. This is a reason
why no medical examinations using CT and/or
MRI may have been performed in the acute phase.
Another reason is anosognosia, often associated with
cognitive dysfunction, which may impede patients
from visiting hospitals. Finally, this is the most
likely reason, some patients may have been treated
as suffering from posttraumatic stress disorder, post-
traumatic depression, or other psychiatric disorders
in the chronic phase in case of no observable lesion
on conventional CT and/or MRI.

It is our mission to improve administrative support
for patients suffering from mild TBI who may have
missed prior support because no diagnosis of ad-DEFB
has been made. To carry out this mission, first, we
should correctly evaluate the clinical symptoms of
patients and recognize characteristic pathologies
responsible for damages observed on neuroimaging
in patients with organic brain lesions due to TBIL

classically usable academic DEFB
(ac-DEFB)

administratively established DEFB
as a syndrome of sequela
(ad-DEFB)

Fig. 1 The relationship between classically usable
academic disorder of executive function of the brain
(DEFB) (ac-DEFB) and administratively established
DEFB as a syndrome of sequela (ad-DEFB) by The Japan
Ministry of Health, Labour and Welfare and National
Rehabilitation Center for Persons with Disabilities.

CT/MRI-positive CT/MRI-positive

lesion (-) lesion (+)
4 | )

patients with symptoms fulfil the
diagnostic criteria of ad-DEFB

patients with only symptoms not
fulfil the diagnostic criteria of
ad-DEFB

patients to receive a medico-
social services provided by
the Japan MHLW as patients
with ad-DEFB

patients without any symptoms

patients with mild TBI in the chronic phase

Fig. 2 Classification of patients with mild traumatic
brain injury (TBI) in the chronic phase. ad-DEFB =
administratively established disorder of executive func-
tion of the brain as a syndrome of sequela; MHLW =
Ministry of Health, Labour and Welfare.

Correct diagnosis of ad-DEFB based on these clinical
and neuro-radiological findings is needed (Fig. 2).

Organic Brain Lesions in Mild TBI

Concussion-related pathophysiology is evident in the
acute phase of the great majority of patients with mild
TBI, and the clinical symptoms seen in the chronic
phase often correspond to post-concussion syndrome.!?
TBI is commonly classified into two categories based
on the localization and pathogenic mechanism of
injury, which are LBI and DBI. Cerebral concussion
used to be attributed to brain stem damage, while
now it is thought caused by DBI. At present, cerebral
concussion is categorized as a mild type of DBI, which
is described by a loss of consciousness less than 6
hours.’® Cerebral concussion is defined as a clinical
syndrome characterized by immediate and transient
post-traumatic impairment of neural functions without
any organic brain lesions.” However, it has long been
known that there may be a pathology (termed punch
drunk) with diffuse brain atrophy caused by repeated
cerebral concussion, in which cognitive impairment
emerges during the chronic phase.’?

In 2011, Omalu et al.’® investigated 17 autopsied
brains (9 accident, 5 suicide, and 3 natural death)
and verified tau-positive neurofibrillary changes
corresponding to chronic traumatic encephalopathy
(CTE) in 10 (71%) of 14 professional athletes
(8 American football, 4 wrestling, 1 boxing, and
1 martial arts athlete) and 1 (33%) of 3 American
high school football players who had very likely
received repetitive impact to the brain and had shown
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cognitive, behavioral, and emotional impairments
while they were alive. Additionally, Omalu et al.?¥
reported a case of a 27-year-old veteran of CTE with
tau-positive neurofibrillary changes in the autopsied
brain, who had received a repetitive blast injury in
a war, but no history of direct head injury. He had
been suffering memory, behavioral, and emotional
impairments after an honorable discharge from the
US Marine Corps, and committed suicide 8 months
after retirement.

At present, CTE is considered to be a progres-
sive tauopathy that occurs as a consequence of
repetitive mild TBI. However, there has been no
pathological evidence as to whether organic brain
lesions including CTE can emerge after a single mild
TBI like a cerebral concussion caused by direct or
non-direct head injury (such as whiplash injury).
In CTE, it is unclear how much head trauma is
causative, what type, and how frequent, in addition
to the age when patients are most susceptible, and
whether some individuals are genetically more prone
than others. CTE may be regarded as a spectrum of
disease; if so, even a single small cerebral concus-
sion may produce CTE.'”

