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Neurodegenerative diseases as diverse as Alzheimer’s disease,
Parkinson’s disease, amyotrophic lateral sclerosis, multiple
sclerosis, stroke, and depression are thought to share a com-
mon pathogenesis mechanism—the aggregation and deposi-
tion of misfolded proteins, which leads to progressive central
nervous system impairments. This special issue compiled 11
articles, most of which are novel and excellent investigations
in this field.

Two modalities of neuroimaging techniques (PET and
MRS) are leading to a greater understanding of quantification
for the early and differential diagnosis of Alzheimer’s disease.
P. Daniela et al. conducted a meta-analysis and GRADE anal-
ysis reporting differences in the levels of sensitivity and speci-
ficity for the standard visual FDG PET scan or dichotomous
readout based amyloid PET with respect to parametric or
semiquantitative analysis.The review by RadoslawMagierski
and Tomasz Sobow summarized the main results obtained
from the application of neuroimaging techniques in Demen-
tia with Lewy bodies (DLB) cases, mainly focusing on proton
magnetic resonance spectroscopy (1H-MRS). DLB and
Parkinson’s disease share clinical symptoms andneuropsycho-
logical profiles. Proton magnetic resonance spectroscopy
(1H-MRS) provides a noninvasive method of assessing an in
vivo biochemistry of brain tissue.

The altered brain mechanisms underlying potential
progress state related with neurodegenerative disease are
addressed in four articles. As a subtype of mild cognitive
impairments (MCI), amnestic mild cognitive impairment
(aMCI) most often leads to Alzheimer’s disease. Z. Zhao and
colleagues aimed to elucidate the altered resting brain in
patients with aMCI. They found increased activities in the
frontal lobe of aMCI patients, which might indicate effective
recruitment of compensatory brain resources. Traumatic
brain injury (TBI) is one of the most consistent candidates
for initiating themolecular cascades that result inAlzheimer’s
disease. Y. Zhu et al. enrolled only “probable and symp-
tomatic” TBI with no visible lesions by using conventional
and SWI neuroimaging techniques, while DTI analysis indi-
cated widespread declines in the fractional anisotropy (FA)
of gray matter and white matter, particularly in the limbic-
subcortical structures. A better understanding of the acute
changes occurring following symptomatic TBI may increase
our understanding of neuroplasticity and continuing degen-
erative change, which in turn, may facilitate advances in
management and intervention. S. Zheng et al. evaluated
relationship between degree of internal carotid artery (ICA)
stenosis and frontal activations induced by working memory
(WM) task using fMRI. They demonstrated that cognitive
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impairments in ICA stenosiswere associatedwith frontal lobe
dysfunctions. Furthermore, D. Rong et al. investigated the
involvement and changes of the corticospinal tract (CST) in
patients with medulla infarct during motor recovery. The
degree of degeneration and spared peri-infarct CST compen-
sation may reflect important motor recovery mechanism.

Two researches mainly focus on the pathophysiological
changes and nuclear neuroimaging diagnostic work-up for
amyotrophic lateral sclerosis (ALS) in assessing the evolution
of the disease and/or the effectiveness of therapeutic action.
A. Cistaro et al. offered a comprehensive overview of the
different radiotracers for the assessment of the metabolism of
glucose (FDG), the measurement of cerebral blood flow
(CBF), or the evaluation of neurotransmitters, astrocytes, and
microglia in clinically diffuse radiopharmaceuticals in ALS.
Q. Zhang et al. investigated abnormal lateralization of brain
gray matter (GM) in the ALS patients and focused on the
relationship between GM abnormalities and side of disease
onset in limb-onset patients. They found a negative rela-
tionship between regional atrophy and disease progression
rate, indicating the possible correspondence between disease
progression and cortical abnormality. Depression is a risk
factor for neurodegenerative diseases in general, including
Alzheimer’s disease (AD). Its premorbid signs are commonly
observed, and the morbidity of depression is higher in
dementia patients. R. Yang and colleagues examined the
effects of antidepressant treatment (sertraline) on hypo-
thalamus-related resting brain networks. People with mul-
tiple sclerosis (MS) are also at high risk of depression. One
study from Y. Shen et al. reported that there was a significant
relation between the depression symptoms in relapsing-
remitting MS and global microstructural changes both in
brain white matter and gray matter. P. Zhang et al. demon-
strated altered functional connectivity (FC) in the affective
network (AN) in patients with poststroke depression.

By gathering these papers, we hope to enrich our readers
and researchers with respect to the underlying neurological
mechanism of neurodegenerative diseases. We look forward
to an increasing number of both clinical trials and experi-
mental studies to further identify early disease biomarkers
andmore effective therapies to improve the quality of life and
cognitive function of the patients affected by these devastat-
ing illnesses.

Lijun Bai
Lin Ai

Mingzhou Ding
Yong He

Lixing Lao
Fanrong Liang
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Dementia with Lewy bodies (DLB) is considered to be the second most frequent primary degenerative dementing illness after
Alzheimer’s disease (AD). DLB, together with Parkinson’s disease (PD), Parkinson’s disease with dementia (PDD) belong to 𝛼-
synucleinopathies—a group of neurodegenerative diseases associated with pathological accumulation of the 𝛼-synuclein protein.
Dementia due to PD andDLB shares clinical symptoms and neuropsychological profiles. Moreover, the core features and additional
clinical signs and symptoms for these two very similar diseases are largely the same. Neuroimaging seems to be a promisingmethod
in differential diagnosis of dementia studies. The development of imaging methods or other objective measures to supplement
clinical criteria for DLB is needed and a method which would accurately facilitate diagnosis of DLB prior to death is still being
searched. Proton magnetic resonance spectroscopy (1H-MRS) provides a noninvasive method of assessing an in vivo biochemistry
of brain tissue. This review summarizes the main results obtained from the application of neuroimaging techniques in DLB cases
focusing on 1H-MRS.

1. Introduction

Dementia with Lewy bodies (DLB) is considered to be
the second most frequent primary degenerative dementing
illness after Alzheimer’s disease (AD). According to some
investigators from research centres and brain banks it com-
prises up to 20% of all dementia cases [1]. DLB, together
with Parkinson’s disease (PD), Parkinson’s disease with
dementia (PDD) belong to 𝛼-synucleinopathies—a group
of neurodegenerative diseases related by the pathological
accumulation of the 𝛼-synuclein protein [2, 3]. The clinical
and neuropathologic criteria for DLB and consensus criteria
were published by McKeith et al. [4–7].

DLB is characterized by dementia (a progressive cogni-
tive decline with deficits in attention, executive functions,
and visuospatial ability associated with fluctuations), visual
hallucinations, and parkinsonism. Presence of parkinsonism,
visual hallucinations, and specific profile of cognitive deficits
allows for differential diagnosis with AD or frontotemporal
lobar degeneration (FTLD), especially at the early stage

of disease. Dementia due to PD and DLB shares clinical
symptoms and neuropsychological profiles. Moreover, the
core features and additional clinical signs and symptoms
for these two very similar diseases are largely the same.
Researchers have spent over decade debating whether these
are two different diseases or simply different phenotypes of
one single entity. PDD and DLB are separated mostly by the
“one-year rule” of dementia onset, which is frequently the
only criterion applied in differential diagnosis. It seems that
the temporal sequence of symptoms and clinical features of
PDD and DLB justify distinguishing these disorders. Details
on doubts and boundary issues are well covered in the paper
by Lippa et al. [8] and review on clinical presentation of DLB
was published lately by Morra and Donovick [9].

Conflicting data are present on cognitive decline rate
and duration of the illness. In the study by Williams et
al. [10] DLB was characterised by increased risk of death
comparedwithAD, but the two groups did not differ in rate of
cognitive decline.More rapid progression of cognitive decline
and shorter duration of dementia were found in DLB in
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comparison to AD in the naturalistic study byMagierski et al.
[11], but no differences between these two types of dementia
in the rate of progression were found in other studies [12].

Accurate ante mortem diagnosis of DLB is essential for
several reasons. First, the detailed and exact diagnosis of
dementia subtype is needed in clinical studies on efficacy
and safety of treatment. Second, current treatment options
that are effective in one type of dementia may not be useful
or dangerous in other types [13, 14]. A patient with DLB
usually responds well to cholinesterase inhibitors [15–17]
and improvement in some neuropsychiatric symptoms was
confirmed [18]. The antipsychotic treatment is known to
be a dangerous treatment option in DLB because of the
risk of exacerbation of extrapyramidal symptoms and is
generally contraindicated in this disorder [19–21], but in
the study by Johnell at al. [22] the use of antipsychotics in
DLB patients was surprisingly high (16% in DLB patients)
with an adjusted odds ratio of 4.2 compared to AD patients.
Third, in clinical studies it is essential to identify uniform
diagnostic groups. According to Watson et al. [23] in light of
the poor sensitivity of the consensus criteria, it is important
to establish additional markers which, when combined with
clinical assessment, can improve diagnostic accuracy. Vernon
et al. [24] stated that there is no clear diagnostic imaging
marker that offers a reliable differential diagnosis between the
different forms of Lewy body diseases (PD, PDD, or DLB) or
that could facilitate tracking of disease progression.

Neuroimaging seems to be an obvious method which
allows obtaining additional information on brain structure,
changes, and functioning. The development of imaging
methods or other objective measures to supplement clinical
criteria is needed. However, a method which would accu-
rately facilitate diagnosis of DLB prior to death is still being
searched.

2. Imaging in Dementia with Lewy Bodies

Neuroimaging seems to be a promising method in dementia
studies. Both structural imaging research and functional
imaging research have been performed in DLB patients [25].
Most imaging studies on DLB have used standard structural
magnetic resonance imaging (MRI). Also, other MRI tech-
niques, such as tensor-diffusion imaging to visualize fiber
tracts, MRI spectroscopy to visualize in vivo metabolism,
and magnetization transfer ratios to visualize fine structural
damage, have been studied in DLB patients [26].

The main structural imaging finding assumed as charac-
teristic change in the DLB cases is the relative preservation
of hippocampal and medial temporal lobe, a feature that
is important in its differentiation from AD. White matter
lesions are equally frequent inDLB andAD and together with
cortical pathology may influence the severity of cognitive
impairment.

The detailed description of findings in neuroimaging
studies inDLB and the role of differentMRI based techniques
is covered in the excellent paper by Watson et al. [23].

Functional examination of the brain tissue is available
with 18F-fluorodeoxyglucose positron emission tomography

(FDG-PET) or single photon emission computed tomogra-
phy (SPECT) and both have clinical utility for the differential
diagnosis of dementia [27].Occipital hypometabolism inPET
and hypoperfusion in SPECT were observed in DLB, while
temporal lobe perfusion is relatively preserved [28]. Intense
research was done for visualizing brain neurotransmitter’s
abnormalities in DLB, especially in the dopaminergic system
[29] and reduced dopamine transporter levels in DLB as
shown with [123I]FP-CIT-SPECT currently appear to be the
most reliable and valid biomarker of disease [30]. 123I-MIBG
myocardial scintigraphy may have an important position in
differential diagnosis between DLB and other dementias and
for that purpose it was included into the diagnostic criteria of
DLB [7].

Neurochemical studies have shown a pronounced reduc-
tion in the cholinergic activity in DLB, even greater than
in AD brains. Investigation of brain metabolites changes is
challenging in the context of neuropathological and neuro-
chemical findings [31].

3. Proton Magnetic Resonance
Spectroscopy (1H-MRS)

Protonmagnetic resonance spectroscopy (1H-MRS) provides
a noninvasive method of assessing an in vivo biochemistry of
brain tissue. 1H-MRS using standard or research-dedicated
magnetic resonance imaging devices allowsmakingmeasure-
ments of chemical levels within the brain by measuring the
signal originating fromprotons attached to key biomolecules.
The neurochemistry is defined on a regional basis by acquir-
ing a radiofrequency signal with chemical shift from one or
many volumes or voxels. The result of 1H-MRS examination
is a spectrumandup to 80 brainmetabolites and flux rates can
be distinguished within the spectrum [36]. The signal indi-
cating particular compound is localized on a horizontal scale
(chemical shift), and their relative metabolite concentration
is determined from the metabolite’s peak height. The brain
proton spectrum includes metabolite peaks for 5 important
compounds: N-acetylaspartate (NAA), creatine (Cr), choline
(Cho), myo-inositol (mI), and glutamine/glutamate (Glx).
Peaks of lipids and lactate are not observed in healthy
brain, and therefore their absorptions are not visible within
normal spectrum. Both have diagnostic value in cases of brain
diseases. NAA is regarded as a marker of neuronal integrity
and is reduced in neuronal dysfunction or loss. Creatine
is a marker of general metabolism and is assumed to be
relatively constant. Therefore, a peak of Cr is often applied as
an internal reference level and is used for ratio’s calculation.
Choline is a metabolic marker of membrane density and
integrity. Myo-inositol is mainly present in the glial cells and
is considered as a glial marker. Finally, glutamine/glutamate
metabolism occurs in neurons and glial cells and plays a
role in detoxification and regulation of neurotransmitters.
Reduction of glutamine/glutamate (Glx) may reflect glial
cell or axonal impairment. The detailed description of MRS
technique basics is covered excellently elsewhere [37–41].

Among all dementia types, 1H-MRSwas firstly used in the
studies on AD and MCI. Both decreased N-acetylaspartate
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Table 1: 1H-MRS studies in DLB (modified after Watson et al. [23]).

Author and reference Subjects Area (voxel of interest) Metabolite ratios in DLB cases
NAA/Cr Cho/Cr Glx/Cr mI/Cr

Molina et al. (2002) [32] CTL (𝑛 = 11) vs DLB
(𝑛 = 12)

WM: centrum semiovale
GM: parasagittal parietal cortex

↓

↔

↓

↔

↓↔

↔

NA
NA

Kantarci et al. (2004) [33] CTL (𝑛 = 206) vs DLB
(𝑛 = 20) vs AD (𝑛 = 121)

Right and left posterior
cingulated gyrus and inferior
precunei

↔ ↑↔ ↔ ↔

Magierski et al. (2004) [34] CTL (𝑛 = 8) vs DLB
(𝑛 = 12) vs AD (𝑛 = 12)

Centrum semiovale, occipital
grey matter and temporal lobes ↓ NA NA ↔

Xuan et al. (2008) [35] CTL (𝑛 = 8) vs DLB
(𝑛 = 8) Bilateral hippocampi ↓ ↔ NA NA

↔: Unchanged; ↓: reduced; ↑: increased; NA: not applicable; CTL: controls; AD: Alzheimer’s disease; DLB: dementia with Lewy bodies; WM: white matter;
GM; grey matter.

(NAA) and increased myo-inositol in the occipital, temporal,
parietal, and frontal regions as well as in whole brain of AD
patients were found [42, 43] and changes were detectable
even at the early stages of the disease. 1H-MRS examination
was used for identifying MCI, distinguishing between MCI
and normal controls [44, 45] and result of examination was
evaluated as a predictor of clinical conversion of MCI to
AD dementia based on clinical followup [46, 47]. The most
current paper on MRS in MCI, summarizing 29 papers and
providing meta-analysis of data, was published by Tumati et
al. last year [48].

Proton magnetic resonance spectroscopy was used for
determination profile of brainmetabolites inDLB, but limited
published data of 1H-MRS are available in DLB patients in
comparison to AD or MCI. Only 4 original papers including
DLB cases were identified and all of them are described later
(see Table 1). Cause of this lacking research in DLB cases
is complex and not fully understood. Among all, duration
of examination with 1.5T MRI scanner seems difficult and
not feasible in many DLB patients. Brain atrophy, cognitive
fluctuation, psychotic symptoms, and motor artefacts due
to Parkinsonian features in particular are the reasons for
difficulties in 1H-MRS studies in DLB subjects.

The first 1H-MRS study in DLB subjects was published in
2002. Molina et al. [32] examined white matter from the left
centrum semiovale and greymatter from themidline parietal
region in DLB patients and age-matched healthy controls.
Investigators made an attempt to acquire spectra from the
temporal lobe and basal ganglia. These measurements were
unsuccessful due to lack of proper magnetic homogeneity in
those regions in almost all patients and many of the healthy
controls. Authors reported significantly lowermeanNAA/Cr,
Glx1/Cr, andCho/Cr ratios in thewhitematter. No significant
differences in the grey matter were found. Finally, authors
concluded that the large overlap between the spectroscopic
profiles of DLB patients and healthy subjects limits usefulness
of this method in the differentiation procedure.

We have performed pilot study to evaluate the feasibility
of proton magnetic resonance spectroscopy in DLB and so
far results were published in part as a conference poster only
[34]. Primarily, 22 subjects meeting the Consortium on DLB

InternationalWorkshop Criteria for probable DLBwere eval-
uated. DLB patients represented different dementia stages,
so the DLB group was not homogeneous. Finally, 15 DLB
subjects and 14 patientsmeetingDSM-IV criteria forADwere
included and final results are described below. Seven DLB
subjects were excluded because they were severely demented
and uncooperative, even during clinical assessment. Eleven
healthy control subjects participated in the study.

The subjects included in the study underwent general
medical, neurological, psychiatric, and neuropsychological
investigations. The clinical assessment included vital signs,
the mini-mental state examination, clinical dementia rating
(CDR), the clock drawing test, Hachinski ischemic scale,
the motor section of the unified Parkinson’s disease rating
scale (UPDRS), the memory-orientation-concentration test
of Blessed, the neuropsychiatric inventory (NPI), and the
activities of daily living (ADL). The neuropsychological
assessment consisted of the evaluation of short-termmemory
(forward and backward digit span), episodic memory (10-
items word list), semantic memory (Boston naming test,
letter, and category fluency tests), perceptual and spatial
abilities (WAIS-R block designs subtest, Rey complex fig-
ure), and abstractive reasoning (WAIS-R similarities subtest).
Diagnostic criteria were applied and AD and DLB groups
were selected on the basis of clinical and neuropsychological
assessment. Control subjects were recruited in the group
of patients’ relatives. Volunteers underwent psychiatric and
neuropsychological investigations. None of the participating
control subjects had any neurological or somatic diseases.
All demented patients in this study had an informant who
provided an adequate clinical history.

All patients and volunteers were examined using a
1.5 TMR scanner with a head coil. We performed MRI in
T1 weighted images, in three orthogonal planes without
administration of paramagnetic contrast medium. These
images were used for voxel positioning. 1H-MRS was per-
formed using short echo time SVS STEAM sequence: TE
20ms and TR 2000ms. Volumes of interest (VOI, voxel)
were positioned in the parietal white matter, occipital grey
matter, and temporal lobe separately. The raw data were
then evaluated automatically with the protocols available in
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the Magnetom Vision Plus—Siemens software. The relative
signal intensities of the main metabolites were obtained by
manual and semiautomated approximations of the spectra
chosen from the volumes of interest. The ratios of the
metabolites relative signal intensities in the group of healthy
volunteers were evaluated separately for the brain parietal
white matter, occipital grey matter and temporal lobe. These
ratios were used as a reference to determine the metabolite
changes occurring in patients with DLB and AD.

In our study, 1H-MRS scans acquiring in 3 localizations
was successful in 5 DLB, 7 AD patients and 7 control subjects.
Five DLB subjects were uncooperative during scanning so
measurementwas ineffective in all localizations. Examination
of the temporal lobe failed because of movement artefacts
in 2 AD patients. 1H-MRS scans acquiring was successful in
the centrum semiovale in all AD and control subjects and
9 DLB patients. Measurement of metabolites in the occipital
lobe was successful in all AD and control subjects and 10 DLB
patients. Attempts were made to acquire proton spectra from
the temporal lobes. These measurements were unsuccessful
due to voxel localization problems associated with large brain
atrophy in this region in 5 AD and 4 DLB patients and
4 volunteers. Examination of the occipital lobe and white
matter failed in the more impaired subjects. This group had
higher NPI (OL: 𝑃 = 0.013 and WM: 𝑃 = 0.044, resp.) and
UPDRS (OL: 𝑃 = 0.001 and WM: 𝑃 = 0.003, resp.) than the
group with successful examination.

In our study, temporal lobe scanning was unsuccessful in
21 cases; the reasons for difficulties were uncooperativeness in
5 DLB cases, movement artefacts in 2 AD and 1 DLB subjects,
and pronounced brain atrophy in the examined region in 5
AD and 4 DLB patients and 4 controls. Movement artefacts
were caused by various factors, primarily by Parkinsonism of
DLB subjects. Features of Parkinsonism are generally mild
to moderate in DLB but usually start unanimously with
dementia. Bradykinesia, rigidity and falls are common, while
resting tremor could be absent. Rigiditymakes it very difficult
to lie on the back for a long time. The structure of the
examination procedure is probably the second cause ofmove-
ment artefacts. The temporal lobe was examined following
the examination of centrum semiovale and occipital region,
which might have caused patients fatigue and inability to
remainmotionless.The complete procedure is 40minute long
and could be exhausting for the demented subjects.Moreover,
uncooperativeness ofDLB subjects could be a consequence of
fluctuations of cognition.