The presence of axonal retraction balls, axonal
swelling, micro-bleeding, and aggregation of micro-
glia can often be observed histopathologically in
the cerebral white matter, subcortical zone, corpus
callosum, cerebellum, cerebellar peduncle, and brain
stem during the acute/subacute phases of diffuse
axonal injury (DAI), which is defined as a severe
type of DBL!® Furthermore, degeneration of long
tracts, such as the pyramidal tract and spinothalamic
tract, can also be seen in the chronic phase.’® The
pathological mechanism of cerebral concussion, a
mild type of DBI, is regarded as a shearing stress
of the brain due to roll acceleration impact similar
to DAI, and if so, there may exist organic brain
lesions, axonopathy, in cerebral concussions in the
same brain site as DAL!® Normally, tau protein is
most abundant in the axons. Although the patho-
logical relationship between DAI and CTE is still
not fully elucidated, DAI can be a leading source
candidate for CTE. Axonopathy following cerebral
concussion may lead to the aberrant production
and/or aggregation of tau.??

To elucidate minute organic brain lesions due
to TBI in living patients, meticulous studies using
incisive neuroimaging are needed. First, the char-
acteristics of organic brain lesions (where and how
originated) in patients with DAI in the chronic phase
should be evaluated to identify organic brain lesions
in mild TBI patients with cerebral concussion in
the chronic phase. In the following, we summarize
recent knowledge and characteristic findings using
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diagnostic neuroimaging in patients with DAI in the
chronic phase, presenting neuro-radiological findings
obtained at our institute using MRI and FDG-PET.

Neuroimaging of DBI

Structural MRI

We can evaluate organic brain lesions and the
related morphological changes caused by TBI using
T, weighted imaging (T,WI), T, weighted imaging
(T,WI), and fluid attenuated inversion recovery
(FLAIR) imaging taken in widespread standard MRI
in the chronic phase. The most common neuro-
radiological finding due to DBI in the chronic phase
is diffuse brain atrophy. Opening of the sulcus and
dilatation of the ventricles can suggest the presence
of diffuse brain atrophy. Generally, diffuse brain
atrophy is prominent according to the severity of
DBI. Local marked atrophy of the corpus callosum,
fornix, and brain stem, which are predisposed to
be injured in DBI, is another characteristic finding
in this clinical entity. However, severity of brain
atrophy is strongly affected by age and past patho-
logical histories of patients, and, furthermore, there
can be individual differences within the same age
category. For a correct evaluation of brain atrophy
caused by DBI, it is important to compare CT/MRI
obtained in the chronic phase with those obtained
in the acute phase in the same patients.

It is difficult to detect minute intracranial hemor-
rhages that have been seen in the acute phase of
head injury on ordinary CT/MRI in the chronic
phase. However, T,* weighted imaging (T,*WI)
and susceptibility weighted imaging (SWI) can
visualize those remnant hemorrhages as abnormal
low signal intensity areas by sensitively visualizing
hemosiderin in the chronic phase.?*?? Hemosiderin
can often be seen in the corpus callosum, basal
ganglia, and deep white matter in the cerebral
hemisphere in cases of DBI (Fig. 3). Geurts et al.?
compared the sensitivity of visualizing hemosiderin
on imaging among T,WI, FLAIR, T,*WI, and SWI
in 56 patients with TBI in the chronic phase. In
the results of the study, the sensitivity of T,WI
was the same as FLAIR. However, the sensitivity
of T,*WI was five times superior to that of FLAIR,
and, furthermore, the sensitivity of SWI was 2
times superior to that of T,*WIL.

Diffusion-tensor imaging (DTI)

Diffusion-tensor imaging (DTI) is an MRI technique
that uses anisotropic diffusion of water coexisting along
the axonal fibers in the brain. The axonal organization
of the brain can thus be estimated by DTI. Based on
fractional anisotropy (FA) value, which shows the degree
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Fig. 3 MRI of a patient with severe diffuse brain injury
in the chronic phase. Hemosiderin can be well visual-
ized on T,* weighted imaging (T,*WI) and susceptibility
weighted imaging (SWI) compared to fluid attenuated
inversion recovery (FLAIR) imaging. Especially, hemosi-
derin in the corpus callosum and cerebral white matter
can be more conspicuously seen on SWI.

of anisotropy of the coexisting water, an FA map can be
produced from DTI. Regions with decreased FA, which
are regarded as those with organic lesions of injured
axons, can be detectable in the brain by calculating FA
values in the region of interest (ROI) on an FA map.
A significant decrease in FA values can commonly be
seen in the corpus callosum, fornix, coronal radiation,
centrum semiovale, and cingulum in cases of DBI.?%
Decreases in FA values in the corticospinal tract
were reported to positively correlate with decreases
in motor evoked potentials caused by transcranial
magnetic stimulation. Such evidence shows that FA
values may be useful for the evaluation of not only
morphological changes, but also functional changes
in the brain.?

Fiber tractography (FT), which is an imaging
obtained by using a 3D reconstruction technique

to access neural tracts on FA maps on top of data
collected by DTI, can make it easy to evaluate axonal
disruption anatomically in the ROI. The fibers of the
corpus callosum, cingulum, superior longitudinal
fasciculus, corticospinal tract, and optic radiation
can be easily depicted on FT. Injured tracts can be
elucidated in terms of sparsity or disruption, and
evaluated in terms of damage by visually comparing
to a normal control (or normal hemisphere) in
patients (Fig. 4). However, in such an image anal-
ysis, there are shortcomings in terms of possible
arbitrary determination of ROI and threshold of FA
value, and unavailability of data from regions other
than the ROI. To make up for these shortcomings,
statistical image analysis using statistical parametric
mapping (SPM) to account for the whole brain in
comparison with FA values from a normal control
is performed. From this, the corpus callosum and
cingulum were elucidated to be the most common
regions with significantly decreased FA values
in patients with DBI in a group analysis of DTI
compared with normal controls.?® This result shows
that these anatomical regions are the most vulnerable
in the brain of patients with DBI. Recently, regions
with decreased FA values can be depicted in each

Fig. 4 Fiber tractography of the corpus callosum. The
number of neuronal fibers in the body of the corpus
callosum is decreased in a patient with diffuse brain
injury in the chronic phase (B) compared to a normal
control (A).
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patient by individual analyses (FA-SPM imaging).?®
Even minute regions with significantly decreased
FA values in patients with mild/moderate TBI, in
whom lesions have been missed on T,*WI, can be
detectable. FA-SPM imaging is often considered
for evaluating brain lesions in DBI cases (Fig. 5).

Another parameter of axonal damage on DTI is
mean diffusivity (MD), which indicates the degree
of diffusion of water around the axonal fibers. Even
if axons are partly injured, bundles of axons still
likely remain and may maintain isotropy in some
cases of TBI. In these cases, FA values may not
be affected; however, increases in water diffusion
caused by partial axonal injury can be sensitively
shown as an increase in MD value.?”” MD value
changes due to minute axonal injury in patients
with post-concussion syndrome are reported to be
more sensitive than FA value changes.??

We present three clinical papers with high evidence
levels published over the last 5 years, which describe
radiological changes in the brain using DTI in patients
with mild TBI. MacDonald et al.?” reported FA value
abnormalities using DTI performed within 90 days
after mild TBI due to blast injury in 63 personnel
engaged in battles in Iraq and Afghanistan. In their
report, significantly decreased FA values could be
seen in the bilateral middle cerebellar peduncle,
bilateral cingulum, and right pars orbitals white
matter in the inferior frontal gyrus compared with 21
personnel who had suffered blast injuries but had not
been diagnosed with mild TBI due to the absence of
symptoms after injury. Additionally, in 47 of the 63
personnel with mild TBI who could undergo DTI, a
significantly decreased FA value could be observed
in the same anatomical regions 6-12 months later.
These results show that even an indirect head injury
such as mild TBI due to blast injury may be respon-
sible for axonal injury, although it is still unclear

whether the pathological mechanism of blast injury
is related to a shearing stress of the brain due to
roll acceleration impact. A meta-analysis including
10 ROI studies and 10 whole brain studies on DTI
of the brain in patients with mild TBI published
between 1980 and 2012 was performed by Aoki
et al.®® They concluded that significantly decreased
FA values could be seen in the splenium of the
corpus callosum in patients with mild TBI compared
with normal controls from the results of ROI studies.
However, there were no significant differences in FA
values in any brain regions between patients with
mild TBI and normal controls in the results of whole
brain studies. In a systematic review by Gardner
et al.®¥ including 8 clinical papers on DTI of the
brain in patients with cerebral concussion due to
sports-related injury published between 2003 and
2012, 7 papers concluded that some kind of abnormal
signal intensity lesions could be verified in various
sites of the brain in those patients.

Recently, DTI studies using tract-based spatial
statistics (TBSS), which is a statistical image analysis
with a potential of more sophisticated normalization
of white matter fibers compared with SPM, have been
presented. TBSS is considered to be more reliable
in the evaluation of axonal fibers versus SPM. In 3
of 4 papers using group analysis of whole brain DTI
using TBSS, significantly decreased FA values or
significantly increased AD values could be seen in
the brains of patients with mild TBI compared with
normal controls.?26323%) These results from DTI studies
conclude that some patients with mild TBI may have
organic brain lesions due to impacts to the brain.