Unsuccessful scanning of the temporal lobe in our study
was caused by considerable brain atrophy in the examined
region in 5AD and 4DLB patients and 4 volunteers. Different
patterns of brain atrophy were described by Burton et al.
[49]. They observed regional grey matter loss bilaterally
in the temporal and frontal lobes and insular cortex of
DLB patients compared to control subjects. Comparison of
dementia groups showed preservation of themedial temporal
lobe, hippocampus, and amygdala in DLB relative to AD.

We have not found any correlation between unsuccessful
temporal lobe scanning and any analysed variable (cogni-
tive impairment, NPI score, and UPDRS score). Excessive

asymptomatic brain atrophy could account for this finding.
It was also seen in the control group, where we have found
the atrophy of the temporal lobe without clinical impairment
during neuropsychological assessment. Parkinsonism and
behavioural disturbances made scanning of the centrum
semiovale and occipital lobe difficult, without negative effect
on the temporal lobe examination. The assessment of cen-
trum semiovale and occipital lobe in DLB patients was more
difficult than in AD and control groups.

Kantarci et al. [33] evaluated 1H-MRS metabolite ratio
changes in common dementias (AD, DLB, FTLD, and vascu-
lar dementia (VaD)) with respect to normal subjects within
standard voxels covering right and left posterior cingulate
gyri and inferior precunei. The study showed a number of
differences in the 1H-MRS metabolites profiles and it will be
discussed in detail below. NAA/Cr ratio lower than normal in
patients with AD, FTLD, and VaD was reported. They found
lower NAA/Cr ratio in AD and FTLD cases than in DLB
patients. mI/Cr ratio was higher in patients with AD and
FTLD than in normal subjects. In patients with AD, FTLD,
and DLB higher Ch/Cr ratio was found when compared to
normal subjects. No metabolite differences between patients
with AD and FTLD or between patients with DLB and
VaD were found. mI/Cr ratio was higher in patients with
AD and FTLD than VaD. Moreover, mI/Cr was higher in
patients with FTLD than DLB too. The only measurement
that was different from normal in patients with DLB was the
Cho/Cr ratio. Authors concluded that they found decreased
level of NAA/Cr in dementias characterized by neuron loss
(AD, FTLD, and VaD). As it could be expected, mI/Cr
levels were increased in dementias associated with gliosis
(AD and FTLD). Finally, Cho/Cr levels were elevated in
dementias with a profound cholinergic deficit (AD andDLB).
In discussion the authors stated that the elevation of Cho/Cr
in AD and DLB patients is not completely understood and
requires further research. It can be linked to decrease of
Cho/Cr levels with cholinergic agonist treatment in AD, so
they suggested that Cho/Cr levels could be a biomarker of
therapeutic efficacy in AD and DLB drug trials.

Xuan et al. [35] assumed that the decrease of NAA in
hippocampus was found in studies of AD patients, so the
same result may be found in DLB patients. DLB patients
showed statistically significant reduction in NAA/Cr ratios in
left hippocampus when compared to controls. Cho/Cr ratios
ofDLB subjects did not differ from those of the control group.
NAA/Cr ratios of DLB patients in right hippocampus were
also significantly lower than controls. Similarly to the left side,
Cho/Cr ratios in right hippocampus of DLB patients did not
differ from those of the control group. Authors concluded
that their data show relatively decrease of N-acetylaspartate
in the hippocampus of patients with early- or intermediate-
stage DLB.

Another interesting aspect of 1H-MRS examination is
prognostic value of changes in brain metabolic concentra-
tions. Attempts for selecting MCI cases who will convert to
DLB or AD were made. Fayed et al. [50] described group of
MCI cases (𝑛 = 119) who were examined with 1H-MRS at
the baseline visit andweremonitored through followup. After
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the followup period (a mean period of 29 months; range 17–
44), 54 patients converted to dementia (AD, 𝑛 = 49; DLB,
𝑛 = 5). Metabolites ratios were compared, but they did not
find differences in NAA/Cr ratio or Cho/Cr ratios between
patients with DLB and patients with other types of MCI or
AD. In contrast, Zhang et al. [51] reported that decreased
NAA/Cr ratio in the posterior cingulate gyri characterized
patients with MCI who progressed to AD and distinguished
them from MCI patients who progressed to DLB. So they
concluded that 1H-MRS may be a useful adjunct in early
differential diagnosis of AD and DLB in patients with MCI.

Some data were published in the field of proton spec-
troscopy in Parkinson’s disease dementia. As it was stated
above, PDD and DLB share many clinical and neuropsycho-
logical features. So it could be challenging to compare results
of DLB and PDD studies made with 1H-MRS technique.
Maybe it will be possible to confirm or reject assumption
that clinicians are able to separate PDD and DLB mostly by
the “one-year rule” of dementia onset. In other words, maybe
the 1H-MRS spectrum is a candidate for winning the title of
noninvasive and precise biomarker.

So far, significantly decreased level ofNAA in the occipital
region in the PDD group compared to the PD and control
groups was found [52]. Significantly, lower NAA/Cr ratio of
the posterior cingulate in PDD cases when compared with
controls and nondemented PD patients was also found in
study by Griffith et al. [53]. Authors observed no abnormali-
ties in Cho/Cr ormI/Cr ratios of PDD cases [53], but changes
were visible when comparison of AD and controls was done
[54]. Significantly reduced NAA/Cr ratio and significantly
increased Cho/Cr ratio andmI/Cr ratio of posterior cingulate
in AD cases when compared to controls were described.
Moreover, patients with PDD exhibited significantly reduced
NAA/Cr and Glu/Cr ratios compared with controls. Glu/Cr
ratio was also significantly reduced in PDD cases compared
with AD. The findings suggest that reduced NAA/Cr of the
posterior cingulate could be used as a marker for dementia in
patients with PD, authors said in conclusion [53].

Interestingly, changes in metabolites correlated with
different aspects of clinical status of PDD and PD cases.
The correlation between NAA/Cr ratio and mental status
of patients with PD and patients with PDD was observed
[53] and NAA values correlated with neuropsychological
performance but not with severity of motor impairment [52].
Lately, similar metabolic and clinical findings were described
by Pagonabarraga et al. [55] who examined spectrum of
PD patients (cognitively intact cases, patients with mild
cognitive impairment, and cases with dementia). They have
analyzed the relative importance of temporal lobe defects
versus executive impairment in the progression to dementia
in PD by using 1H-MRS of the hippocampus and dorso-
lateral prefrontal cortex. NAA concentrations in the right
dorsolateral prefrontal cortex were significantly decreased in
PD cases with MCI when compared to cognitively intact PD
cases. NAA concentrations were also significantly decreased
in the left hippocampus of PDD cases when compared to PD
patients with MCI. Similarly to previous studies, decrease of
NAA was correlated with neuropsychological results.

4. Conclusions

Many authors focused their research or papers on differential
diagnosis in dementia. As it was said in the introduction exact
diagnosis is essential for many purposes. At this moment
there are so many similarities and only some differences
between DLB and PDD, both Lewy body diseases. Attempts
were done for establishing biomarkers with CSF examination
[56, 57], neuroimaging, and neurochemistry [58].

Proton magnetic resonance spectroscopy (1H-MRS) pro-
vides a noninvasive method of assessing an in vivo tissue
biochemistry. 1H-MRS using standard or research-dedicated
magnetic resonance imaging devices does not need any
injection of contrast substances, and the price of evaluation
is comparable with regular MRI examination (few times
lower than PET scanning). 1H-MRS seems to be a promising
method of brain research andwas intensively applied inmany
neurological disorders, including AD cases. Studies in DLB
and PDD were also performed but are limited in number.
To our knowledge, papers with head-to-head comparison of
DLB and PDD cases are lacking and there is a need for further
studies. Honestly speaking this could be challenging due to
difficulties described earlier.

Last but not least, differential diagnosis is essential at the
beginning of treatment and at early clinical presentation. At
early phase of dementing illness it is easier, and in some cases
it is possible at this time only to make differential diagnosis
based on clinical and neuropsychological evaluation. Within
the course of dementiamajor symptoms disappear, additional
symptoms occur (for example, seizures or Parkinsonism),
and AD may mimic Lewy body diseases. Neuropathological
verification of clinical diagnosis has the best value. It would
be perfect for differential diagnosis and for understanding of
the nature of DLB to perform 1H-MRS examination at MCI
stage, follow the cases to the point of dementia diagnosis, and
verify diagnosis postmortem.
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Conflicting findings have been reported regarding the lateralized brain abnormality in patients with amyotrophic lateral sclerosis
(ALS). In this study, we aimed to investigate the probable lateralization of gray matter (GM) atrophy in ALS patients. We
focused on the relationship between the asymmetry in decreased GM volume and the side of disease onset in patients with limb-
onset. Structural imaging evaluation of normalized atrophy (SIENAX) and voxel-based morphometry (VBM) were used to assess
differences in global and local brain regions in patients with heterogeneous body onset and subgroups with different side of limb-
onset.We found global brain atrophy andGM losses in the frontal and parietal areas in each patient group aswell as left predominant
GM losses in the total cohort.The intriguing findings in subgroup analyses demonstrated that the motor cortex in the contralateral
hemisphere of the initially involved limb was most affected. We also found that regional brain atrophy was related to disease
progression rate. Our observations suggested that side of limb-onset can predict laterality of GM loss in ALS patients and disease
progression correlates with the extent of cortical abnormality.

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal disease char-
acterized by the degeneration of upper and lower motor
neurons, leading to hyperreflexia, spasticity, muscle weak-
ness, and fasciculation [1]. Increasing evidence from clinical,
pathological, and genetic studies has characterized ALS as a
multisystem degeneration on the continuumwith frontotem-
poral dementia (FTD) [1, 2].The high prevalence of cognitive
and behavioral impairments, even at times as severe as frank
dementia, is now considered as another crucial feature inALS
[2–4].

The application of advanced neuroimaging techniques
in detecting cortical abnormality has revealed compelling

findings that match well with clinical manifestations and
pathological abnormalities in ALS [5, 6]. For instance, the
findings of focal morphological changes within the motor
homunculus are consistent with the nature of focal onset and
motor phenotype heterogeneity in ALS [7, 8]. Additionally,
when comparing patients with pure motor syndromes with
those with cognition or behavior dysfunction, the concurrent
atrophy in motor cortex and frontal and/or temporal regions
provides convincing insight into the relation between clinical
profiles and the underlying pathological impairments in vivo
[9–11].

However, inconsistent findings have also been reported
in ALS [6]. Amongst these, the important and common
finding of asymmetry or unilateral predominant structural
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and functional abnormality has not been comprehensively
investigated. First, asymmetrical symptom onset is a well-
established clinical feature in early stage of ALS, which may
imply a lateralized brain pathology [12, 13]. Furthermore,
intra- and inter-hemisphere asymmetry as a distinctive fea-
ture for differential diagnosis in other neurodegenerative
diseases and subtypes of FTD [14–16], together with the
finding that ALS and FTD may share similar degeneration
pattern [17, 18], point to the fact that asymmetry may
contribute to the heterogeneity of clinical presentations in
ALS as well. Emerging evidence has suggested that the
function of the frontal lobe, which was often involved in
ALS, is divergent among hemispheres of the brain [19–22].
Therefore, on the basis of “prion-like” or network-based
propagation [14, 23–25], the involvement of specific frontal
areas adjacent to or functional linked with motor cortex
in different hemisphere could be associated with divergent
clinical profiles. For example, damage to the left hemisphere
would prone to induce language deficits [26] while damage
to the right hemisphere may produce attention or emotional
disturbances along with disease progression [19, 20], all of
which were observed clinically in the diverse ALS population
[4, 18, 27]. Therefore, the existence of asymmetrical brain
pathology may be the key for understanding the widely
heterogeneous clinical features, as the case in FTD.

Nevertheless, lateralized structural changes are not
thought to be a notable aspect in ALS [6, 28–30]. In addition,
inconsistent reports on the unilateral predominated brain
atrophy also skew our understanding of the neurological
impairments in ALS. Specifically, some studies concluded
rightward degeneration based on pronounced gray matter
(GM) loss or functional abnormality in the right hemisphere
[31–35]. While other studies confronted the unilateral pre-
dominant atrophy as a separate clinical constellation or a
specific group effect [36–41].

Among these, only a few studies have examined the asym-
metry issue bymeasuring the relationship between lateralized
brain metabolic ratio changes and clinical presentations or
separating patients based on the laterality of limb-onset.
These studies suggested that the lateralization of clinical
syndromes mostly corresponds to brain abnormalities in the
contralateral hemisphere [39–41]. However, the contralateral
hemisphere of the lateralized clinical presentation or side of
syndrome defect was unclear, because the variable spreading
pattern [42] and diminished asymmetry of clinical presen-
tation as the disease progresses will make the lateralized
clinical presentation in these former studies [39, 40] differ
with the laterality of limb-onset in later study [41]. Therefore,
combining with the correlation between region of onset and
the characteristics of neuron loss in the lower motor neurons
[43], it is critical to define the lateralization of syndrome
according to the sidedness of onset, as suggested by Zhang
et al. [41].

Here we aimed to explore lateralization or asymmetrical
GM loss in ALS patients and establish the relationship
between the sides of limb defect at disease onset with imaging
findings to help clarify the neurologic basis of the various
motor syndromes inALS.Optimized and reliable voxel-based
morphometry (VBM) and Structural imaging evaluation of

normalized atrophy (SIENAX) were used in the following
analyses to identify regional and gross changes. First, all
patients with heterogeneous body part defects at disease
onset were compared with normal controls to assess whether
there is a unilateral GM abnormality.Then subgroup analyses
were conducted on patients with unilateral homogenous
side of limb-onset with their respective normal controls to
investigate for GM loss patterns in each group. Based on
the previous findings [7, 8, 13, 41, 43], we hypothesize that
amongst patients with homogenous side of disease onset, the
prominent GM abnormality will be located primarily in the
contralateral hemisphere to the initially involved limbs.

2. Materials and Methods

2.1. Subjects. Forty-three patients (27 males, 32 to 71 years
old) fromOctober 2011 toAugust 2013with either a definite or
probable diagnosis of sporadic ALS, according to the revised
EI Escorial criteria, were enrolled in this study [30]. Based
on the body part affected at disease onset, 36 patients were
defined as limb-onset and 7 patients were bulbar-onset. Of
the 36 patients with limb-onset, 20 patients presented with
right side syndromes at onset (16 upper extremity, 4 lower
extremity), and 16 patients present with left limb involvement
(12 upper extremity, 4 lower extremity). Disease severity
(full score = 40) and disease progression (40-ALSFRS/disease
duration (months)) were assessed with the ALS functional
rating scale (ALSFRS) [31]. In addition, 43 age- and gender-
matched control subjects (27males, ranged 30–74 years) were
recruited. To minimize confounding factors caused by non-
ALS-related alterations of the brain, patients with current or
history of any of the listed conditions below were excluded
(brain injury, trauma, epilepsy, vascular disease, psychiatric
illness, or other systemic diseases). All 86 patients enrolled
were right handed and had a Mini-Mental State Exam
(MMSE) score of ≥26 [32]. Written consent was obtained
for all subjects and this study was approved by the Research
Ethics Committee of the First Affiliated Hospital of Medical
College of Xi’an Jiaotong University.

2.2. Study Design. Composite study population included 43
ALS patients and 43 normal controls. Subgroup analyses
were composed of (1) twenty patients with right limb-onset
and their age- and gender-matched healthy controls and
(2) sixteen patients with left limb-onset and their age- and
gender-matched healthy controls. The seven patients with
bulbar-onset were not included in subgroup analyses due to
small sample size and potential reduction in statistical power.

2.3. Imaging Acquisition. All imaging data were acquired
using a 3T MR system (General Electric, Signal HDxt,
Milwaukee, WI, USA) equipped with an eight-channel head-
coil; a high resolution T

1
-weighted image was acquired for

global and local brain regions measurements. Acquisition
parameters are as follows: 3D T

1
fast spoiled gradient echo

sequence; repetition time (TR) = 10.8ms; echo time (TE) =
4.8ms; slice orientation, parallel with the anterior and
posterior commissure line; matrix = 256 × 256; field of
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view = 256mm × 256mm; slice thickness = 1mm; no gap;
and 140 continuous slices were acquired, covering the whole
brain. Routine T

2
weighted images, implemented with pro-

peller sequences, are as follows: TR = 4680ms; TE = 105.2ms;
field of view = 256mm × 256mm; slice thickness = 5mm.
T
1
weighted images are as follows: TR = 2928ms; TE =

22ms; slice thickness = 5mm. Routine T
1
and T

2
weighted

images were used to get rid of subjects with obvious cerebral
disease such as stroke or severe infarction.The scan lasted for
approximately 8 minutes.

2.4. Statistical Analysis. Statistical analysis was performed
with the Statistical Package for Social Sciences for Win-
dows (Version 13; SPSS, Chicago, Illinois). The normality of
data was statistically examined by using the Kolmogorov-
Smirnoff tests. Group differences of demographic character-
istics including age, gender, and clinical measurements, as
well as tissue specific volume calculated by SIENAX, were
tested by using independent two-sample Student’s 𝑡-test, chi-
square test, and analysis of covariance, as appropriate.

Parametric or nonparametric correlations, as well as
partial correlation analyses, were performed to assess the
relationship between volume of specific tissue-type and other
MR imaging and clinical measurements, as appropriate.

2.5. Global Brain Measurements. Normalized global and
tissue-type volume for head size were calculated with cross-
sectional software tool—SIENAX, part of FSL [44, 45] (Ver-
sion 2.6; FMRIB software library, http://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/SIENA). More precisely, extracted brain from single
subject’s whole-head input data was estimated by removing
skull images [46] and was then used to affine-registered to
MNI152 space [47, 48]. Subsequently, the volumetric scaling
factor determined by the skull image in registration step was
used to assess normalized tissue-specific volume, after tissue
segmentation with partial volume estimation using FAST4
[49]. Consequently, for each subject, normalized volumes of
the GM volume (NGMV), neocortical volume (NCV), and
WM volume (NWMV) were obtained. Brain parenchyma
fraction (BPF) was also assessed.

2.6. Regional Brain Atrophy Evaluation. Regional GM com-
parisons between all the groups were assessed using the opti-
mized VBM tools, FSL-VBM (http://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/FSLVBM) [50, 51], from the FMRIB Software Library.
Firstly, for each individual dataset, brain extracted tools
were used to remove nonbrain tissues [46]. The FAST4
was then carried out for tissue-type segmentation [49]. The
resulting GM partial volume images were aligned to MNI152
standard space using FLIRT [47, 48], followed optionally
by nonlinear registration using FNIRT [52, 53]. A left-right
symmetric study-specific GM template was averaged from
the total number of subjects’ gray-matter-segmented native
images, both in whole group and subgroups analyses, which
were then nonlinearly reregistered. In order to correct for
local expansion or contraction, the registered partial volume
images were modulated by dividing by the Jacobian of the
warp field. The modulated segmented images were finally

Table 1: Summary of clinical characteristics between patients with
ALS and normal controls in whole group analysis.

NC (𝑛 = 43) ALS (𝑛 = 43) 𝑃

Age 51.8 ± 9.4 53.5 ± 9.0 0.389
Male, 𝑛 26 26 1
MMSE 28.8 ± 1.1 28.2 ± 1.9 0.054
ALSFRS n/a 30.1 ± 6.6 —
Disease duration (months) n/a 16.9 ± 16.5 —
Disease progression rate n/a 0.98 ± 1.03 —
NC: normal controls; MMSE: Mini-Mental Status Evaluation; disease pro-
gression rate = (40-ALSFRS)/disease duration. n/a: not applicable.

smoothed with an isotropic Gaussian kernel with a sigma of
3 mm.

Differences in the distribution of GM between patients
and controls were examined by using permutation-based
nonparametric testing, correcting for multiple compar-
isons by implementing threshold-free cluster enhancement
(TFCE) [54].

In the total and subgroup analyses, age and total brain
volume (the sum of NGMV, NWMV, and normalized cere-
brospinal fluid)were used as nonexplanatory covariates in the
general linear model.

The significance threshold was set at 𝑃 < 0.05 (family-
wise error (FWE) corrected) for whole group analysis. In
subgroup analysis, statistical map was derived from an
uncorrected voxel level threshold at 𝑃 < 0.001, which did not
survive after FWE correction. Only clusters comprisingmore
than 20 adjacent voxels were included.

2.7. Correlation Analysis. In order to further evaluate the
clinical relevance in whole brain tissue-specific measure-
ments and regional GM density, we performed correlation
analyses. Regional GMdensity was extracted over the clusters
identified in the groups’ analyses, according to its anatom-
ical components. Clinical variables mainly include disease
severity assessment—ALSFRS, disease duration, and disease
progression rate.

3. Results

3.1. Demographic, Clinical Characteristics. In whole group
analysis, there were no significant differences in age, gender,
andMMSE score between 43 patients with sporadic ALS and
43 healthy controls (Table 1). In subgroup analysis, although
age, gender, and MMSE score did not differ in patients with
right and left limb-onset compared with controls, patients
with right limb-onset were significantly older and presented
with a less ALSFRS score (Table 2).

3.2. Normalized Global and Tissue-Specific Measurements.
Because the normalized volume of tissue-specific measure-
ments was strongly age-related, the 𝑟 values between age
and global measurements range from −0.259 for NWMV
to −0.589 for BPF (all of the correlations were statistically
significant at 𝑃 < 0.05). We compared group differences both
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Table 2: Summary of clinical characteristics between patients with ALS and normal controls in subgroups.

R limb-onset
(𝑛 = 20)

R NC
(𝑛 = 20) 𝑃

1 L limb-onset
(𝑛 = 16)

L NC
(𝑛 = 16) 𝑃

2
𝑃
3

Age 57.5 ± 8.1

(55.8 ± 8.0)a 56.0 ± 6.4 0.520 48.4 + 9.7

(47.4 ± 9.9)a 50.6 ± 9.0 0.515 0.005
0.008a

Male, 𝑛 14 14 1 9 9 1 0.307
MMSE 27.5 ± 2.1 28.8 ± 1.2 0.051 28.9 ± 1.6 29.2 ± 1.0 0.508 0.055
ALSFRS 27.7 ± 6.6 n/a — 32.3 ± 6.3 n/a — 0.043
Disease duration (months) 20.9 ± 20.8 n/a — 13.8 ± 6.9 n/a — 0.239
Disease progression rate 1.12 ± 0.88 n/a — 0.66 ± 0.62 n/a — 0.088
R NC: normal controls corresponding to patients with right limb-onset; L NC: normal controls corresponding to patients with left limb-onset. aMean age of
disease onset in patients with right and left limb-onset and corresponding 𝑃 value.
𝑃
1 represents the statistical differences in ALS patients with right limb-onset and corresponding normal controls. 𝑃2 represents the statistical differences in

ALS patients with left limb-onset and corresponding normal controls. 𝑃3 represents the statistical differences in subgroups between ALS patients with right
and left limb-onset.

Table 3: Global-brain volumetric measurements in total group of
patients with ALS and normal controls by SIENAX.

NC ALS 𝑃
1
𝑃
2

BPF 0.97 ± 0.01 0.96 ± 0.01 0.009 0.000
NCV (mm3) 584.0 ± 34.6 558.7 ± 30.2 0.001 0.000
NGMV (mm3) 737.7 ± 46.4 699.4 ± 105.9 0.016 0.004
NWMV (mm3) 697.0 ± 38.2 675.9 ± 30.1 0.006 0.004
BPF: brain parenchyma fraction; NCV: normalized neocortex volume;
NGMV: normalized gray matter volume; NWMV: normalized white matter
volume.
𝑃
1: P value in total group analysis between patients with ALS and normal

controls, by using two-sample 𝑡-test.
𝑃
2: P value in total group analysis between patients with ALS and normal

controls, by using analysis of covariance, with age as covariate.

before and after adjusting with age. In whole group analysis,
we found reducedNCV,NGMV,NWMV, and BPF in patients
with ALS (Table 3 and Figure 1). In subgroup analysis, sig-
nificant group differences including NGMV, NWMV, NCV,
and BPF were found between patients with right limb-onset
and normal controls (Table 4 and Figure 1). In patients with
left limb-onset, only BPF was found statistically smaller than
those in normal controls after correcting age (Table 4 and
Figure 1).

3.3. Regional GM Losses in Total and Subgroup Analysis. In
total group analysis, prominent GM volume reductions were
found in the left frontal and parietal cortices including the
precentral gyri, superior frontal gyri, supplementary motor
areas, and postcentral gyri (𝑃 < 0.05, FWE corrected)
(Table 5 and Figure 2).

In subgroup comparisons, patients with right limb-onset
showed decreasedGMvolume in the bilateral precentral gyri,
left superior frontal gyri, supplementary motor areas, and
postcentral gyri compared with normal controls (𝑃 < 0.001,
uncorrected) (Table 6 and Figure 2). GM losses in patients
with left limb-onset were mainly located in the bilateral
precentral gyri, right superior frontal gyri, supplementary
motor areas, postcentral gyri, bilateral supramarginal gyri,

parietal operculum, and angular gyri in the left side (𝑃 <
0.001, uncorrected) (Table 7 and Figure 3).

3.4. Relationships between Neuroimaging and Clinical Out-
comes inWhole Group and Subgroup Patients. No statistically
significant relations were found between normalized global
measurements and clinical profiles, both in whole group and
subgroup patients before and after correcting for age.

Correlation analyses in the whole group comparison
found a positive correlation between the GM density in the
left postcentral gyri and disease severity score—ALSFRS
(𝑟 = 0.38, 𝑃 = 0.012). In patients with right limb-onset, we
found that disease progression rate was negatively related
with GM density in the right precentral gyri (𝑟 = −0.515,
𝑃 = 0.020) (Figure 4). There was no statistical significant
relationship between clinical features of patients and
neuroimaging features in patients with left limb-onset.

4. Discussion

In this study, we found global and local brain region atrophy
in patients with ALS. Additionally, BPF was a sensitive
biomarker in assessing global brain atrophy. Regional brain
atrophy profile in each patient group demonstrated that GM
loss was primarily but not exclusively in the primary motor,
premotor, and supplementary motor areas in the frontal
lobes and associated with variable parietal lobes involvement.
Interestingly, unilateral dominant GM losses in patients
with heterogeneous body-onset in total group were mainly
determined by patients with right limb-onset. Furthermore,
subgroup analyses have implied that motor cortex in the
contralateral hemisphere of the initially involved limb was
most affected. Lastly, compared with left limb-onset patients,
the age at disease onset were much older in patients with
right limb-onset, who also presentedwithmore severe disease
disability.

4.1. Demographics and Clinical Findings. In contrast to left
limb-onset patients, older age and lower ALSFRS were found
in patients with right limb-onset (𝑃 = 0.005, 0.043, resp.).
To verify whether the difference of age was caused by the



BioMed Research International 5

Table 4: Global-brain volumetric measurements in ALS patients with right or left limb-onset and respective normal controls by SIENAX.

R NC R limb-onset 𝑃
1 L NC L limb-onset 𝑃

2

BPF 0.97 ± 0.007 0.96 ± 0.009 0.000 0.974 ± 0.006 0.971 ± 0.005 0.016
NCV (mm3) 576.90 ± 34.04 551.37 ± 28.93 0.008 588.46 ± 35.43 566.68 ± 25.80 0.053
NGMV (mm3) 726.61 ± 44.80 699.30 ± 39.59 0.042 746.02 ± 45.15 680.55 ± 167.20 0.113
NWMV (mm3) 703.38 ± 38.84 663.01 ± 28.44 0.001 694.24 ± 39.67 685.97 ± 27.15 0.402
𝑃
1
, 𝑃
2: 𝑃 value in subgroup analysis between patients with right or left limb-onset and respective normal controls, by using analysis of covariance, adjusted for

age.
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Figure 1: Global volumetric measurements comparisons in total group ((a), (d)) and subgroups between ALS patients with right limb-onset
((b), (d)), patients with left limb-onset ((c), (d)), and corresponding normal controls. ∗∗∗𝑃 < 0.001; ∗∗𝑃 < 0.01; ∗𝑃 < 0.05.
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Table 5: Brain areas with reduced GM volume in total group between ALS patients and normal controls (𝑃 < 0.05, FWE-corrected).

Brain anatomical regions BA
region

MNI coordinates of
peak voxels (mm) Cluster

size 𝑇 value 𝑃 value
𝑋 𝑌 𝑍

L precentral gyri 4 −26 −24 62 450 4.85 0.0132
−24 −22 58 4.80 0.0136

L superior frontal gyri 6 −8 −8 72 124 4.79 0.0144
L supplementary motor areas 6 −8 −10 70 28 4.50 0.015
L postcentral gyri 3 −36 −26 54 60 4.25 0.0196
L: left; BA: Brodmann areas.

Y = −14 Y = −24

Z = 48 Z = 64

X = −24 X = −34

R L

(a)

Y = −14 Y = −8

Z = 58 Z = 64

X = −24 X = 14

R L

(b)

Figure 2: (a) GM losses in total group analysis between ALS patients and normal controls (𝑃 < 0.05, FWE-corrected). (b) GM losses in
subgroup analysis between ALS patients with right limb-onset and corresponding normal controls (𝑃 < 0.001, uncorrected).

discrepancy of age at disease onset or derived from variable
disease durations (see Table 2), we further compared age at
disease onset between the two subgroups. Interestingly, we
did find that patients with left limb-onset weremuch younger
at disease onset in our study compared to those with right
limb-onset (Table 2, 𝑃 = 0.008). Additionally, patients with
right limb-onset who were significantly older had lower ALS-
FRS scores indicating that amore advanced disease severity is
potentially linked with age, a negative predictor for prognosis
[44]. However, the questionnaire of ALSFRS in our study
and widely used revised-ALSFRS are insufficient to make
appropriate and advisable assessing of functional disability
caused by nondominant hand [13, 55]. This is particularly
relevant since more than half of the patients presented with
upper limb dysfunction at disease onset in right and left limb-
onset subgroups (16/20, 12/16, resp.). Therefore, we thought
it was not adequate to speculate that the ALSFRS in patients
with left limb was truly higher because of biased functional
disability assessments in our right-hand dominant patients’
cohorts. However, even though our results were consistent
with Rule et al. regarding the differences in the mean age
and ALSFRS-𝑅 score between patients with right and left side
of body impairments, which was not statistically significant
[38], this interesting inference should be further verified with
a larger sample of patients.

4.2. Global Atrophy in ALS. Global brain atrophy in ALS
patients, as indicated in our studywith reducedNCV,NGMV,
NWMV, and BPF, had been revealed in several previous
studies [11, 32, 36, 56, 57]. Amongst these, decreased BPF can
be found even in the absence of obvious brain parenchyma
volume loss suggesting that BPF may be a more sensitive
biomarker than othermeasurements in assessing global brain
atrophy [32, 58].This in fact proved to be the case in our study
in which the subgroup comparison only showed decreased
BPF in patients with left limb-onset, all of whomdid not show
remarkable gray or whitematter volume loss. Consistent with
the obvious regional GM loss in later studies, there were
reduced NCV and NGMV. Unlike the global measurements
mentioned above, decreasedNWMVhadbeen found in some
studies [56, 57], but not others [11, 32]. We speculated that
this discrepancy is the result of the highly heterogeneous
study cohorts and methodological sensitivities. When using
more advancedmethods such as in Rajagopalan et al., studies
indeed confirmed white matter abnormality in ALS [59].
The differences between global indexes in patients with right
and left limb-onset implied that global atrophy was more
prevalent in older patients when comparedwith age-matched
healthy controls. In addition, this is partially relevant with
the context of our findings that global brain atrophy mea-
surements are strongly age-related, as well as the hypothesis
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Table 6: Brain areas with reduced GM volume in ALS patients with right limb-onset and corresponding normal controls (𝑃 < 0.001,
uncorrected).

Brain anatomical regions BA
region

MNI coordinates of
peak voxels (mm) Cluster

size 𝑇 value 𝑃 value
𝑋 𝑌 𝑍

L precentral gyri 4, 6
−20 −30 58

337
4.56

0.0002−16 −30 60 4.52
−26 −26 58 4.42

L superior frontal gyri 6 −12 −8 70 208 4.55 0.0006
−16 −6 68 4.49

L supplementary motor areas 6 −4 −8 72 20 3.22 0.0004
L postcentral gyri 3 −20 −34 58 74 4.45 0.0002
R precentral gyri 4 14 −12 62 48 3.59 0.0006
L: left; R: right.

Table 7: Brain areas with reduced GM volume in ALS patients with left limb-onset and corresponding normal controls (𝑃 < 0.001,
uncorrected).

Brain anatomical regions BA
region

MNI coordinates of
peak voxels (mm) Cluster

size 𝑇 value 𝑃 value
𝑋 𝑌 𝑍

R precentral gyri 4, 6 10 −18 48 89 4.07 0.0008
R superior frontal gyri 6 14 −2 62 209 3.70 0.0008
R supplementary motor areas 6 12 −6 58 28 3.42 0.0002
R postcentral gyri 3 36 −28 42 33 4.09 0.0008
R supramarginal gyri 40 62 −40 22 26 2.12 0.0002
L precentral gyri 4, 6 −34 −14 54 111 3.56 0.0004
L parietal opercular −52 −38 20 28 3.92 0.0002
L supramarginal gyri 40 −54 −46 18 93 3.42 0.0002
L angular gyri 39 −44 −52 12 48 3.36 0.0004
L: left; R: right.

suggested by Mezzapesa et al. that ALS pathology enhanced
normal aging [32].

4.3. Regional and Lateralized GMLoss inWhole and Subgroup
Analysis. We found regional brain atrophy of the motor
cortex particularly in the frontal lobe and postcentral gyri,
supramarginal gyri, angular gyri, and parietal operculum in
the parietal lobe, all consistent with previous findings [9, 11,
21, 22, 60–63]. All of these regions participated in motor
performance or motor imagery [64] and GM losses in these
regions reflected dysfunctions of both motor performance
and motor imagery in ALS [37]. We suggested that atrophy
in premotor and supplementary motor areas in each group
extended the feature of focal onset in primary motor cortex
to other motor related areas in the frontal areas [7, 8]. These
findings and additional GM abnormalities in parietal areas
are consistent with the longitudinal findings performed by
Verstraete et al, suggesting that neurodegeneration begins
with primary motor cortex and extends to secondary motor
cortex in the frontal and parietal lobes [63]. However, in
our subgroup analysis, we uncovered an intriguing pattern
that the more extensive GM losses were found in patients

with left limb-onset compared to those in patients with right
limb-onset. This finding may be due to the fact that general
widespread GM abnormalities are often associated with
greater disease disability, but it certainly warrants further
investigation to clarify whether disease disability assessed by
ALSFRS in patients with left limb-onset was artificially higher
as we discussed above. Another possibility that deserves fur-
ther study is that patients with left limb-onset may represent
the ALS patients who were younger than 45 years old at the
time of disease onset and characterized in prevalent upper
motor neuron involvements, thus, leading to widespread GM
abnormalities [65]. These profound differences between the
right limb and left limb-onset subgroups in their clinical
features and GM losses are intriguing and require further
exploration.

Except for the aforementioned regional anatomical
abnormal, the main finding in our study was that motor
cortex in the contralateral hemisphere of the initially involved
limbwas themost heavily affected region.This was consistent
with and supplemented the findings in Zhang et al. [41] and
the pathological findings [13]. In addition, according to the
pattern of GM loss in total cohorts and patients with right
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Figure 3: GM losses in subgroup analysis between ALS patients with left limb-onset and corresponding normal controls (𝑃 < 0.001,
uncorrected).
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Figure 4: GM density in the right precentral gyri showed a negative
correlation with disease progression rate (𝑟 = −0.505, 𝑃 = 0.020).

limb-onset, we suggested that GM loss in the whole group
population was mainly reflective of the abnormalities caused
by the subpopulation of patients with right limb-onset.These
findings indicated to us that it was noteworthy to take clinical
profiles into account when interpreting cortical abnormal-
ity in group level, especially in those with heterogeneous
backgrounds. Furthermore, the macroscopic signatures of
GM atrophy in subgroup comparisons suggested that, when
comparing with patients with left limb-onset, right limb-
onset is more likely to have language deficits which was as
common as executive dysfunction in ALS [27].This may be a
consequence of the susceptibility of Broca’s areas (Brodmann
areas 44, 45) in the left inferior frontal cortex to prion-
like contiguous spread from the motor cortex or through
network-based structural white matter connections [23, 26].
This pathological basis associated with more common right
hand deficits [66] may explain the high prevalence of lan-
guage deficits as well as the proved high sensitivity of the
verbal frequency in assessing executive deficits in ALS [27].

Meanwhile, among patients with left limb-onset, abnormal
GM in the rightmotor cortexmay be easily accompaniedwith
more extensive frontal impairments in the ipsilateral side
andmay induce behavioral dysfunction [14, 15]. Additionally,
the proportion of cognitive and/or behavioral impairments
was strongly associated with the different progression rates
among individuals, which may mean that patients with fast
disease progression may be more prone to show cognition
or behavioral dysfunction in cross-sectional study and vice
versa. But these inferences need to be confirmed by the
cognitive screening and longitudinal evaluations.

In addition, one must keep in mind that the unilateral
predominant cortical abnormality determined by the side
of limb-onset does not tell the whole story. Along with the
temporal evolution of disease, ALS does eventually involve
other limbs symmetrically and the presenting of GM loss
in the ipsilateral hemisphere of the initially involved limb
may reduce this asymmetry, as indicated in our subgroup
analysis. More than 18/20 and 9/16 of patients presented with
contralateral upper and/or lower limb dysfunction in patients
with right and left limb-onset, respectively. Moreover, the
association of cognitive or behavioral impairments in ALS
and their variability [4, 15], as well as heterogeneous disease
progression rate in individual ALS patients, will increase or
reduce the asymmetry dominated by motor symptoms and
add to the complexity of this disease.

4.4. Correlation Analysis between Clinical Variables and MR
Findings. In the whole group comparisons, we found a posi-
tive correlation between theGMdensity in the left postcentral
gyri and ALSFRS.We inferred that such correlation would be
found in a less heterogeneous patient group with right limb-
onset because the differences in whole group comparisons
weremainly derived fromdisease related effects in this group.
Nevertheless, congruous with other studies, this relation was
only found in pooled patients with different clinical profiles
[7, 8].

Meanwhile, a negative relationship between GM density
in the right precentral gyri and disease progression rate was
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found in patients with right limb-onset. Warren et al. have
hypothesized that the involvement of longer-range connec-
tions corresponds with rapid spread in contrast to slower
spread caused by involvement of clustered connections [14].
Compared with ipsilateral frontal and parietal areas adjacent
to precentral gyri, GM losses in the contralateral hemisphere
were relatively remote areas and represented rapid disease
progression. In previous studies, it has been suggested that
the involvement of the temporal lobe can be a marker for
more rapid disease progression [28]. In addition, several
longitudinal studies have implied that, compared with the
disassociation between rapidly progressive clinical profiles
and less or nonprogressive deterioration of primary motor
cortex, the extensive involvements of motor function or cog-
nitive, behavioral related brain regionswere remarkable in the
follow-up [28, 67]. In sum, we proposed that the correlation
between GM density in the right precentral gyri and disease
progression rate indicated that the relatively distant region
from the initial onset regions—the left precentral gyri in
patients with right limb-onset in our study—was involved
later when disease progressed. Thus, along with temporal
evolution of the disease, faster disease progression will
present withmore areas involved and relate with the extent of
cortical abnormality in the disease course. This finding may
present a novel hypothesis to explain the changing pattern of
remote brain regions involvement with disease progression
rate as described in previous findings. In addition, we propose
that the lack of relation between abnormal brain regions
and clinical variables in patients with left limb-onset might
be caused by inadequate disease disability assessments that
would also result in a less accurate disease progression rate.

4.5. Limitations. There are several limitations in this study.
Firstly, patients with bulbar-onset were not included in the
subgroups and this therefore made it impossible to evaluate
the distinguished features of brain abnormal in these patients.
Secondly, several studies confirm that ALS patients with
large scales of cognitive and behavioral impairments were
associated with different vulnerability of specific genetic
mutations that were not considered in this study. Lastly, lack
of fully exploring of cognitive domains and mutant genetic
screening in our patients is fundamental deficit and limited
us and made us unable to further clarify the brain atrophy
profiles and asymmetries.

5. Conclusions

In this study, we found global and regional brain atrophy
in patients with ALS. The topographic characteristics of
subgroup analysis further indicated that the motor cortex in
the contralateral hemisphere of the initially involved limb
was most affected with relatively sparing of the ipsilateral
brain. The unilateral dominant topography of brain changes
implied that the clinical profiles of patients with different side
of limb-onset might become divergent, particularly focusing
on the extramotor syndromes, as disease progresses. The
unexpected findings of demographic and clinical discrepancy
between patients with right or left limb-onset also highlight

a novel distinct feature of ALS, which deserves further
exploration.
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Diffusion tensor imaging (DTI) and tractography (DTT) provide a powerful vehicle for investigating motor recovery mechanisms.
However, little is known about these mechanisms in patients with medullary lesions. We used DTI and DTT to evaluate three
patients presenting with motor deficits following unilateral medulla infarct. Patients were scanned three times during 1 month
(within 7, 14, and 30 days after stroke onset). Fractional anisotropy (FA) values were measured in the medulla, cerebral peduncle,
and internal capsule. The three-dimensional corticospinal tract (CST) was reconstructed using DTT. Patients 1 and 2 showed good
motor recovery after 14 days, and the FA values of their affected CST were slightly decreased. DTTs demonstrated that the affected
CST passed along periinfarct areas and that tract integrity was preserved in the medulla. Patient 3 had the most obvious decrease in
FA values along the affected CST, withmotor deficits of the right upper extremity after 30 days.The affected CST passed through the
infarct and was disrupted in the medulla. In conclusion, DTI can detect the involvement and changes of the CST in patients with
medulla infarct during motor recovery.The degree of degeneration and spared periinfarct CST compensation may be an important
motor recovery mechanism.