FDG-PET

Application of SPM analysis on PET imaging
made it easy in that brain regions with significantly
decreased FDG metabolism in patients with severe TBI

Fig. 5 FA-SPM imaging of a patients with diffuse axonal injury in the chronic phase. Regions with significantly
decreased fractional anisotropy (FA) values (black shadows in the brain, p < 0.001) compared to the normal
control can be seen in the corpus callosum, bilateral frontal lobe base, and right medial thalamus.
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compared with normal controls could be depicted via
PET. The results of group analysis of FDG-PET using
SPM reported by Nakayama et al.*¥ demonstrated that
significantly decreased FDG metabolism could be seen
in the cingulum, medial prefrontal regions, frontal
base, and thalamus bilaterally in patients with DBI
in the chronic phase compared with normal controls.
Additionally, this study verified that these are the brain
regions commonly impaired in FDG metabolism in
multiple groups of patients suffering from vegetative
state, minimally consciousness state, and ad-DEFB due
to severe TBI, and that the areas of decreased FDG
metabolism are extended according to clinical severity
(Fig. 6).) These results show that the cingulum, medial
prefrontal regions, frontal base, and thalamus are,
characteristically, the most vulnerable regions in DBI

In a clinical setting, statistical image analysis
using the easy Z score imaging system (eZIS) has
been widely used in PET analyses to evaluate indi-
vidual brain FDG metabolism in patients with brain
disorders in Japan. This image analysis is useful to
judge whether each DBI-suggestable patient in the
chronic phase has the same metabolic impairment
pattern on FDG-PET as the typical pattern seen
in patients with DBI, in which hypometabolism
is characteristically represented in the cingulum,
medial prefrontal regions, frontal base, and thalamus.

One study aimed to determine the differences in
brain glucose metabolism between groups of mild/
moderate TBI (m/m TBI) patients with and without
visible traumatic brain lesions based on MRI, in
either of which group scores of cognitive tests
were lower than those of the normal control group,
although there were no significant score differences
between the patient groups. FDG uptake on PET was
significantly lower in the cingulum and the medial
thalamus in the group of patients with visible lesions
compared with the group of patients without visible
lesions, and lower in the medial thalamus compared

Fig. 6 FDG-PET of a patient with diffuse axonal injury
in the chronic phase (group analysis using SPM).
Significant decrease of FDG metabolism (red areas, p <
0.001) can be seen in the cingulum (a), medial prefrontal
region (b), frontal base (c), and thalamus (d) bilaterally
compared to the normal control.

with the control group. However, there was no
significant difference in FDG metabolism between
the group of patients without visible lesions and
normal controls.?® These results show that, even in
m/m TBI, in patients with MRI-positive TBI lesions,
brain regions with FDG hypometabolism are almost
the same as the typical regions characteristically
seen in patients with severe TBI, and also suggest
that different pathological mechanisms of cognitive
impairment may be present in m/m TBI patients
with and without MRI-positive TBI lesions (Fig. 7).

Pathological Mechanism of DEFB in DBI

Ordinary structural MRI and DTI demonstrate that
organic brain lesions associated with DBI are consist-
ently represented in the corpus callosum, fornix,
basal ganglia, and deep white matter in the cerebral
hemisphere. Axonal injury in these regions is strongly
suggested to cause disruptions in a mutual network
for information transmission among the cerebral
neocortex, basal ganglia, and limbic system and to
result in ad-DEFB. On the other hand, functional
neuroimaging techniques like FDG-PET consistently
demonstrate a hypometabolism in the cingulum,
medial prefrontal regions, frontal base, and thalamus
in patients with DBI. These regions may represent
secondary lesions with functional damage affected by
dysfunction of information transmission originating
with axons injured in the primary structural lesions
mentioned above rather than as primary lesions.

Conclusions

There are highly likely a substantial number of patients
with mild TBI who have still not been given any
administrative welfare and medical services because
of an absence of ad-DEFB diagnosis in Japan. The
presence of organic lesions in the brain remains a
crucial factor for such diagnosis in Japan. In TBI,
MRI-positive lesions always represent organic lesions;
however, organic lesions may not be necessarily
represented as MRI-positive lesions. Among cases
without visible lesions in ordinary MRI, there can
be cases with some detectable minute lesions observ-
able via DTI. Furthermore, in cases without positive
lesions in ordinary MRI or DTI, there may be strongly
suggestive cases of ad-DEFB if their FDG-PET imaging
show a typical hypometabolic pattern characteristic
to those seen in FDG-PET imaging in cases of DAL
In these cases, some organic minute lesions may be
represented in the brain, which could not be seen
in MRI. Advancement of these new neuroimaging
technologies will hopefully be advantageous for the
correct diagnosis of ad-DEFB in patients with mild TBL
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Fig. 7 Differences of decreased FDG metabolism on FDG-PET between a patient with diffuse brain injury who
has MRI-positive lesions in the brain (A) and a patient who has no MRI-positive lesions in the brain (B) (eZIS
analysis). Relative decrease of FDG metabolism (colored area) compared to the normal control can be seen
bilaterally in the cingulum, medial prefrontal, frontal base, and thalamus in a patient with MRI-positive lesions.
However, that (colored area) can be seen mainly in the convexity of the parietal and occipital lobes in a patient

without MRI-positive lesions.
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