1. Introduction

Lateral medulla infarction occurs fairly infrequently in neu-
rology clinical practice. Patients often present with limited
neurologic deficits and, on occasion, hemiparesis accompa-
nies medulla infarction. The corticospinal tract (CST) is the
major neuronal pathway that mediates voluntary movements
in humans. Many studies have elucidated the motor recovery
mechanisms following ischemic stroke associated with the
integrity of the CST. However, most previous studies have
focused on the corona radiata and pontine lesions. Little is
known about the motor recovery mechanisms in patients
with medullary infarction.

Magnetic resonance imaging (MRI) plays an important
role in the diagnosis and treatment of acute stroke. With
the advent of diffusion-weighted imaging (DWI) techniques,
small infarctions occurring in the medulla can be more easily
identified. Furthermore, diffusion tensor imaging (DTI) can

evaluate the degree of fiber damage in stroke affecting the
CST. Diffusion tensor tractography (DTT), derived from
DTI, allows for visualization of the architecture and integrity
of the CST in three dimensions and can assess white matter
tracts, such as the CST, at the subcortical level. The validity
and reliability of DTT for CST have been demonstrated in
previous studies [1–5]. In this study, we report three patients
who showed hemiparesis due to isolated unilateral medulla
infarct. We used DTI to investigate the involvement and
change of the CST during motor recovery.

2. Materials and Methods

2.1. Participants. Three right-handed patients with isolated
unilateral medulla infarct (a 55-year-old man, a 54-year-old
man, and a 74-year-old woman) were recruited for this study.
The study protocol was approved by the local Institutional
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Table 1: Patient demographic and clinical data.

Patient Sex/age Symptoms FM BI
<7 d 14 d 30 d <7 d 14 d 30 d

1 M/55 R hemiparesis 98.5 100 100 95 100 100
2 M/54 L hemiparesis 97 100 100 98 100 100
3 F/74 R hemiplegia 36.4 70.5 83.3 50 80 85
M = male; F = female; L = left; R = right; FM, Fugl-Meyer; BI, Barthel index.

Review Board and written informed consent was obtained
from all participants.

We recruited the three stroke patients using the following
enrollment criteria: having first-onset stroke and manifested
motor deficits, fully obtained admission history (within 7
days after onset of symptoms), single infarction confined to
the medulla identified on MRI, and no other concomitant
brain lesion or previous infarcts. The exclusion criteria
were as follows: contraindications for MRI, unclear onset of
symptoms, lesions outside themedulla, recurrence infarction
during followup, deafness and/or blindness, aphasia, or a
visual field deficit. All patients were scanned three times
during a period of 1 month (within days 7, 14, and 30 after
stroke onset).

2.2. MRI Data Acquisition. MRI scanning was performed
on a 3.0-Tesla whole-body scanner (Trio Tim, Siemens).
Traditional axial T1-weighted (TR 155ms/TE 2.81ms), fast-
spin echo T2-weighted imaging (TR 3830ms/TE 98ms),
FLAIR (TR 8500ms/TE 87ms), and DWI (TR 3000ms/TE
91ms; 𝑏 = 0, 500 and 1000 s/mm2) were performed. The
DTI acquisition parameters were as follows: TR 8000ms/TE
83ms, NEX = 1, matrix 128 × 128, field of view 24 × 24 cm,
𝑏 = 0, 700 s/mm2, and a slice thickness of 2 mm without a
gap. We acquired 64 contiguous slices parallel to the anterior
commissure-posterior commissure line.

2.3. DTI Data Postprocessing. DTI data were transferred
to a work station (Multi-Modality Work Place, Siemens
Healthcare) for processing. Circular regions of interest (ROI)
were symmetrically drawn on axial slices on the left and
right sides along the pyramidal tract pathway at three levels:
the medulla, cerebral peduncle, and posterior limb of the
internal capsule along the CST. To include only the CST
region, the ROI size was set between 30mm2 and 35mm2
voxels. FA values for each ROI were obtained by averaging
all voxels within the ROI. The FA ratio (rFA) between the
infarct ipsilateral and contralateral side was calculated (rFA =
FAipsilateral side/FAcontralateral side) in each patient. The three-
dimensional CST was reconstructed using Siemens software.
For fiber tracking of the CST, two ROIs were manually placed
on two-dimensional transverse color-coded directional FA
images. The upper ROI was placed on the posterior limb of
the internal capsule and the lower ROI was placed on the
lower pons. Only the fibers passing through both ROIs were
displayed and designated as the CST. The thresholds of the
tracking termination were 0.2 for the FA and 45∘ for the angle

between two contiguous eigenvectors.The three-dimensional
fiber tracts were then superimposed on axial DWI.

2.4. Clinical Evaluation. During each visit, behavioral assess-
ments were performed by clinicians. The Fugl-Meyer (FM)
scale and Barthel index (BI) were measured to evaluate the
patient’smotor deficits. All three patients showed somemotor
function recovery at the time of the third DTI scan (1 month
after onset).

3. Results

3.1. Clinical Data. The demographics and the evolution of
motor function from baseline and throughout the 30 days
of recovery in the three patients are summarized in Table 1.
Patient 1 suffered from a left dorsolateralmedullary infarction
presenting with moderate right hemiparesis. Patient 2 had
a smaller infarct in the right dorsolateral medullary with
mild left hemiparesis. Both patients 1 and 2 had generally
excellent motor recovery without disability (FM and BI score
of 100) after 14 days. Patient 3 had an infarct of the left ventral
medulla and deficits of the right upper extremity remaining
after 30 days (FM score of 83.3 and BI score of 85).

3.2. Fractional Anisotropy. Table 2 shows the dynamic
changes in the FA values of the infarct on the ipsilateral
and contralateral sides of the CST from day 7 to day 30 in
all three patients. Compared with the matched regions on
the contralateral side, the FA values in the medulla, cerebral
peduncle, and internal capsule on the infarct side all slightly
decreased across the three time points. Of the three patients,
patient 3 had the most obvious decrease in rFA values. The
rFA values of the medulla decreased from 0.849 to 0.734
during the 30 days. In patients 1 and 2, the rFA values of the
CST showed a slight decline but always stayed above 0.92.

3.3. Diffusion Tensor Tractography. The DTTs for the CSTs
of the unaffected hemispheres in the patients originated
from the primary sensorimotor cortex and then descended
along the known CST pathway. The CST descended from the
affected hemisphere traveling via the anterior areas (patients
1 and 2) just around the infarct on the first DTT (Figures 1 and
2).The integrity of the CST was preserved around the infarct,
just slightly compressed. On the followup DTTs, the CSTs of
the affected hemisphere passed through the same respective
spared periinfarct areas in these two patients. However, the
left CST descended from the affected hemisphere traveling
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(a) (b) (c) (d) (e) (f) (g)

Figure 1: (a) Diffusion weighted imaging showed an infarct in the left dorsolateral medulla on day 3 after onset; (b)–(g) diffusion tensor
tractography showed axial and coronary corticospinal tract ((b)–(c) on day 3; (d)-(e) on day 14; (f)-(g) on day 30). Red for the infarct side;
yellow for the contralateral side. The integrity of the corticospinal tract was preserved around the infarct.

(a) (b) (c) (d) (e) (f) (g)

Figure 2: (a) Diffusion weighted imaging showed an infarct in the right dorsolateral medulla on day 5 after onset; (b)–(g) diffusion tensor
tractography showed axial and coronary corticospinal tract ((b)-(c) on day 5; (d)-(e) on day 14; (f)-(g) on day 30). Red for the infarct side;
yellow for the contralateral side. The integrity of the corticospinal tract was preserved around the infarct.

(a) (b) (c) (d) (e) (f) (g)

Figure 3: (a) Diffusion weighted imaging showed an infarct in the left ventral medulla on day 4 after onset; (b)–(g) diffusion tensor
tractography showed axial and coronary corticospinal tract ((b)-(c) on day 4; (d)-(e) on day 14; (f)-(g) on day 30). Red for the infarct side;
yellow for the contralateral side. The corticospinal tract was mostly interrupted by the infarct (arrow).

via the anterolateral around the infarct on the first DTT in
patient 3 (Figure 3). The affected CST was partly disrupted
below the medulla infarct. At day 14, the affected tracts were
mostly interrupted by the infarct.

4. Discussion

In this study, we investigated the motor recovery mechanism
in patients with unilateral medullary infarction who showed
motor recovery after the onset of hemiparesis. The results
revealed the deterioration of the CST associated with the
motor outcome in patients. Differential patterns of recovery
were found in the three patients. The main reason that the
patients presented good motor recovery can be explained by
the slight decline in the FA values and the maintenance of
the integrity of the ipsilateral CST. The patients had shown
severe paralysis of the right upper extremity at the onset of
stroke; motor function recovered slowly over 1 month. The
study suggests that the patients had poor motor outcomes
in the affected extremities for the following reasons. First,
low FA values were found in the affected CST compared
with contralateral tracts. Second, DTTs demonstrated that

a majority of the fiber tracts in the affected medulla were
damaged.

We found that the FA values in the medulla, cere-
bral peduncle, and internal capsule on the infarct side all
decreased across the three scan times. The size of medulla
is small. Therefore the unilateral infarction and edema of
medullamay affect bilateral corticospinal tract.The FA values
in the medulla, cerebral peduncle, and internal capsule were
found decreased on both sides. In patient 3, the ventral
medulla infarction was relatively large, so the FA values
decreased more obvious. In patients 1 and 2, the FA values
of the affected CST showed a slight decline, although the
fiber was spared. Patient 3 had the most obvious decrease
in FA values along the affected CST and the rFA values of
the medulla decreased from 0.849 to 0.734 during the 30
days. Because the blood supply to the internal capsule and
cerebral peduncle differs from those in the medulla, our
findings cannot be explained by ischemia. Previous studies
reported that the FA reduction reflects deterioration of axonal
integrity leading to axonal loss and Wallerian degeneration
(WD) [6, 7]. Compared with conventional MRI imaging,
such as that with T2 and FLAIR sequences, FA values are
an early marker of axonal degeneration. In addition, several
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longitudinal studies of DTI in patients with cerebral infarc-
tion demonstratedWD of the pyramidal tract. Therefore, the
changes in the FA values in the medulla and along the CST in
our study were due to axonal injury andWD.Themechanism
of retrograde secondary damage in the cerebral peduncle and
internal capsule is consistent with that of anterograde WD.

Our study confirms that DTT can provide important
clues to the spatial relationship between infarcts and the
CST in stroke patients. Therefore, it can be used to predict
motor outcomes. The affected CST descended running via
the anterior areas just around the infarct on DTTs in patients
1 and 2. The integrity of the CST was preserved. The motor
recovery could be attributed to periinfarct spared CST or
the resolution of the transient edema around the lesion. In
patient 3, the affected CST was partly disrupted and the
motor function slowly recovered. Thus, CST integrity plays
an important role during the recovery of motor function.
Previous studies have suggested that motor function can be
controlled well only by a part of the CST [8]. In this study,
it seems that patients’ motor function was controlled via the
spared periinfarct CST, also in themedulla. However, patients
with more CST involvement tend to have poorer prognosis.
So far, many studies on the state of the CST ormotor recovery
mechanisms at the subcortical level have been reported [9–
12]. However, to our knowledge, only one study has used DTI
to investigate patients with medulla infarct [13]. Jang et al.
reported one patient whose motor functions of the affected
extremities rapidly recovered to a normal state over the 4
months following stroke onset. The integrity of the CST was
shown to be spared in the anterior portion of the medulla
infarct using DTT.

In conclusion, we demonstrated that DTI could detect
the involvement of and changes in the CST in patients with
medulla infarct during motor recovery. The degree of degen-
eration and the spared periinfarct CST compensation may
be an important mechanism of motor recovery. However,
this present study is admittedly limited because only three
patients were involved. Therefore, our findings need to be
further verified in studies with larger case numbers and
combined DTI and functional MRI techniques.
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Objective. Previous studies have demonstrated that stroke characteristics and social and psychological factors jointly contribute to
the development of poststroke depression (PSD). The purpose of this study was to identify altered functional connectivity (FC) of
the affective network (AN) in patients with PSD and to explore the correlation between FC and the severity of PSD.Materials and
Methods. 26 PSD patients, 24 stroke patients without depression, and 24 age-matched normal controls underwent the resting-state
functional MRI (fMRI) scanning. The bilateral anterior cingulated cortices (ACCs) were selected as regions of interest (ROIs). FC
was calculated and compared among the three groups. The association between FC and Hamilton Depression Rate Scale (HDRS)
scores of PSD group was investigated. Results.The FC of the ANwas disrupted in PSD patients compared to stroke patients without
depression and normal controls. Moreover, the left orbital part of inferior frontal gyrus which indicated altered FCwas significantly
correlated with HDRS scores in PSD patients. Conclusions. Dysfunction of the affective network may be one of the reasons of the
development of PSD.

1. Introduction

Stroke is one of the most common causes of human
death [1]. Large-scale stroke survivors suffer from poststroke
depression (PSD), which not only hinders recovery but also
increases the risk of death significantly [2, 3]. Some studies
involving the determinants of PSDhave focused on infarction
characteristics, including location, size, volume, and white
matter lesions, while other studies have proposed that the
course of PSD seemed to be dependent on psychosocial fac-
tors, such as personality, disability, and social support [4–7].
However, few studies have been conducted to determine the

relationship between the risk of PSD and brain lesions or
other correlative factors [8–10]. Due to different definitions of
depression, the duration of disease, measurement methods,
and patient sampling, the pathogenesis of PSD is controver-
sial [6, 9, 10].

In recent years, resting-state functional MRI (fMRI)
provided a powerful framework for detecting the mechanism
underlying cognitive disorders [11, 12]. The first study of
resting-state functional connectivity (FC) showed that spon-
taneous low-frequency fluctuations in blood oxygen level-
dependent (BOLD) signals were exhibited in a sensorimotor
network when the brain was in a resting state [13]. FC was
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considered as the temporal correlation of spontaneous fluc-
tuations in anatomically separated, but functionally related
brain regions, and these brain regions were comprised of
some specific networks [14]. The most widely explored
network is the default mode network (DMN) [15–18].

Moreover, another neural functional network, the affec-
tive network (AN), was also detected in a task-related func-
tional MRI study of mood disorders [19–21].The AN consists
of the prefrontal cortex, amygdala, insula, ventral striatum,
hippocampus, and anterior cingulate cortex and was associ-
ated with emotional activity and modulation [22–25].

We hypothesized that FC in patients with PSD is different
from stroke patients without depression and normal controls
and the dysfunction of the AN in patients with PSD is
associated with the severity of depression.Thus, the objective
of this study is to compare FC of the AN among three groups
(PSD, stroke without depression, and normal control groups)
and to determine the difference between each group. The
bilateral anterior cingulate cortices (ACCs) were selected
as the region of interest (ROI) in the AN. The correlation
between altered FC in PSDpatients and severity of depression
was also explored.

2. Methodology
2.1. Subjects. This prospective study was accepted by the
local Ethics Committee of Beijing Tiantan Hospital of Cap-
ital Medical University. All the subjects signed the written
informed consent before participation.

In this study, 50 patients (40–75 years of age) who had
their first time ischemic stroke were recruited from the
Department of Neurology at Beijing Tiantan Hospital of
Capital Medical University between January 2010 and April
2013, including 26 PSD patients (6 females) and 24 stroke
patients without depression (5 females). Twenty-four age-
matched healthy volunteers were also enrolled as normal
control (NC) group (6 females). All the subjects were right-
handed.

Patients with PSD were selected consecutively on the
basis of the following inclusion criteria: (a) MRI findings of
cerebral stroke were confirmed by two senior radiologists;
(b) all patients were evaluated by two psychiatrists for
depression using the Diagnostic and Statistical Manual of
Mental Disorders (DSM-IV, fourth edition); (c) Hamilton
Depression Rating Scale (HDRS) 17-item [26] scores >7 were
performed to evaluate the depression severity; (d) duration of
illness <2 weeks; and (e) patients had experienced their first
ischemic stroke and were medication-free.

The inclusion criteria of stroke patients without depres-
sion were as follows: (a) diagnosis of stroke performed by two
senior radiologists; (b) no depression according to DSM-IV;
(c) HDRS 17-item [26] scores <7; (d) duration of illness <2
weeks; and (e) patients having their first ischemic stroke.

Normal controls were referred when they met the follow-
ing criteria: (a) T2-flair showed no white matter disease; (b)
no depression according toDSM-IV; and (c) HDRS scores<7.

Exclusion criteria for all subjects were as follows: (a) other
psychiatric diseases, including substance abuse or depen-
dence; (b) other neurological diseases such as dementia; (c)

medical disorders impairing cognitive function; (d) a family
history of serious psychiatric or neurological illness in first-
degree relatives; (e) cerebral hemorrhage or brain trauma;
and (f) other contraindications to MR scanning.

2.2. MRI Scan Protocol. The MRI scan was performed on a
Siemens 3.0T Trio MRI scanner using a standard quadra-
ture head coil. All subjects underwent structural imaging
sessions including acquisition of a scout scan with three
orthogonal slices, followed by a coarse 3D sagittal T1-
weighted magnetization-prepared rapid gradient echo (mp-
rage) sequence (176 slices; thickness/gap = 1.0/0mm; repeti-
tion time [TR] = 1900ms; echo time [TE] = 2.13ms; flip angle
= 9∘; matrix 256 × 256; field of view [FOV] = 256 × 256mm2)
over the whole brain to automatically compute fMRI slice
tilts and offsets that optimize whole-brain coverage parallel
to the anterior-posterior commissure plane. The scanning
time was 8 minutes. Resting-state functional images were
acquired using an echo-planar imaging sequence as follows:
TR = 2000ms; TE = 30ms; flip angle = 90∘; slices = 31;
thickness/gap = 3/1mm; matrix 64 × 64; FOV = 200 ×
200mm2. The scanning time was 8 minutes. During the
resting-state scanning, all the subjects were instructed to be
quiet with their eyes closed and not to think about anything
in particular. A spongematwas used to limit headmovement.

2.3. Data Analysis. The raw data were preprocessed using
SPM8 soft package (http://www.fil.ion.ucl.ac.uk/). With
respect to the equilibrium and subject adaptability, the first 10
images of each subject were discarded.Therefore, 230 images
for each subject were sequentially put into the following
preprocessing procedures. All subjects in this study met the
criteria of the head motion less than 3mm of translation and
3∘ of rotation in any direction. After motion correction, the
images were spatially normalized into standard MNI space
and resampled to 3 × 3 × 3mm3, then spatially smoothed
with a 4 × 4 × 4mm3 full width at half-maximum Gaussian
kernel. After that, a low-pass frequency filter (0.01 < 𝑓 <
0.08Hz) was applied to reduce physiologic high frequency
noise. All the procedures were performed using the REST
package (http://www.restfmri.net/forum/).

2.4. ROI Selection. The bilateral ACCs were extracted and
combined as one ROI as these areas were defined by pre-
vious studies in depressive patients [19, 27]. In the current
study, the bilateral ACCs were extracted from the auto-
mated anatomical labeling [28] atlas from MRIcro software
(http://www.cabiatl.com/mricro/) (Figure 1). Using seed ROI
analysis, a seed reference time course was obtained by
averaging the time series over the voxels in the bilateral ACCs.
Pearson’s correlation analysis was carried out between the
seed reference and the whole brain in a voxel-wise manner,
with the global mean time course, the white matter mean
time course, the cerebrospinal fluid mean time course, and
the six head motion parameters as nuisance covariates. Then
the correlation coefficients were converted to z-scores by
applying Fisher’s r-to-z transformation {𝑧 = 0.5 ln[(1+𝑟)/(1−
𝑟)]}.
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(a) (b)

Figure 1: The bilateral ACCs (red region) in axial view (a) and sagital view (b) were extracted from the automated anatomical labeling atlas
implemented in MRIcro software. The bilateral ACCs were combined as one-seed region of interest (ROI).

Table 1: Demographic and clinical characteristic of the samples.

PSD (𝑛 = 26) Stroke (𝑛 = 24) NC (𝑛 = 24)
Age 56.4 ± 10.2 60.2 ± 9.8 57.1 ± 9.5

Gender
Male 20 19 18
Female 6 5 6

HDRS score 12.5 ± 3.87 — —
Disease period (day) 9.92 ± 2.77 9.62 ± 2.72 —
HDRS: Hamilton Depression Rating Scale. Unless otherwise indicated, data are expressed as the mean ± SD. NC: normal control.

2.5. Statistical Analysis. In this study, one-way analysis of
variance (ANOVA) was carried out to detect comparison
of FC across the three groups. Voxels with 𝑃 < 0.01 and
cluster size ≥18 voxels were considered significantly different
between groups, which corresponds to 𝑃 < 0.01 after cor-
rection for multiple comparisons using Monte Carlo simula-
tion (AlphaSim in REST software [http://www.restfmri.net/
forum/]). After that, a two-sample post hoc 𝑡 test analyses
were performed between each pair of groups (PSD versus
stroke, PSD versus NC, and stroke versus NC) to further
confirm the between-group differences. Voxels with 𝑃 <
0.01 and cluster size ≥18 voxels were considered significantly
different, corresponding to corrected 𝑃 < 0.05 as determined
by AlphaSim.

To investigate the relationship between the altered FCs
anddepression, correlation analyseswere performed between
the mean z-scores of the clusters which showed significant
differences among the three groups and the HDRS scores in
the PSD group (significant level was 𝑃 ≤ 0.05) using SPSS7
software.

3. Result

3.1. Subjects. The detailed information of demographic and
clinical characteristics of all participants is shown in Table 1.
The age, gender, and disease period showed no significant
differences among the three groups of subjects.

15

10

5

0

X = 54 Y = 30 Z = 42

Figure 2: Brain regions which show altered connectivity with ACC
among PSD, stroke, and NC groups. Images were thresholded at 𝐹 =
4.91 (𝑃 < 0.01, corrected by AlphaSim).

3.2. MRI Image Analysis. By using one-way ANOVA, a
significant difference of connection with the seed region was
revealed among the three groups.

The brain regions which had altered connectivity with
ACC in the comparison between the PSD group and two
other groups, including the right triangular part of the
inferior frontal gyrus (F = 8.6, df = 2, and 𝑃 < 0.01) and the
left orbital part of inferior frontal gyrus (F = 4.01, df = 2, and
𝑃 < 0.01; Figures 2 and 3).

Further investigation on the detailed differences of FC
in the three groups was performed using a post hoc t test
(𝑃 < 0.01, cluster size≥18 was considered significant (Table 2,
Figure 4)).

The FC of the left inferior temporal gyrus, left orbital
part of the inferior frontal gyrus, and right triangular part
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Table 2: Brain regions show different FC with ACC between two groups.

Regions BA Cluster size Maximal 𝑡-score Primary peak location
(MNI)

PSD versus Stroke
Positive
ITG.L 21 33 3.27 −45 3 −36
ORBinf.L 35 4.01 −42 30 −6
IFGtriang.R 21 4.18 36 24 26
Negative none none none none none none

PSD versus NC
Positive
ITG.R 37 42 3.15 51 −63 −15
IFGtriang.L 105 4.15 −48 27 12
ORBinf.L 66 4.01 −42 30 −6
ORBsup.L 32 4.12 −12 57 −9
MFG.L 10 66 3.92 −39 48 6
IFGtriang.R 34 3.64 36 24 26
Negative
PCUN.L 7 30 −3.03 −9 −61 34
MTG.L 22 −3.84 −57 −63 3

Strokes versus NC
Negative
TPOsup.L 18 −3.12 −30 6 −24

Significant level of 𝑃 < 0.01, cluster size ≥ 18 with AlphaSim correction for multiple comparisons, ∗𝑃 < 0.05; NC: normal control; BA: Broadman area; MNI:
Montreal Neurological Institute spatial array coordinates; ITG: inferior temporal gyrus; ORBinf.: inferior frontal gyrus, orbital part; IFGtriang.: inferior frontal
gyrus, triangular part; ORBsup.: superior frontal gyrus, orbital part; STG: superior temporal gyrus; MFG: middle frontal gyrus; ANG: angular gyrus; SFG:
superior frontal gyrus; PCUN: precuneus; MTG: middle temporal gyrus; TPOsup.: superior temporal gyrus; L: left; R: right.
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Figure 3: Comparison of PSD, stroke, and NC groups for mean
resting connectivity between bilateral ACC and IFGtriang.R and
IFGorb.L.

of the inferior frontal gyrus was increased with the ACC in
the PSD group compared with the stroke group (Figure 4(a)).
Furthermore, additional brain regions, including the right
inferior temporal gyrus, the left triangular part of the inferior

frontal gyrus, the left orbital part of the superior frontal gyrus,
and the left middle frontal gyrus had increased FC with the
ACC, while the left precuneus and leftmiddle temporal gyrus
showed reduced FC with the ACC, existed in the PSD group
compared with the NC group (Figure 4(b)). Decreased FC of
the left superior temporal gyrus existed in comparison with
the stroke and NC groups (Figure 4(c)).

3.3. Correlation Analysis. Moreover, the FC between the
significantly altered clusters (Figure 2) and the seed ROI were
computed and then correlated with the HDRS scores of the
PSD group (𝑃 ≤ 0.05). We found that the FC between the
left orbital part of the inferior frontal gyrus and ACC was
positively correlated with the HDRS scores (𝑟 = 0.39, 𝑃 =
0.05; Figure 5).

4. Discussion

The key finding in this study was that FC of the AN in PSD
was altered compared to the stroke andNCgroups.Moreover,
the altered FC was associated with the HDRS scores in PSD
patients. As a result, these findings may support a strong
association between the AN impairments and the risk of
developing PSD in the subacute phase of stroke.

In the current study, the right inferior temporal gyrus,
bilateral triangular part of the inferior frontal gyrus, left
orbital part of the inferior frontal gyrus, left orbital part of the
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ACC connectivity map
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Figure 4: (a)–(c) Comparison of connectivitymaps with ACCbetween two groups. (a) Intergroup difference between PSD and stroke groups;
(b) intergroup difference between PSD and NC groups; (c) intergroup difference between stroke and NC groups.The threshold of the images
was at 𝑡 = 2.42, 𝑃 < 0.01, corrected by AlphaSim, ∗𝑃 < 0.05.
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Figure 5: Plots displaying the correlation between the FC (mean z-
scores) and the HDRS scores in the left orbital part of the inferior
frontal gyrus (ORBinf.L) in the PSD patients. HDRS, Hamilton
Depression Rating Scale.

superior frontal gyrus, and left middle frontal gyrus showed
increased FC with ACC between PSD and NC while the left
precuneus and left middle temporal gyrus showed decreased
FC with the ACC. The altered regions in PSD compared to
stroke were included in the comparison between PSD and
NC, except the left inferior temporal gyrus, which showed

increased FC with the ACC. Comparing the stroke and
NC groups, the left superior temporal gyrus, which showed
reduced FC, was absent in the comparison between the PSD
and NC. These results suggest that impaired FC of the AN
may be related to the development of PSD.

The brain regions which indicated increased FC in the
current study were mainly found in the bilateral frontal
lobes, which are associated with emotion regulation [29].
The results of the current study are consistent with previous
studies, showing that increased FC of right inferior frontal
gyrus was found in an affective-related network of depressed
patients [30]. Additionally Sheline et al. [27] also suggested
that ACC indicated increased FC with bilateral dorsomedial
prefrontal cortex. This similarity between PSD and depres-
sion may contribute to depressive symptoms which exist
both in PSD and depressive patients. A previous study has
also reported that the inferior frontal gyrus is implicated
in dealing with emotional distraction [31]. Later, another
research reported that the inferior frontal gyrus of major
depressive patients indicated deactivation in coping with
emotional distraction [32]. Accordingly, the increased FC of
the bilateral inferior frontal gyrus in the current study may
suggest that there is a trend towards inhibition of emotional
replication in PSD patients. Furthermore, Cullen et al. [33]
found that superior temporal gyrus showed reduced FC
with subgenual ACC in adolescence with major depressive
disorder. The current study implies a similar finding as
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decreased FC was shown in the left middle temporal gyrus.
Both PSD and depression patients appear to have decreased
FC in the temporal lobe, but in different locations. This may
suggest that PSD differs from depression. On the other hand,
Anand et al. discovered that the FC of bilateral dorsomedial
thalamus, amygdala, and left pallidostriatum with ACC was
reduced in depressed patients [19]. And the study for patients
with bipolar disorder (BDM) and unipolar major depression
(MDD) once again proved that depression caused altered
FC of bilateral dorsomedial thalamus and amygdala [21].
However, no identical region with them has been found in
the present study. The divergence in the present findings
from previous studies may be have partly resulted from the
difference in illness duration, stages of depressive severity,
and the selection of ROI. Nevertheless, to some extent, it may
also confirm that PSD is different from depression.

In the current study the correlation between altered FC
and HDRS scores has also been detected. The increased FC
between the left orbital part of the inferior frontal gyrus and
ACC was associated with the severity of depression. Altered
FC of the right inferior frontal gyrus, which was considered
to be involved in affective processing, has been demonstrated
in MDD patients [30]. Zhou et al. [34] suggested that the
FC between the left dorsolateral prefrontal cortex and the
right middle/superior frontal gyrus was correlated with the
HDRS score. Another study suggested that there was an
association between left frontal impairment and the severity
of depression in affective PSD patients [35]. These results
were consistent with our findings and may confirm the
speculation that FC impairment of the AN was associated
with PSD. However, although the association between frontal
FC damage and severity of depression was indicated both in
previous studies and in the current study, the specific location
was different. Moreover, there was a negative correlation
between the left hippocampus and HDRS scores, while the
positive correlation was found between the left caudate
nucleus and HDRS scores [36]. These differences may be due
to the differences in samples, selection of ROI, and depression
severity but may also confirm that PSD is different from
depression.

The limitations of this study were that the lesion location,
volume and correlation with the altered FC were not consid-
ered. These additional studies such as comparing the lesion
characteristics between the PSD and stroke patients without
depression groups will be performed in the future studies. In
the previous study, the central coordinates of ROIswere based
on the task-related state fMRI study for depressive patients
[28]. In the present study, a task-related state fMRI study was
not performed because of the subacute phase of the stroke
patients.

5. Conclusion

In this study, altered FC of brain regions which belongs
to the AN has been found in PSD patients, and signifi-
cant differences also have been found between PSD and
stroke without depression patients according to the AN.
Furthermore, altered FC is correlated with HDRS scores in

PSD patients. From these findings we can infer that the
dysfunction of the AN may be one of the causes of PSD.
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Clinically significant depression can impact up to 50% of patients with multiple sclerosis (MS) over a course of their life time,
which is associated with an increased morbidity and mortality. In our study, fifteen relapsing-remitting MS (RRMS) patients
and 15 age- and gender-matched normal controls were included. Diffusion tensor imaging (DTI) was acquired by employing a
single-shot echo planar imaging sequence on a 3.0 T MR scanner and fractional anisotropy (FA) was performed with tract-based
spatial statistics (TBSS) approach. Finally, widespread WM and GM abnormalities were observed in RRMS patients. Moreover,
the relationships between the depressive symptoms which can be measured by Hamilton depression rating scale (HAMD) as well
as clinical disabilities measured by the expanded disability status scale (EDSS) and FA changes were listed. There was a positive
relation between EDSS and the FA changes in the right inferior parietal lobule, while negative relation was located in the left
anterior cingulate cortex andhippocampus.Also a positive relation betweenHAMDandFAchangeswas found in the right posterior
middle cingulate gyrus, the right hippocampus, the left hypothalamus, the right precentral gyrus, and the posterior cingulate which
demonstrated a link between the depressive symptoms and clinically relevant brain areas in RRMS patients.

1. Introduction

Multiple sclerosis (MS) is an autoimmune disease of the
central nervous system (CNS) characterized by inflamma-
tion, demyelination, and neurodegeneration [1] and it is
the most common cause of neurological disability among
young adults, affecting approximately one in 1,000 individuals
in Europe and North America [2]. Affective disorders are
common and disabling conditions in MS. Clinically signif-
icant depression can affect up to 50% of patients with MS
over the course of their lifetime and it is associated with
an increased morbidity and mortality [3]. Also disability
is a common symptom in MS patients [4]. The factors
responsible for mood disturbances in MS are still contro-
versial: a psychological reaction to a progressively disabling
and unpredictable disease may be a relevant contributor

while reactive mechanisms alone are probably not sufficient
to account for the high prevalence and wide spectrum of
depression.

Brain magnetic resonance imaging (MRI) lesions are
highly associated with depression in MS [5, 6]. Neuroimag-
ing studies in patients with MS have revealed associations
between brain abnormalities and depression. The study by
Pujol et al. [7] using axial spin echo sequence investigated
three major anatomic divisions (basal, medial, and lateral)
of the frontotemporal WM.They found that depressive score
was significantly correlated with lesion load (LL) of the left
accurate fasciculus region; in particular lesions in this area
accounted for 17% of depressive score variance. AnotherMRI
study including 95 consecutive MS patients, of which 19%
of the patients met the criteria for depression, reported that
the severity of depression was correlated with right frontal
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lobule and with right temporal brain atrophy; furthermore,
T1 lesions in the superior parietal and superior frontal regions
predicted depression in MS patients [8].

Ordinary MRI tests could sensitively display MS lesions;
however they lack pathological specifications [9]. Researchers
have proved that the concealing injuries existed in MS
patients while the outcomes of ordinary MRI displayed
normal [10] (i.e., the micropathology alteration exists and
its DTI data changes also) [11, 12]. DTI enables the random
diffusional motion of water molecules to be measured, thus
providing metrics such as mean diffusivity (MD) and FA
in order to allow quantification of the size and geometry
of water-filled spaces [13] and provide complete pathology
message of brain tissues. In the past few years, DTI studies
have been widely applied to the CNS of MS and optical
neuromyelitis, and they have demonstrated a powerfulmeans
to early diagnosis and patient’s condition monitoring.

Previous DTI studies generally adopted region of interest
based analysis which needs specially prior information.
Considering that MS may involve wide range of axonal
degeneration, the whole brain analysis may be an optical
method and lead to improved sensitivity and specificity to
the disease and its related clinical impairments. Methods on
the structural changes of WM fiber tracts in current research
are mainly including hand-painted region of interest (ROI),
voxel-based analysis (VBA), and TBSS, in which VBA is the
most common researchmethod. But for the anisotropic larger
DTI image space, the registration accuracy is not high by
VBA method which will lead to a certain difference based
on the research results for the DTI images when different
researchers are in view of the same kind of neurological
diseases. However, TBSS analysis method aims at the main
problem of image space registration rate, modifying from the
registration rate algorithm, and makes the registration rate
improved. So we chose TBSS as the analysis method. TBSS,
adopting skeletonized processing ideas, projects individual
fiber bundle FA value onto average FA bundle skeleton tem-
plates and accomplishes the justification of different subject
fabricwithout taking standardization and smoothing [14] and
thus significantly improves group comparison fidelity.

In the present study, we aimed at exploring global
microstructural changes in MS and defining which changes
are particularly affected by the disease such as the EDSS and
HAMD scores and inquiring the relationships between FA
values and HAMD as well as EDSS.

2. Materials and Methods

2.1. Subjects. In this study, we recruited the 15 patients
who suffered from RRMS and were treated in Dongzhimen
hospital in-patient or out-patient department from January
2012 to November 2013. All patients were in line with the
revised McDonald criteria [15] and classification standard.
The inclusion criteria were (1) participants were in the
remission stage, who had no acute attack and did not have an
exacerbation of their MS during the last month; (2) they were
not currently taking any glucocorticosteroid medication; (3)
their medication and treatment had no obvious adjustment
recently and all of them had no history of serious psychiatric

illness or neurologic disease other than MS; (4) Chinese was
the primary language of all the participants; (5) the right-
handed subjects according to the modified Edinburgh Hand-
edness Questionnaire [16] were included. Those participants
who had contraindications toMRI, poor quality of the images
acquired, or showed one or more gadolinium-enhancing
lesions (GEL) on baseline MRI were excluded to avoid effects
of edema and inflammation on DTI measures [17]. Fifteen
age- and sex-matched right-handed healthy subjects were
used as a control group.

2.2. Clinical Assessments. For every participant, sex, age,
onset age, disease duration, first onset symptoms, and recur-
rent symptoms variables were obtained while healthy con-
trols’ age and gender were also collected. A single neurologist
assessed patients’ disability using the EDSS [18] at the day
of the neuropsychological assessment. All subjects were
clinically evaluated by means of HAMD by themselves and
two highly trained doctors on the same day prior to scanning.
In this study, we used the HAMD 24 version and the criteria
were as follows: total score 𝑡 < 8 was divided into normal,
8–20 might suffer from depression, 20–35 was a depressive
patient certainly, and>35 suffered from the severe depression.

2.3.MRIAcquisition. In the study, high-resolution brainMRI
was acquired by using 2 pulse sequences on a 3T Signa
scanner (Verio, Siemens AG, Erlangen, Germany) with an
8-channel head coil. The following sequences were acquired
in a single session: (1) functional EPI oriented parallel to
the AC-PC line and covering the whole brain to obtain
sagittal sequence (repetition time (TR) = 2,000ms, echo
time (TE) = 30ms, matrix = 64mm × 64mm, and field
of view (FOV) = 225mm × 225mm), 36 slices, 3.5mm
thick, and no gap; (2) 3D magnetization-prepared rapid
acquisition gradient echo (MPRAGE) sequence with 176
coronary, 1mm slices, and 0mm gap (TR = 2,700ms, TE =
2.97ms, flip angle = 7∘, matrix = 256mm × 256mm, FOV =
250mm × 250mm, and voxel size= 1mm × 1mm × 1mm);
(3) T2-weighted image with a fast-spin echo sequence in
the axial plane (TR = 6,000ms, TE = 94ms, matrix =
320mm × 320mm, and FOV = 220mm × 220mm), 25
slices, 4mm thick, and no gap; (4) T2-Flair weighted image
(TR = 8,800ms, TE = 82ms, flip angle = 150∘, matrix =
256mm × 256mm, and FOV = 240mm × 240mm). DTI
data acquisition was acquired with an axial single-shot
echo planar spin echo sequence with 30 gradient direc-
tions (TR = 18,000ms, TE = 94ms, matrix = 160mm ×
160mm, FOV = 256mm × 256mm, 𝑏 = 0 and 1,000), 80
slices, 1.5mm thick, and no gap. Image data processing was
performed on a Linux workstation using Jim 5.0 software
(Xinapse System, Leicester, UK; http://www.xinapse.com/),
the Functional MRI of the Brain (FMRIB) software library
(FSL) 4.1 package (FMRIB Image Analysis Group, Oxford,
UK; http://www.fmrib.ox.ac.uk/fsl/), MATLAB 7.0 (Math-
Works, Natick, Massachusetts, USA), and the Statistical
Parametric Mapping 8 (SPM8) software (Wellcome Depart-
ment of Cognitive Neurology, London, UK; http://www.fil
.ion.ucl.ac.uk/spm/).
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2.4. DTI Analysis. Diffusion data were preprocessed and
analyzed using tools from the Oxford University Centre for
FMRIB software library (FSL version 4.1). First, the b0 image
of each subject was skull-stripped using the brain extraction
tool. The data was corrected for subject motion and eddy-
current induced geometrical distortions, and the diffusion
sensitizing gradients (“bvecs”) were rotated to correct for
motion. Using FDT, the diffusion tensor model was fit to the
data, from which FA images were calculated.

For TBSS, all subjects’ FA data was registered to a
common space (the FA158MNI space template) using a com-
bination of affine and nonlinear registration. A mean FA
image was created and eroded to a skeleton and threshold at
FA > 0.25. Each subject’s aligned FA data was then projected
onto this skeleton and the resulting alignment-invariant
representation of the central trajectory of WM pathways was
used for voxel-wise statistical analysis (Randomize, 5000 per-
mutations). The contrast TBI < controls was examined using
threshold free cluster enhancement (TFCE), with correction
for multiple comparisons at 𝑃 < 0.05.

2.5. Statistical Analysis. The Statistical Package of Social
Sciences (17.0; SPSS Inc., Chicago, IL) software was used to
carry out the statistical analysis. All values were reported
as mean ± standard deviation (SD) or median (range) as
appropriate. Differences between groups were tested using
paired 𝑡-test for continuous and categorical variables, respec-
tively. Correlations among global DTI measures and between
global MRI values and clinical scores (EDSS and HAMD)
were analyzed by univariate analysis (Pearson’s correlation
coefficient) after correction for age, and results corrected for
multiple comparisons were needed.

3. Results

3.1. Demographic and Clinical Characteristics. In our study,
fifteen patients (4 males and 11 females) were obtained
according to the inclusion and exclusion criteria, who were
aged from 19 to 57 years (37.53±11.57). The disease duration
of these patients ranged from 2 to 34 years (7.27±8.55), onset
age was from 13 to 53 years (30±11.62), and themedian EDSS
score was 2 (range from 0 to 4). We also recruited 15 sex- and
age-matched healthy volunteers who were aged from 23 to 60
years (36.67 ± 12.60) and had no history of physical illness or
psychiatric disorder, and their nervous system examination
was normal as the control group. A paired 𝑡-test was served
to assess between-group differences of age between controls
and patients (𝑃 = 0.407 > 0.05).

3.2. Clinical Rating Scales. In our research, patients and
healthy controls (HC) were valued clinically by EDSS and
HAMD. EDSS scores in patients ranged from 0 to 4 (1.73 ±
1.36), and in HC EDSS scores were all 0. HAMD scores in
patients were from 1 to 35 (12.80 ± 11.620), while in HC they
were from 0 to 14 (5.07± 3.918). Our study showed that there
was a significant difference in HAMD score (𝑃 = 0.046 <
0.05) between patients and HC. And among the 15 patients
there were 9 people whose HAMD score was greater than or
equal to 8, accounting for 60%.

3.3. TBSS Analysis. Quantitative comparison for TBSS anal-
ysis demonstrated widespread statistically significant dif-
ferences in FA values (𝑃 < 0.05, corrected for multiple
comparisons), and FA values in all patients were lower
compared with control subjects. Areas of reduced FA were
seen widely in the GM and WM, such as the frontal lobe,
limbic system, occipital lobe, temporal lobe, and parietal
lobe. In particular, the main differences were located in
bilateral corpus callosum, inferior parietal lobule, precentral
gyrus, postcentral gyrus, superior frontal gyrus, cingulate
gyrus, cerebellar lingual, declive, culmen, fastigium, dentate
nucleus, parahippocampal gyrus, hippocampus, precuneus,
basal ganglia, hypothalamus, insula, thalamus, fusiform
gyrus, superior and transverse temporal gyrus, and the left
middle temporal gyrus. Regional increases in the FA values of
patientswere not found.ComparedwithHC, themain lesions
of the reduced FA value which has statistical differences and
voxel were listed in Tables 1 and 2.

3.4. Correlation between Diffusion Parameters (FA) and Clin-
ical Scores. Significant correlations were found between FA
and EDSS in some lesions of WM and GM: the right inferior
parietal lobule of WM (𝑟 = 0.6307, 𝑃 = 0.0117), the
left anterior cingulate (𝑟 = −0.5505, 𝑃 = 0.0335), and
hippocampus (𝑟 = −0.5143, 𝑃 = 0.0498) of GM.

We also found the significant correlations between FA
and HAMD in some lesions of WM and GM: the right
posterior middle cingulate gyrus (𝑟 = 0.6265, 𝑃 = 0.0124),
hippocampus (𝑟 = 0.5742, 𝑃 = 0.0252), and the left
hypothalamus (𝑟 = 0.5357, 𝑃 = 0.0396) of GM; the right
precentral gyrus (𝑟 = 0.6575, 𝑃 = 0.0077), cingulate gyrus
(𝑟 = −0.5959, 𝑃 = 0.091), and posterior cingulate (𝑟 =
0.5742, 𝑃 = 0.0258) of WM.
𝑅 statistics (http://www.r-project.org/) analysis providing

Spearman correlation coefficients values and their statistical
significance were reported in Table 3 and shown in Figures 1
and 2.

4. Discussion

In ourwork, the patients’ onset agewas from 13 to 53 years and
the sex ratio (female to male) was 2.75. This result suggested
thatMS tends to appear in the young andmiddle aged females
which was consistent with most of the previous studies [19,
20]. The statistical difference of HAMD score (𝑃 = 0.046 <
0.05) between patients andHCwas obvious, and among the 15
patients there were 9 people whose HAMD score was greater
than or equal to 8, accounting for 60%. This result indicated
thatMSpatients had a high incidence of depressive symptoms
which was supported by the previous literature study [21].

DTI, as a new technology, which developed on the basis
of diffusion weighted imaging (DWI) and could display brain
WM fiber bundle and its direction in vivo noninvasively,
is mainly used to evaluate the structural integrity of the
microstructure, water molecules isotropic and anisotropic
diffusion movement, and so forth. The results of DTI mani-
fested the damage lesionsmainly by themeasures of FA values
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Table 1: The areas of FA value significantly reduced in GM by TBSS analysis.

Talairach
𝑡 value 𝑉mm3

𝑋 𝑌 𝑍

Limbic system
ACG L −3 31 15 3.846 65
BA24 R 3 26 19 5.182 159
ACG L −3 4 −6 3.543 44
BA25 R 7 16 −8 3.238 45
PCG L 14 −50 8 3.135 122
BA29/30 R −5 −60 9 2.002 39
MCG L −20 −16 38 2.999 113
BA24 R 18 −3 45 4.299 250
PMCG L −18 −43 28 3.307 62
BA31 R 19 −43 37 4.761 102

Amygdala L −19 −6 −19 3.355 48
R 19 −6 −18 2.113 81

Hippocampus L −30 −36 −6 2.948 35
R 33 −14 −18 3.682 97

Subcortical

Putamen L −22 −9 9 4.632 217
R 23 −7 11 3.981 200

Thalamus L −5 −9 13 3.947 143
Cerebellum

CL L −4 −46 −15 4.041 60
R 3 −48 −18 2.968 32

Culmen L −1 −54 −14 4.073 1204
R 14 −41 −18 4.317 894

Declive L −1 −55 −14 3.875 363
R 3 −55 −11 4.160 152

and decreased FA values could indicate a result of demyeli-
nation processes [22]. In the present study, we found that all
the patients presented attenuated FA values when compared
with HC. Similar results could be seen in some recent studies
[23, 24]. Our data also confirmed that abnormalities in all
the patients involved both WM and GM damage, which was
consistent withmany researches [13, 25, 26]. And our imaging
data indicated that the lesions in WM of patients were
mainly located in bilateral frontal lobe, limbic lobe, parietal
lobe, occipital lobe, temporal lobe, corpus callosum, and
sublobar while in GM the numerous lesions were primarily
located in the limbic, sublobar, and cerebellum. In some
previous researches, lesionwas seen not only in the neocortex
(especially in the cingulate cortex) [25, 27] but also in the
GM of the thalamus, hypothalamus, cerebellum [27], basal
ganglia [27, 28], and hippocampus [27, 29]. Audoin et al.
[30] have reported that GM atrophy is associated with the
bilateral insula, orbitofrontal cortices, internal and inferior
temporal regions, thalamus, caudate nuclei, lenticular nuclei,
cerebellum, and the posterior cingulate cortex. According
to our result, it was roughly consistent with these previous
studies.

However, most previous works adopted regional analysis,
studying only certain parts of the brain, such as the normal

appearing WM (NAWM) and GM (NAGM) [31], or the
cerebellum [32], thalamus [33], and corpus callosum [34, 35].
Different from these reports, we studied WM and GM of the
whole brain to find out the lesions by using a relatively new
analysis method—TBSS. Hence, our research showed wider
range of the lesions and this study could more fully state the
distribution characteristics of the lesion site in the patients’
brain DTI.

In this work, we adopted HAMD as evaluation index
of psychological function and the relationships between FA
value of the lesions in WM and GM of the entire brain and
the HAMD scores in patients were explored. We investigated
that HAMD scores were positively correlated with FA values
in the left hypothalamus, right posterior middle cingulate
gyrus and hippocampus of GM, the right precentral gyrus,
and posterior cingulate of WM. These results told us that
depressive symptoms were mainly negatively associated with
the degree of demyelinating lesions in limbic system and
frontal lobe, which had been reported in the previous paper
[36]. Gobbi et al. [37] reported that depression in MS is
linked to the atrophy of cortical regions located in the bilateral
frontal lobes. Feinstein et al. [31] found that depressed
subjects had a higher hypointense lesion volume in the right
medial inferior frontal region, while having a smaller NAWM
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Table 2: The areas of FA value significantly reduced in WM by TBSS analysis.

Talairach
𝑡 value 𝑉mm3

𝑋 𝑌 𝑍

Limbic system
ACG L −7 24 −4 4.655 158
BA24 R 15 18 23 4.275 318

CG L −15 −33 35 5.154 1561
R 19 −28 34 4.884 1798

PHG L −22 −18 −13 4.989 663
BA28/36 R 19 −41 2 5.884 654
PCG L −11 −56 6 2.974 125
BA29/30 R 14 −53 14 4.149 253

Subcortical

CC
IH −1 −16 24 2.889 63
L −3 13 20 3.917 1180
R 13 −29 25 6.924 1068

Insula L −38 −43 20 3.899 123
BA13 R 39 −41 19 4.562 107

Frontal lobe
CG L −17 15 36 3.727 38
PrG L −25 −17 50 2.299 30
BA4 R 37 −10 26 2.836 55

CC L −11 20 18 3.835 207
R 13 19 20 3.922 146

Parietal

IPL L −42 −42 25 3.559 135
R 38 −42 26 4.286 110

Precuneus L −21 −59 32 4.402 435
BA31 R 19 −42 44 5.347 271

BA: Brodmann area; ACG: anterior cingulate gyrus; CG: cingulate gyrus; PCG: posterior cingulate gyrus; MCG: middle cingulate gyrus; PMCG: posterior
middle cingulate gyrus; CC: corpus callosum; IPL: inferior parietal lobule; PrG: precentral gyrus; DLPFC: dorsolateral prefrontal cortex; AG: angular gyrus;
CL: cerebellar lingual; IH: interhemispheric; PHG: parahippocampal gyrus.

Table 3: Significant correlations (Spearman correlation coefficients) between diffusion parameters (FA) and clinical scores.

CRS and correlated lesions 𝑅 value 𝑃 value
EDSS (GM)

ACC L −0.5505∗ 0.0335
Hippocampus L −0.5143∗ 0.0498

EDSS (WM)
IPL 0.6307∗ 0.0117

HAMD (GM)
pMCC R 0.6265∗ 0.0124
Hippocampus R 0.5742∗ 0.0252
Hypothalamus L 0.5357∗ 0.0396

HAMD (WM)
PrG R 0.6575∗ 0.0077
CG R −0.5959 0.0910
PCC R 0.5724∗ 0.0258

∗Significant correlation, 𝑃 < 0.05.
R: right, L: left, CRS: clinical rating scales, ACC: anterior cingulate cortex, IPL: inferior parietal lobule, pMCC: posteriormiddle cingulate cortex, PrG: precentral
gyrus, CG: cingulate gyrus, and PCC: posterior cingulate cortex.
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Figure 1:The correlation between EDSS andMRI lesion in GM and
WM.
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Figure 2: The correlation between HAMD and MRI lesion in GM
and WM. R: right, L: left, G: GM, and W: WM.

volume in the left superior frontal region and lower FA
in the left anterior temporal NAWM and NAGM regions,
respectively. The cause may be that frontal lobe and limbic
system are relevant to human’s affect, memory, and learning.
Once these functions defected, depression would occur in
patients. Besides, we also found the negative correlations
between FA and HAMD in cingulate gyrus, which was never
found before. The mechanism is unknown, and the ongoing
compensatory cerebral process at work in the MS brain
attempting to maintain an euthymic state which was found
by functional MRI (fMRI) [38] may be correlated with it.

EDSS is regarded as the evaluation index of the neuro-
logic deficits and many papers have studied the relationship
between FA value of the lesions and EDSS score. Some
suggested that there was no correlation [33, 39, 40], while
some showed that there was a positive correlation between
them: EDSS was positively correlated with FA value of the
normal appear thalamus (𝑟 = 0.66, 𝑃 = 0.045) [41], caudate

(𝑟 = 0.444, 𝑃 < 0.01), and thalamus (𝑟 = 0.362, 𝑃 < 0.05)
[42] and was slightly negatively correlated with the atrophy
of the right cerebellum (𝑟 = −0.37, 𝑃 = 0.0027) [30].
However, one paper showed that it was strongly negatively
associated with some lesions (𝑟 = −0.82, 𝑃 = 0.013) [23].
But the cause of the negative correlation between EDSS and
the degree of demyelination still needs further investigations.
For the pathological changes in this relationship, according
to Tedeschi et al. [43] and Hofstetter et al. [44], GM atrophy
is associated with MS clinical disability. Routinely detectable
cortical lesions are related to physical disability [45]. And
Ciccarelli et al. [46] have reported that, in patients with
RRMS, there was a strong correlation between EDSS score
and FA in both supratentorial and infratentorial NAWM.
Gorgoraptis et al. [39] found that smaller paracentral cor-
tex volume was associated with worse walking ability, as
measured by the TWT. One research showed that either
the NAWM FA or the GM volume in each of these regions
correlated with disability [47, 48]. Studies from DTI features
of RRMS patients show that GM atrophy is a better indicator
of disability progression than WM atrophy or accumulation
of lesion burden [49–52]. In our study, EDSS is strongly corre-
lated with FA value in the right inferior parietal lobule ofWM
positively and the left anterior cingulate and hippocampus of
GM negatively in patients. Anterior cingulate cortex (ACC),
including Brodmann 24, 25, and 32 area, which is located in
the medial area of frontal lobe, can monitor the ongoing goal
orientation behavior, provide signals in response to conflict
or mistakes, and allocate the attentive resources effectively
in related brain regions according to the requirements of the
current task processing, and therefore it may be a senior
regulatory structure in the executive function neural network
[53], while hippocampus is responsible for learning and
memory. Considering the functions of the damage regions in
human, we all agreed that once these functions disappear this
may lead to clinical disability in patients with MS.

However, our study has some limitations. First, this
research only recruited the MS patients who were in remis-
sion and did not include patients who were in the acute
stage as a control group for the related pathology study.
Second, we conducted a cross-sectional study only, not
for long-time follow-up observations. Third, in our work
some appearances cannot be explained just with our present
knowledge and findings. For instance, EDSS was negatively
correlated with the degree of demyelination in the right
inferior parietal lobule of WM and the further causes of the
positive relationship between HAMD and FA in the lesions.
For further study, we will expand the scope of the study
population, conduct longitudinal observation on the basis of
the study, and further analyze the relationships between the
lesions and clinical scores.

5. Conclusions

In conclusion, our study used TBSS analysis method for
the whole brain DTI of RRMS patients who were in remis-
sion and a large amount of information was provided for
multiple areas of the brain GM and WM in pathological
changes. The characteristics of the various lesion areas and
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the relationships between the clinical scores of MS patients
were discussed in this paper, providing the possible mech-
anisms for the pathogenesis of MS. In addition, we had
shown that GMdamage could explain clinical depression and
disability better than WM. These findings were important
for our understanding of MS and for future clinical trial
design. And TBSS can be useful in future studies with other
MS patient samples to provide an unbiased localization of
damage and generate location-specific hypotheses.
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Mild cognitive impairment (MCI) refers to a transitional state between normal aging and dementia and is a syndromewith cognitive
decline greater than expected for an individual’s age and educational level. As a subtype ofMCI, amnesticmild cognitive impairment
(aMCI) most often leads to Alzheimer’s disease. This study aims to elucidate the altered brain activation in patients with aMCI
using resting-state functional magnetic resonance. We observed Frequency-dependent changes in the amplitude of low-frequency
fluctuations in aMCI patients (𝑛 = 20), and normal subjects (𝑛 = 18). At the same time, we took gray matter volume as a covariate.
We found that aMCI patients had decreased amplitude of low-frequency fluctuation signal in left superior temporal gyrus, right
middle temporal gyrus, right inferior parietal lobe, and right postcentral gyrus compared to the control group. Specially, aMCI
patients showed increased signal in left superior andmiddle frontal gyrus. Our results suggested that increased activation in frontal
lobe of aMCI patients may indicate effective recruitment of compensatory brain resources.This finding and interpretationmay lead
to the better understanding of cognitive changes of aMCI.

1. Introduction

The concept of mild cognitive impairment (MCI) refers to
subjects who experience cognitive impairments but who
are not demented [1]. MCI is a syndrome with cognitive
decline greater than expected for an individual’s age and
educational level but not interfering notably with activities
of daily living. The prevalence of MCI is about 15% in adults
older than 65 years and more than half of MCI patients
progress to dementia within 5 years. The common outcome
of nonamnesticMCI is frontotemporal dementia or dementia
with Lewy bodies. Patients with the amnestic subtype of
MCI (aMCI) have an annual conversion rate of 6–25% to
Alzheimer’s disease (AD). As such, aMCI has been regarded
as a prodromal stage of AD [2–6]. Over the past decade,
significant progress has been accomplished in our under-
standing of its epidemiology, risk factors, natural history,
and treatment. Although there remain some controversies

surrounding MCI, it is increasingly recognized that MCI
should be handled as a clinically defined condition. Because
the standard diagnostic procedure of aMCI primarily relies
on neuropsychological examinations, there is strong demand
to develop neuroimaging techniques as reliable surrogate
MCI markers. Whereas structural MRI provides impor-
tant diagnostic and prognostic information, fMRI remains
promising as an imaging marker of MCI, including aMCI.

Recently, low-frequency fluctuations (LFF) fMRI has
gained increased attention based on observations using fMRI
approaches and direct current coupled electroencephalo-
graphic scalp recordings [7–9]. Spatially organized and tem-
porally coherent fluctuations in the low-frequency range
(0.01–0.1Hz) have been at the center of attention, as the
BOLD signal displays a spatial structure similar to task
function-related activation [10–12].

Most studies of resting-state functional magnetic reso-
nance imaging (fMRI) have applied the temporal correlation
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in the time courses to study the functional connectivity
between different brain regions. Biswal and coworkers have
shown that spontaneous low-frequency (<0.08Hz) fluctu-
ation (LFF) is highly synchronous among motor cortices
[10]. Recently, resting-state synchronization has also been
investigated in patients [13–16] and in healthy subjects [17–
19]. The power of (LFF) may also be used as a biomarker
to assess cerebral spontaneous activity [20]. ALFF is defined
as the total power within the frequency range between 0.01
and 0.1 Hz. Our study aims to evaluate the ALFF signal in
reflecting cerebral physiological states in aMCI patients and
healthy subjects. We evaluate whether the ALFF abnormali-
ties in aMCI have similar distribution pattern as independent
component analysis (ICA) approach [21]. Several studies
had shown grey matter loss in aMCI or MCI [22–25] and
regional brain atrophy may lead to artificial reduction in
low-frequency fluctuation [26]. In order to directly test our
hypothesis and improve the statistical strength, we took gray
matter volume as a covariate.

2. Materials and Methods

2.1. Study Population. Thirty-eight right-handed subjects
were recruited. Participants were divided into two groups
based on their clinical profiles: twenty participants were
classified as aMCI patients and the other eighteen as healthy
controls. Patients were recruited from a memory clinic at
the Department of Neurology and healthy controls were
recruited from a community investigation of epidemiological
research. Informed consent was approved by the Medi-
cal Research Ethics Committee of Xuanwu Hospital and
obtained from all subjects. Prior to resting-state fMRI scan-
ning, examination of each subject included medical history,
neurological examination, informant interview, neuropsy-
chological assessment 4 including mini-mental state exam-
ination (MMSE), clinical dementia rating (CDR), activity of
daily living scale, Hachinski ischemic scale, Hamilton rating
scale for depression, auditory verbal learning test (AVLT),
structural MRI, and standard laboratory tests.

aMCI diagnosis was established according to the criteria
for amnestic MCI [5, 6]. To be diagnosed as having MCI,
patients had to fulfill the following criteria: (a) impaired
memory performance on a normalized objective verbal
memory test, (b) recent history of symptomatic worsen-
ing in memory, (c) normal or near-normal performance
on global cognitive tests [mini-mental state examination
(MMSE) score > 24] as well as on activities of daily living
scale, (d) global rating of 0.5 on the CDR scale, with a score
of at least 0.5 on the memory domain, and (e) absence of
dementia. Stroke, psychiatric diseases, drug abuse, moderate
to serious hypertension, and systematic diseases were ruled
out. Memory complaints or neurological deficiencies were
not observed in the healthy controls with normal conven-
tional brain MR imaging and an MMSE score ≥ 28. Demo-
graphics and neuropsychological findings of aMCI patients
and healthy elderly are shown in Table 1. Demographics of
aMCI patients and healthy controls, including age, sex, and
education years, were matched between the two groups.

Table 1: Demographics and neuropsychological findings of aMCI
patients and healthy elderly.

aMCI patient
(𝑛 = 20)

Healthy elderly
(𝑛 = 18)

Age 65.11 ± 9.92 66.81 ± 7.43

Female/male 12/8 10/8
Education (y) 11.84 ± 3.32 12.02 ± 2.93

MMSE 25.21 ± 2.24 29.31 ± 1.22

AVLT, learning A1 7.22 ± 1.73 3.95 ± 1.82

AVLT, learning A2 9.39 ± 2.73 5.15 ± 1.42

AVLT, learning A3 10.94 ± 2.15 6.05 ± 2.54

AVLT, delayed recall A4 11.33 ± 2.52 4.75 ± 3.51

AVLT, recognition A5 13.06 ± 1.80 7.80 ± 3.53

CDR 0.5 0

The age of participants was equally distributed between the
two diagnostic groups (𝑡 = 2.06, 𝑃 = 0.57, two-sample
two-tailed 𝑡-test) with similar medians and ranges. However,
the groups were significantly different with regard to MMSE
scores and AVLT scores (𝑃 < 0.001, two-sample two-tailed
𝑡-test).

2.2. Data Acquisition. MRI data were collected on a 3T
scanner (Siemens, Trio, Erlangen, Germany), with an eight-
channel receiver coil. Subjects were instructed to keep their
eyes closed and to refrain from initiating goal-directed,
attention-demanding activity during the scanning sessions,
and resting-state fMRI was acquired. fMRI was acquired
using gradient echo planner imaging (EPI) for a 6min and
20 s period, resulting in a total of 124 volumes (repetition
time (TR)/echo time (TE) = 3000/30ms, flip angle = 90∘, field
of view (FOV) = 256 × 256mm2, matrix size = 64 × 64,
28 slices, slice thickness = 4mm, and 0mm interslice gap).
A T
1
WI anatomical dataset was obtained from each subject

using a magnetization-prepared rapid acquisition gradient
echo sequence (TR/TE = 1900/2.2ms, inversion time (TI) =
900ms, flip angle = 9∘, FOV = 256 × 256mm2, matrix size =
224 × 256, 176 slices, voxel size = 1 × 1 × 1mm3). According to
the inclusion criteria, T

2
WI and FLAIR scans were reviewed

to exclude the presence of remarkable macroscopic brain
abnormalities.

2.3. Voxel-Based Morphometry Data Processing. Structural
MRI data analysis was performed using an optimized
VBM protocol (http://dbm.neuro.uni-jena.de/vbm/) under
SPM5 (http://www.fil.ion.ucl.ac.uk/spm/), which included
slice timing, motion correction, spatial normalization, and
smoothing.

Images were segmented into grey matter, white matter,
and cerebral spinal fluid (CSF) [27]. The images were then
normalized to the Montreal Neurological Institute (MNI)
template, and then the parameters were applied to normalize
individual T

1
images separately. The fully normalized images

were once again segmented into grey matter, white matter,
and CSF. The normalized and modulated white matter and
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gray matter images were smoothed using a 4mm × 4mm ×
4mm full-width half-maximum (FWHM) Gaussian kernel
for subsequent statistical analysis. Then, the grey matter
volume of the aMCI patients and the normal controls was
calculated. The result was also entered into the following
statistical analysis to examine the effects of GM atrophy on
the functional results.

2.4. Resting-State fMRI Data Processing and Statistics.
Functional MRI data were processed using the statistical
parametric mapping (SPM5, http://www.fil.ion.ucl.ac.uk/
spm/), which included slice timing, motion correction, and
spatial normalization. ALFF analysis was performed by
using resting-state fMRI data analysis toolkit (http://resting-
fmri.sourceforge.net/). The procedure for calculating the
ALFF is similar to the previous studies [20, 28]. The filtered
time series was transformed to a frequency domain with
a fast Fourier transform (FFT) (parameters: taper percent
= 0, FFT length = shortest) and the power spectrum was
then obtained. The square root was thus calculated at
each frequency of the power spectrum and the averaged
square root was obtained across 0.01–0.08Hz at each voxel.
This averaged square root was taken as the ALFF. For
standardization purposes, the ALFF of each voxel was
divided by the global mean ALFF value within a brain mask,
which was obtained from the intersection of the brain of all
subjects’ T

1
images. The analysis included the grey matter

as a covariate. A two-sample 𝑡-test was performed to test
the ALFF difference between aMCI patients and normal
controls. Voxels with a corrected 𝑃 value < 0.01 (single voxel
threshold of 𝑃 < 0.05 and cluster size 540mm3, using the
AlphaSim program with parameters: FWHM = 8mm, with
mask) were considered significant.

3. Results

3.1. Demography and Neuropsychological Test. Demographic
characteristics and neuropsychological scores were shown in
Table 1. There were no significant differences between the
two groups in gender, age, and years of education, but the
MMSE and AVLT (auditory verbal learning test) scores were
significantly different (𝑃 < 0.05) between the two groups.

3.2. Brain Regions of Decreased Gray Matter Volume between
the Two Groups. To assess possible causes of reduced func-
tional activity, we analyzed our data for structural differences
between both study groups. The aMCI patients showed
widespread reduction in gray matter volume in the right
uncus, the bilateral inferior, superior, and middle frontal
gyrus, the bilateral medial temporal gyrus, the left inferior
temporal gyrus, the left superior temporal gyrus, the right
superior parietal gyrus, and the left middle occipital gyrus
(𝑃 < 0.001, corrected) (Figures 1 and 2, Table 2). Some of
these areas did overlap with those regions found to be altered
in the patient group using ALFF.

3.3. Whole Brain Functional Alteration Data: The Between-
Group Differences. Figure 2 shows the statistical map result-
ing from comparison of the changes of ALFF in different

Table 2: Areas of gray matter loss in aMCI patients compared with
healthy controls.

Region BA Voxels MNI
𝑇-score

𝑥 𝑦 𝑧

NC-MCI

Left MTG 35 23 −18 −27 −24 5.26
Right MTG 30 14 15 −33 −12 4.05
Left MOG 34 12 −9 −3 −24 3.93
Right MFG 37 12 60 −45 −9 3.79
Right uncus 44 12 63 6 21 3.75
Left IFG 10 10 −30 51 −3 3.32
Right SFG 22 14 60 6 3 3.26

∗MTG: medial temporal gyrus; MOG: middle occipital gyrus; MFG: middle
frontal gyrus; IFG: inferior frontal gyrus; SFG: superior frontal gyrus.

brain areas in healthy elderly versus aMCI patients. ALFF
was higher in controls than patients in left superior temporal
gyrus, right middle temporal gyrus, right inferior parietal
lobe, and right postcentral gyrus. ALFF was significantly
higher in patients than controls in left superior, middle
frontal gyrus (see Figure 2 and Table 3).

4. Discussion

In the current study, we reported abnormal ALFF in aMCI
patients compared to healthy controls. ALFF was higher in
controls than patients in the left superior temporal gyrus,
right middle temporal gyrus, right inferior parietal lobe,
and right postcentral gyrus. Patients had higher ALFF than
controls in left superior, middle frontal gyrus. Thus, our
data suggested that there are abnormalities in LFOs in aMCI
patients. The current findings add to a literature suggesting
abnormalities of neural synchrony in aMCI and extend these
findings to the LFO domain.

The reduced LFO in the IPL and the temporal gyrus
is consistent with previous studies of aMCI. More recently,
functional imaging studies have suggested that memory
processes are subserved by a set of distributed, large-scale
neural networks. Specific regions of the default network are
selectively vulnerable to early amyloid deposition in AD.The
lateral parietal and temporoparietal areas are involved in the
default network [29]. Using ICA, [21] found that right inferior
parietal lobule exhibited decreased functional activity in
aMCI compared to normal control, and [30] found reduced
activity in the patient group in bilateral superior parietal
lobes. Previous studies have demonstrated that some regions
constitute a structurally and functionally connected neuronal
network that supports the default function of the human
brain. The IPL is one of the brain regions that constitute the
major posterior extent of the default mode network (DMN).
Reduced right IPL activity indicated impaired memory func-
tional system in aMCI patients. Episodic memory function is
severely affected in AD and is also the key early marker for
prodromal stages such as MCI [31]. This may suggest that the
aMCI is prodromal stage of AD.
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Table 3: Resting-state activities in controls and aMCI patients (amplitude of low-frequency fluctuations).

Condition Connected regions BA Cluster 𝑡-score Coordinates (MNI)
NC-MCI Left superior temporal gyrus 22 37 3.10 −45 −3 −3

2.69 −45 6 −6
Right middle temporal gyrus 21 16 2.85 60 −42 0

2.67 63 −48 6
Right inferior parietal lobe 40 16 2.577 51 −42 60
Right postcentral gyrus 20 2.303 51 −33 60

Right inferior parietal lobe 40 2.131 42 −45 57
MCI-NC Left middle frontal gyrus 10 28 4.148 −36 57 −12

Left superior frontal gyrus 11 3.577 −30 57 −3
2.43 −24 63 −3

−41 −26 −16

−8 −3 +20

4

3

2

1

+53+38

Figure 1: VBM analysis showed brain regions of significant reduction of gray matter volume in aMCI patients relative to controls on axial
position images. Reader’s right is subjects’ right.

An interesting finding of the present study is that, in
aMCI without motor clinical impairment, LFOs abnormal-
ities occur also in the motor system, mainly in right post-
central gyrus. The abnormal change in motor system may
resemble those described for the cognitive network. Recent
evidence indicates that part of classical motor areas may have

nonmotor cognitive functions in addition to the well-known
motor functions [32]. It is well known that the parietal cortex,
which has extensive connections with regions of the frontal
lobes, where it sends rich sensory information for movement
control, is involved in the elaboration of somatosensory
inputs and in movement preparation and planning [33].
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Figure 2: Decreased and increased activity in aMCI patients shown in axial projection compared to the healthy elder. Hot: NC-aMCI
(decreased); winter: aMCI-NC (increased).

These results may suggest an overactivation of selected areas
of the sensorimotor network. However, there may be other
explanations that we have not known. More work needs to be
done to study the role of the postcentral gyrus in the aMCI
patients.

The areas of increased amplitude in patients are mainly
located in left frontal regions previously associated with
abnormal function in this disorder. The frontal cortices are
key regions involved in human memory processing [21, 34].
This is consistent with the assumption that AD and MCI
patients may be able to use additional neural resources in
prefrontal regions to compensate for losses in cognitive func-
tion [21, 35, 36]. Critically, activity in this network of regions
was correlated with the ability of the patients to perform the
tasks accurately. Patients who had more activity in bilateral
prefrontal areas were better able to perform tasks of semantic
and episodic memory [35, 37]. However, it still remains
unclear whether these alterations may be compensatory to
maintain memory performance in the setting of early AD
pathology or instead represent evidence of excitotoxicity and
impending neuronal failure.

There were several limitations in the current study that
need to be addressed. First, the education years among the
aMCI subjects we selected were large, between 0 (illiteracy)
and 19; this may have confounding effects on the results; in
future studies we would group our subjects across their edu-
cation with more aMCI patients. Second, the subjects were
instructed to keep their eyes closed during the resting scan;
subjects may have looked at something subconsciously and
we did not obtain such behavioral data, or some subjects sleep
during the examination. Previous studies have suggested that
the alpha power is related to different resting conditions 13
[38, 39]. Future studies would benefit from the use of eye
tracking or visual monitoring equipment during the resting-
state session.

5. Conclusions

In conclusion, we have demonstrated ALFF differences in
aMCI patients using functional MRI method. This resting-
state fMRI study suggests that the abnormal spontaneous
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activity of these regions may indicate the underlying patho-
physiology of aMCI. Research is ongoing to determine if these
early alterations will serve as sensitive predictors of clinical
decline and, eventually, as markers of aMCI progress to AD.
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Amyotrophic lateral sclerosis has been defined as a “heterogeneous group of neurodegenerative syndromes characterized by
progressive muscle paralysis caused by the degeneration of motor neurons allocated in primary motor cortex, brainstem, and
spinal cord.” A comprehensive diagnostic workup for ALS usually includes several electrodiagnostic, clinical laboratory and genetic
tests. Neuroimaging exams, such as computed tomography, magnetic resonance imaging and spinal cord myelogram, may also
be required. Nuclear medicine, with PET and SPECT, may also play a role in the evaluation of patients with ALS, and provide
additional information to the clinicians. This paper aims to offer to the reader a comprehensive review of the different radiotracers
for the assessment of the metabolism of glucose (FDG), the measurement of cerebral blood flow (CBF), or the evaluation of
neurotransmitters, astrocytes, and microglia by means of newer and not yet clinically diffuse radiopharmaceuticals.

1. Nuclear Medicine as Functional
and/or Molecular Imaging in the Study of
Nervous System

The living being is composed of biomolecules in dynamic
equilibrium between them in the definition of the so-called
homeostasis, which represents the physiology [1].The disease
can be considered the alteration of this system, being the
representation of an imbalance which is expressed initially as
functional impairment, sometimes reversible [2]. However,
beside the possibility of a return to normal condition, there
is the risk of further evolution towards an alteration that may
become apparent at the morphostructural level [3].

There is therefore a gradation in the progress of the
disease that can be identified according to a timeline that

shows themorphostructural modification as a late event, pre-
ceded by functional alteration [4]. Consequently, functional
imaging, that is, the representation of pathophysiological
alterations, may be more precocious in the early detection of
disease with respect to a diagnostic imaging based on mor-
phostructural premises [5]. Furthermore functional imaging
has a greater capacity in assessing the prognosis and the
relationship with the therapy in the individual patient, being
pathophysiological changes a better predictor of the evolution
of the disease and/or the effectiveness of therapeutic action
[6].

In diagnostic imaging even more interesting is the possi-
bility of studying themolecularmechanisms that underlie the
disease, allowing the representation of the initial pathological
alteration [7]. Without dwelling on technical insights, there
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are two basic systems of study: Single Photon Emission
Tomography (SPECT), which creates images using single
gamma radiations emitted by gamma-emitting radionuclides,
and Positron Emission Tomography (PET), which displays
images resulting fromdouble gammaphotons in coincidence,
which derive from annihilation of positrons [5]. Both devices
may be integrated within the so-called hybrid machines,
which have made possible a technological revolution that has
given and continues to bear fruits even in the clinical setting
[8]. Recently another promising hybrid device, PET/MRI,
was developed. PET/MRI represents an exciting novel imag-
ing option for oncological as well as neurological applications
[9].

In nuclearmedicine, it is possible to obtain a large number
of radioactive probes and then “trace” multiple functions and
molecular mechanisms in the body [7]. Through them, it is
possible to acquire sensitive and precise information, which
creates the basis for investigating the earliest levels of disease,
resulting in favourable therapeutic implications [5]. Though
the primary role in clinical diagnosis, the functional informa-
tion has however to be integrated by the morphostructural
one [10]. In this way, it is at first possible to increase the
diagnostic accuracy, better understanding and delineating
the limits of normal and pathological anatomical structures,
with a significant improvement either in sensitivity and
specificity [11]. Furthermore, because of their better spatial
resolution and/or of the different presuppositions underlying
the image, morphostructural techniques, such as CT, MRI,
andUS,may also detect abnormalities that are not visiblewith
a functional study [11].

The clinical analysis of neurological diseases with nuclear
medicine is at the present connected with three main cate-
gories of radiotracers studying (1) perfusion, (2) metabolism,
and (3) receptors [5].

Among all used radiotracers, the most important is still
the first among those proposed, namely, the F-18 fluoro-
deoxyglucose (FDG), which traces the metabolism of glu-
cose. Currently, being mainly used for oncologic applications
[12, 13], PET-FDG has a clinical interest also in nonneoplastic
pathologies, in particular in inflammatory diseases [14]. Fur-
thermore, FDG plays an important role also in the evaluation
of neurological diseases, first of all in dementia [15].

Among the most interesting applications of this method
in the brain, there is certainly that, related to Amyotrophic
Lateral Sclerosis (ALS), which is the subject of this paper.
Together with FDG, further information in ALS may be
acquired using radiotracers measuring cerebral blood flow
(CBF) or newer and not yet clinically diffuse radiopharma-
ceuticals, as those allowing the evaluation of neurotransmit-
ters, astrocytes, and microglia [16].

2. Amyotrophic Lateral Sclerosis

Amyotrophic Lateral Sclerosis (ALS), also known as Charcot,
Lou Gehrig, or motor neuron’s disease, has been defined
as a “heterogeneous group of neurodegenerative syndromes
characterized by progressive muscle paralysis caused by the
degeneration of motor neurons allocated in primary motor
cortex, brainstem, and spinal cord” [17]. The disease was

identified in 1874 by JM Charcot as “a degenerative process
involving neurons in the anterior horns of the spinal cord and
inmotor nuclei of brainstem” [18]. ALS affects not onlymotor
neurons but also their nonneural neighbours, including
astrocytes and microglia, whose involvement amplifies the
initial damage and drives disease progression and spread
[19]. The main clinical variants of ALS include Primary
Muscular Atrophy (PMA), Primary Lateral Sclerosis (PLS),
and Progressive Bulbar Palsy (PBP) [19].

Being currently still unknown aetiology, many etiopat-
hogenetic hypotheses have been made for ALS. Mutations
in several genes have been demonstrated to be linked
toALS, Cu/Zn superoxide dismutase (SOD1), TARDNA-bin-
ding protein (TARDBP), the gene encoding the TAR
DNA-binding protein 43—TDP-43, the fused in sarcoma/
translocated in liposarcoma (FUS/TLS) protein, and chromo-
some 9 open reading frame 72 gene (C9ORF72) being the
most important [20]. Other mutated genes involved in ALS
are PFN1, OPTN, VCP, UBQLN2, ANG, FIG4, DCTN1, and
CHMP2B [20]. FurthermoreALS has been related to (1) effect
of exotoxins, which would lead to an excessive stimulation
of glutaminergic postsynaptic NMDA and AMPA receptors;
(2) oxidative stress, with accumulation of reactive oxygen;
(3) mitochondrial dysfunction, with morphological and bio-
chemical abnormalities. Among the factors involved are also
included the alteration of the axonal transport, the deposit of
aggregates of proteic neurofilaments, the dysfunction of glial
cells, and the deficit of neurotropic factors [19].

With regard to the possibility of a role of genetic factors,
it should be remembered that the disease is expressed in
90% of cases as sporadic form, being identified as a familiar
disease, with autosomal dominant inheritance, in less than
10% of patients. Being a little more frequent in males (M/F
= 1.3), ALS has an average age of onset at 55–65 years. The
incidence is 1.5–2.7 and the prevalence is 2.7–7.4 per 100,000
inhabitants/year. Progression and severity can vary greatly
from one patient to another. The mortality rate is 1.54–2.55
per 100,000 patients, with a median survival of 3–5 years.The
main cause of death is the failure of the respiratory muscles
[21].

3. Diagnostic Workup of ALS

ALS is a very difficult disease to diagnose and at the present
there is no test or procedure to confirm without any doubt
the final diagnosis [22]. More frequently, clinical suspicion
emerges through a careful clinical examination, repeated over
time by an expert neurologist, and a series of diagnostic
tests to rule out other possible disorders justifying clinical
symptoms. According to ALS Association (fighting Lou
Gehrig’s disease) a comprehensive diagnostic workup has to
include most, if not all, of the following procedures [21]:

(i) electrodiagnostic tests including conventional elec-
tromyography (EMG), nerve conduction studies,
transcranialmagnetic stimulation, centralmotor con-
duction studies, and quantitative electromyography

(ii) neuroimaging including computed tomography (CT)
scanning or magnetic resonance imaging (MRI) of
the brain and spinal cordmyelogramof cervical spine,
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(iii) clinical laboratory tests which will include muscle
enzymes (serum creatine kinase (unusual above ten
times upper limit of normal), ALT, AST, and LDH),
serum creatinine (related to loss of skeletal muscle
mass), hypochloremia, increased bicarbonate (related
to advanced respiratory compromise), and elevated
CSF protein (uncommonly more than 100mg/dL)

(iv) muscle and/or nerve biopsy,
(v) genetic testing.
The clinical role of diagnostic imaging, mainly inter-

preted by MRI, is mainly individuated in excluding alterna-
tive diseases, being nontypical and/or difficult to be detected
diagnostic signs univocally defining ALS. Being this disease
strictly connected with the motor neuron, the pathological
damage should be evidenced exclusively at the level of the
motor cortex and/or at the level of the subcortical structures
involved in the motor system [21].

The currently most used diagnostic criteria for ALS are
those of El Escorial World Federation of Neurology [23],
which divide ALS into 5 diagnostic categories: clinically
definite ALS, clinically probable ALS, clinically probable-
laboratory supported ALS, and clinically possible ALS
(Table 1).

4. Glucose Metabolism and Cerebral Blood
Flow in ALS Patients

Either glucose metabolism or cerebral blood flow is similarly
reduced in patients with ALS [24–29]. Surprisingly, since first
studies with FDGPET performed in early 80’s [30] in patients
with upper motor neuron signs compared to age-matched
control subjects, a decreased activity was observed not only
in themotor primary and accessory medial motor cortex, but
also at level of parietal and occipital lobes, being spared visual
areas.

A frontal lobe dysfunctionwas also demonstrated in non-
demented ALS patients by Abrahams et al. [31], measuring
cerebral blood flow (rCBF) with PET. The study was based
on an activation paradigm of executive frontal lobe function
(verbal fluency), which contrasted with rCBF during word
generation and word repetition. A PET scan was performed
in groups of age matched individuals constituted by patients
with ALS, respectively, affected (ALSi = impaired) or not
(ALSu = unimpaired) with a cognitive impairment, both
compared with healthy controls. The ALSi subjects displayed
significantly impaired activation in cortical and subcortical
regions including the dorsolateral prefrontal cortex, lateral
premotor cortex, medial prefrontal and premotor cortices,
and insular cortex bilaterally and the anterior thalamic
nuclear complex. Although the three groups showedmatched
word generation performance on the scanning paradigm,
the ALSu group displayed a relatively unimpaired pattern of
activation.These results are in agreement with an extramotor
neuronal involvement in some non-demented ALS patients
that develops probably along a thalamo-frontal association
pathway.

Dalakas et al. [24], using FDG PET, observed that in
patients with upper motor neuron signs, the mean cortical

Regional Cerebral Metabolic Rate of Glucose Consumption
(rCMRGlc) was significantly lower than in normal subjects.
Moreover, subsequent reduction in the rCMRGlc, in agree-
ment with the clinical worsening, was observed in 3 out of the
4 patients who underwent repeated PET scan. Conversely, a
normal or near-normal rCMRGlc was seen throughout the
brain in ALS patients with disease confined to lower motor
neurons and in 3 subjects with lower motor neuron dis-
ease, depending from old paralytic poliomyelitis. As already
observed in cerebellar diaschisis [32], these data demonstrate
that a hypometabolism may be seen in a structurally normal
cortex, in case of functionally altered neurons neurologically
connected with dead and/or dedifferentiated cells. Hatazawa
et al. [25] reported a more detailed regional analysis con-
cerning almost the same population studied by Dalakas,
also including the evaluation of the motor-sensory cortex at
higher levels than used earlier. A brain size correction was
added to avoid differences in measured activity depending
on brain size, but not from hypometabolism. In this more
detailed analysis, a generalized reduction of FDG’s uptakewas
shown in patients with both upper and lower motor neuron
disease that was greatest in the motor-sensory cortex and
putamen. The motor-sensory deficit was strongly correlated
with length of disease, and a marked sequential reduction
was seen in the four patients who repeated a PET study. In
this paper, a right-left asymmetry in the population described
above and a normal or near normal FDG uptake in the
four ALS patients without upper motor neuron involvement
were also reported. In 2007, the correlation of the extent of
cortical lesions with the intensity of motor dysfunction in
ALS patients, measured by the ALS functional rating scale
score (ALSFRS), has been also studied by Habert et al. [33],
who evaluated cerebral perfusion using SPECT with 99mTc-
ECD and a statistical parametric mapping (SPM) method.
A positive correlation between the degree of involvement
of the motor functions and the perfusion decrease of the
cerebral cortex was demonstrated. Analyzing the ALSFRS
subscores, the cortical involvement was important for lower
limbs score, moderate for bulbar score, and below the level
of statistical significance for the respiratory and upper limb
scores. An asymmetric hypoperfusion, because of a major
involvement of the right hemisphere, was seen mainly in the
lateral premotor cortex, the insula, and the cingulate cortex.

5. Different Patterns of Glucose Metabolism in
ALS Patients

Using PET-FDG, different patterns of hypometabolism have
been observed when the motor neuron disease (MND)
coexists with Frontotemporal Dementia (FTD). Comparing
patients with FTD and MND with subjects affected with
FTD alone Jeong et al. [34] demonstrated that the patients
with FTD/MND showed glucose hypometabolism only in
the frontal area, whereas most patients with FTD had
hypometabolism in the frontal and temporal areas. Further-
more, in case of FTD/MND, a more symmetric pattern of
hypometabolism with respect to patients with FTD alone
was showed. To better understand the FDG distribution in
patients with FTD, Jeong performed also an SPM analysis
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Table 1: ALS diagnostic categories according to the El Escorial World Federation of Neurology diagnostic criteria.

Clinically definite ALS Defined on clinical evidence alone by the presence of UMN, as well as LMN signs,
in three regions

Clinically probable ALS Defined on clinical evidence alone by UMN and LMN signs in at least two regions
with some UMN signs necessarily rostral to (above) the LMN signs.

Clinically probable-laboratory-supported ALS
Defined when clinical signs of UMN and LMN dysfunction are in only one region,
or when UMN signs alone are present in one region, and LMN signs defined by
EMG criteria are present in at least two limbs, with proper application of
neuroimaging and clinical laboratory protocols to exclude other causes.

Clinically possible ALS

Defined when clinical signs of UMN and LMN dysfunction are found together in
only one region or UMN signs are found alone in two or more regions; or LMN
signs are found rostral to UMN signs and the diagnosis of clinically
probable-laboratory-supported ALS cannot be proven by evidence on clinical
grounds in conjunction with electrodiagnostic, neurophysiologic, neuroimaging, or
clinical laboratory studies. Other diagnoses must have been excluded to accept a
diagnosis of clinically possible ALS

in comparison with normal controls [35]. A significant
hypometabolism was identified in extensive prefrontal areas,
cingulate gyri, anterior temporal regions, and the left inferior
parietal lobule and less relevant in the bilateral insula and
uncus, left putamen and globus pallidus, andmedial thalamic
structures. Frontal hypometabolism was more frequently
prominent in the left hemisphere than in the right.

Cistaro et al. [36] studied with FDG PET 32 patients
with ALS, of either bulbar (𝑛 = 13) or spinal (𝑛 =
19) onset, compared by SPM with 22 subjects taken as
controls. Patients with spinal onset had significantly higher
scores in a neuropsychological test assessing verbal fluency
compared with patients with bulbar onset. In this study an
unprecedented evidence of relatively increased metabolism
in the amygdalae, midbrain, and pons was observed in ALS
patients as compared with control subjects, possibly due to
local activation of astrocytes andmicroglia.Highly significant
relative decreases in metabolism were found in large frontal
and parietal regions in the bulbar onset patients as compared
with the spinal onset subjects and the controls, suggesting a
differential metabolic and neuropsychological state between
the two conditions.

Data of Cistaro et al. [36] are in agreement with an
increased metabolism along the course of the cerebral spinal
fluid (CSF), at level of pons and midbrain. The hyperme-
tabolism could depend on a colonization of the pyramidal
tract by active astrocytes and/or microglia. Interestingly a
reduced fractional anisotropy has been observed in the pons
and along the CSF in patients who underwent either PET or
fMRI [37]. With respect to the hypometabolism observed in
patients with a bulbar onset, our results support the presence
of an extramotory involvement in ALS which may interest
dorsolateral and prefrontal cortex. Conversely, a normal or
near normal frontoparietal FDG uptake has been observed
in ALS patients with a spinal onset.

In 2014, Cistaro et al. performed another study, valuat-
ing the FDG PET profile of 15 patients with familial ALS
carrying the GGGGCC hexanucleotide repeat expansion in
the C9ORF72 gene and comparing them with a group of 12
patients with ALS and comorbid frontotemporal dementia
(FTD) without the C9ORF72 expansion (ALS-FTD), a group

of 30 cognitively normal patients and 40 normal controls.
The authors demonstrated that, among the 4 groups, patients
carrying the C9ORF72 mutation show a more extensive
involvement of the central nervous system, with significant
hypometabolism in the anterior and posterior cingulate
cortex, insula, caudate, and thalamus, the left frontal and
superior temporal cortex, and hypermetabolism in the mid-
brain, bilateral occipital cortex, globus pallidus,, and left
inferior temporal cortex [38].

6. Microglia Involvement in ALS Patients

The explanation of subcortical hypermetabolic areas as a
possible consequence of a colonization by active astrocytes
and/or microglia is in agreement with the new view of FDG’s
cerebral uptake, which changed in the last decades [39]. It has
been demonstrated that glucose is not consumed exclusively
by neurons and that glucose consumption does not directly
reflect only neural activity [40]. In this respect, the impor-
tance of astrocytes in glutamate-driven glucose metabolism
and regulation has been highlighted [40], supporting the
indication that also cells other than neurons are involved in
FDG’s uptake.

The evidence of widespread cerebral microglial activation
in amyotrophic lateral sclerosis may be further understood
reading the paper by Turner et al. [41], who reported an
experience with [11C](R)-PK11195, a ligand for the periph-
eral benzodiazepine binding site, expressed by activated
microglia. The PET study has been performed in ten ALS
patients and 14 healthy controls. Significantly increased
binding was found in motor cortex, pons, dorsolateral
prefrontal cortex, and thalamus in the ALS patients, with
significant correlation between binding in the motor cortex
and the burden of upper motor neuron signs clinically
evident.This paper supports the interest for the development
of therapeutic strategies in ALS aimed at inflammatory
pathways. Favourable results have already been obtained in
experimental models where an increased survival has been
observed in animals when treated with anti-inflammatory
drugs. To demonstrate the relevance of astrocytosis in ALS,
Johansson et al. [42] utilized [11C](L)-deprenyl-D2, which
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binds to the enzymeMAO-B, primarily located in astrocytes.
An increased uptake of deuterium-substituted [11C](L)-
deprenyl PET was demonstrated in pons and white matter
of seven patients with ALS, compared with seven healthy
control subjects.

7. Evaluation of ALS Patients with PET
Receptor Studies

An original study has been published by Lloyd et al. [43],
who evaluated extramotor involvement in ALS, using as PET
radiotracer the [(11)C]flumazenil (FMZ), a benzodiazepine
GABA(A) marker. The study was performed in seventeen
nondemented patients with clinically definite or probable
ALS compared with seventeen normal controls. The analysis
was based on SPM maps, derived to localize changes in
regional flumazenil volumes of distribution (FMZVD),which
correlate closely with receptor density. Relative FMZVD was
significantly decreased in the ALS group in the prefrontal
cortex, parietal cortex, visual association cortex, and left
motor/premotor cortex. A relative reduction in FMZVD was
also present, though less evident, in the left ventrolateral
and dorsolateral prefrontal cortex, Broca’s area, and the right
temporal and right visual association cortex. These data are
in agreement with a cerebral dysfunction in ALS which
involves not only the motor cortex, but also premotor and
extramotor areas, particularly in the prefrontal regions. A
more recent study using [11C]flumazenil (FMZ) PET has
been performed by Turner et al. [44], who focalized their
interest in patients with ALS, also including subjects who
presented the “D90A” SOD1 mutation. The mutations of the
superoxide dismutase-1 (SOD1) gene are associated with five
to ten percent cases of ALS. Between them, the “D90A”
mutation individuate a unique phenotype, characterized by
a markedly slower disease progression, with a mean survival
of 14 years, probably dependent on the relative sparing of
inhibitory cortical neuronal circuits. The study has been
based on the comparison of results obtained in twenty-four
sporadicALS (sALS), 10 homozygousD90Apatients, and two
subjects homozygous for the D90A mutation, but without
symptoms or signs (“presymptomatic”, psD90A), with those
achieved in 24 age-matched normal controls. While in sALS
a decreased uptake has been observed within premotor
regions, motor cortex, and posterior motor association areas;
in the homD90Agroup the reductionwas concentrated in the
left frontotemporal junction and anterior cingulate gyrus. In
the two psD90A subjects, a small focus of reduced uptake was
seen at the left frontotemporal junction, therefore showing a
pattern similar to the one observed in the clinically affected
patients. No statistically significant association between the
reduction in cortical FMZ binding and revised Amyotrophic
Lateral Sclerosis Functional Rating Scale (ALSFRS) was
demonstrated in sALS patients, whereas the upper motor
neuron (UMN) score correlatedwithwidespread andmarked
cortical decreases over the dominant hemisphere. Conversely,
in theD90Agroup, the decreased in FMZuptakewas strongly
statistically associated with ALSFRS-R, rather than the UMN
score, being also related to the disease’s duration.

To evaluate the possible interest of dopaminergic radio-
tracers in ALS, Takahashi et al. [45] utilized F-18 fluorodopa

in 16 patients with sporadic ALS and without extrapyramidal
disease, compared with age-matched controls. A significant
progressive fall in fluorodopa uptake was observed in 3
patients with ALS of long duration.

The possible interest of radiotracers of serotonin was
inquired by Turner et al. [41], who performed PET with
[11C]-WAY100635 PET, a sensitive marker of in vivo 5-HT1A
receptor binding, inALS patients comparedwith controls. An
SPM analysis evidenced a striking and widespread decrease
in cerebral 5-HT1A binding in ALS patients compared with
controls in bothmotor and extramotor regions, with themost
marked changes in frontotemporal regions. Their hypothesis
was that these findings reflect widespread damage to cortical
pyramidal neurones that express 5-HT1A receptors, although
a purely functional change in receptor binding cannot be
excluded.

8. Conclusion

In the older definition ALS is considered as a disease
exclusively characterized by preferential loss of motor neu-
rons in the motor cortex, brainstem, and spinal cord, that
is, by a pathological involvement exclusively of the motor
system. Although they do not have yet been included in
the clinical scenario, PET and SPECT may give interesting
information in these patients, having capability to trace
many important pathophysiological and biochemical targets
involved in the disease. The greatest advantage achievable
by molecular imaging is in individuating early functional
alterations, preceding the morphostructural evidence, better
explaining clinical symptoms, as those connected with a
frontal dementia, and helping to define a prognostic strati-
fication. At the present, clinical information may be mainly
acquired using PET-FDG. Important data, to be utilized as
premise to a therapeutic strategy based on inflammation
as a target, could be achieved with radiotracers allowing
to detect astrocytosis. Finally, having been demonstrated a
possible role of fMRI in detecting alterations in fractional
anisotropy, at level of subcortical structures, very intriguing
perspectives could be associated with the diffusion of PET-
MRI hybrid machines, allowing obtaining simultaneously,
together with the morphostructural information, functional
data acquirable either with PET or fMRI.
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Sertraline, one of the oldest antidepressants, remains to be themost efficacious treatment for depression.However,major depression
disorder (MDD) is characterized by altered emotion processing and deficits in cognitive control. In cognitive interference
tasks, patients with MDD have shown excessive hypothalamus activity. The purpose of this study was to examine the effects of
antidepressant treatment (sertraline) on hypothalamus-anchored resting brain circuitry. Functional magnetic resonance imaging
was conducted on depressed patients (𝑛 = 12) both before and after antidepressant treatment. After eight weeks of antidepressant
treatment, patients with depression showed significantly increased connectivity between the hypothalamus and dorsolateral
prefrontal cortex, orbitofrontal cortex, anterior cingulate cortex, insula, putamen, caudate, and claustrum. By contrast, decreased
connectivity of the hypothalamus-related areas was primarily located in the inferior frontal gyrus, medial frontal gyrus, cingulated
gyrus, precuneus, thalamus, and cerebellum. After eight weeks of antidepressant therapy, 8 out of the 12 depressed subjects achieved
70% reduction or better in depressive symptoms, as measured on the Hamilton depression rating scale. Our findings may infer that
antidepressant treatment can alter the functional connectivity of the hypothalamus resting brain to achieve its therapeutic effect.

1. Introduction

Depression is the commonest psychiatric disorder. It is the
most disabling medical condition, in terms of years lost to
disability, and it is predicted that depression will be the
foremost contributor to the worldwide burden of disease by
2030 [1]. Depression is characterized by a profoundly negative
view of theworld, oneself, and the future [2], and this negative
world view has been associated with negative biases in atten-
tion, interpretation, and memory [3]. In clinical settings, the
depression is oftenmisdiagnosed especially without a history
of mania [4], leading to inadequate treatment, increased
medical costs, and poor outcomes [5–7]. A recent upsurge of
interest has been directed toward developing both diagnostic
and prognostic biomarkers that can aid to diagnose which
individuals are relatively more likely to progress clinically.

Previous studies using structural MRI have already
revealed abnormalities in various brain areas and significant
changes in the amygdala volume in adults suffering from
depression and mood disorders [8]. The affective network
largely consists of the prefrontal cortex as well as subcortical
and allocortical brain structures such as the thalamus, amyg-
dala, basal ganglia, and hippocampus. Studies probing this
system demonstrated reduced frontal-subcortical connectiv-
ity in depression [9], which is thought to reflect impaired
cognitive regulation of mood. Therefore, in particular func-
tional MRI (fMRI), studies of the neural mechanisms of
depression have shifted from those highlighting focal regions
of abnormal brain functions to those focusing on the dys-
functional brain connectivity between spatially distinct brain
regions. Resting state fMRI reflects the neuronal baseline
activity of the brain, representing the state of the human
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brain without goal-directed neuronal action and external
input [10], and the resting state functional connectivity in
the blood oxygenation level-dependent signal during rest
corresponds to consistent functionally relevant resting state
networks (RSNs) [11]. With the benefit of its easy control and
good acceptance, the resting state fMRI has received increas-
ing attention for studying unipolar depression [12]. Some
previous studies have observed increased connectivity within
the default mode (DMN) network in depressed patients, and,
interestingly, heightenedDMNconnectivity is also associated
with depressive rumination [13, 14].

The hypothalamus is a subcortical region with roughly
4 cm3 neuronal tissue in human brain [15] located at the
third ventricle, rostroventral to the thalamus. It consisted
of several subareas embedded cytoarchitectonically distin-
guishable and proved to be functionally distinct with some
functional overlaps [16]. Previous studies have demonstrated
the involvement of hypothalamic nuclei in wide range of
tasks including cognitive, behavioural, and visceral processes
[17–21]. The hypothalamo-pituitary-adrenal (HPA) system
constructs a common pathway in the mediation of the
stress response. Cortisol normally exerts a negative feedback
to shut down the stress response when facing the threat,
acting upon the levels of the pituitary and hypothalamus.
In addition, stimulation by corticosteroids can be exerted
at the level of the amygdala, the prefrontal cortex, and the
brain stem (locus coeruleus), interfering with HPA activity
and stress effects on memory [22–24]. A large part of the
environmental and genetic risk factors for depression appear
to correlate with increased HPA-axis activity in adulthood.
When patients or animals in models for depression are
treated with antidepressants and electroconvulsive therapy
or when patients show spontaneous remission, the HPA-axis
function returns to normal [25]. Although antidepressant
agents have been largely used for the treatment of major
depressive disorder (MDD), the neurobiologicalmechanisms
of their efficacy remains poorly understood [26–30]. More-
over, patients often present different clinical results: patients
with fewer depressive episodes can achieve a rapid remission
while others present with prolonged, remittent, or refractory
illness [31–34]. In this respect, evaluating the brain functional
antidepressant effects will allow a better understanding of
the pathogenesis of MDD and its response to antidepressant
treatment.

In the present study, we aimed to explore the effects
of antidepressant treatment (sertraline) on functional con-
nectivity network in unipolar depression while using the
hypothalamus as the seed region. To address this question,
we conducted a functionalmagnetic resonance imaging study
of depression patients both before and after antidepressant
treatment while they performed a resting scanning. We
hypothesized that depression patients aftermedicationwould
present increased, relative to their premedicated state.

2. Materials and Methods

2.1. Patients. Twelvemajor depression patients (7males) par-
ticipated in this study. This study was conducted at Xi’an

Table 1: Demographic and clinical characteristics of the subjects.

Depression group
Mean SD

Age (years) 34.91 12.16
Duration (years) 4.04 3.14
Height (cm) 168.3 6.54
Weight (kg) 79.51 9.96
Hamilton depression (before) 24.08 4.40
Hamilton depression (after) 5.83 2.32

Central Hospital. Each subject underwent a screening eval-
uation involving structured clinical interviews and assess-
ments by trained clinicians and semistructured medical and
psychiatric interviews with the study psychiatrist (K.L.P.).
All subjects were characterized with the (1) structured clin-
ical interview for DSM-IV; (2) Hamilton depression rating
scale (HDRS). Table 1 details the demographic and clinical
characteristics of the subjects. All subjects had no history
of head injury, organic mental disorders, alcohol or drug
abuse, serious physical illness, or othermental illness. During
the treatment, they were free of other treatments with
psychiatric medications. None of the females were currently
pregnant or lactating. All subjects provided written informed
consent, and the study was approved by both local hospital
institutional review boards. Head structural magnetic res-
onance imaging (MRI) results were evaluated by a single
neuroimaging physicianwhowas blinded to the experimental
groups, and no obvious structural abnormalities were found.

2.2. Sertraline Treatment. Treatment consisted of the sertra-
line in a fixed-dosing design over 8 weeks (50–100mg/day).
Patients were evaluated at weeks 1 and 8 by the study
psychiatrist (K.L.P.) in medication management sessions to
assess symptom change and adverse events, with the target
dose of 50–100mg/day; clinical response was measured with
the HDRS. Although we did not measure sertraline blood
levels, the study psychiatrist and staff inquired about missed
doses and conducted a pill count to confirm the subject
report. No subject in the study ever missed more than 2
consecutive daily doses over the course of the 8-week study,
and no subject regularly (>3 times) missed the dose.

2.3. Data Acquisition. The MR images were acquired with a
1.5 Tesla GE Excite MRI system (GE Health care Milwaukee,
WI, USA). A foam pillow and a band across the forehead
were used to fix the head. Resting state functional images
were acquired with a single shot gradient recalled echo planar
imaging sequence. The sequence covered the whole brain,
axial view, parallel to the to the AC-PC line collected to cover
the whole brain.

In AC-PC line, TR = 2500ms, TE = 35ms, resolution =
64 × 64, field of view (FOV) = 240mm× 240mm, flip angle =
90∘, slice thickness = 3mm without gap, 36 slices. A set of
T1-weighted high-resolution structural images were collected
using a 3D Fast SPGR sequence for anatomical localization.
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Figure 1: Both the increased and decreased hypothalamus-related functional connectivity resting brain networks after 8-week sertraline
treatment for major depression (𝑃 < 0.01, FDR corrected).

TR = 10.6ms, TE = 4.8ms, field of view (FOV) = 256mm ×
256mm, flip angle = 15∘, in-plane resolution = 1mm × 1mm,
slice thickness: 1mmwithout gap, 128 slices. All subjects were
asked to remain relaxed without being engaged in anymental
tasks. They were also instructed to keep their eyes closed but
not fell asleep.

2.4. Image Preprocessing. All preprocessing steps were car-
ried out using statistical parametric mapping (SPM5, http://
www.fil.ion.ucl.ac.uk/spm/). Functional images were prepro-
cessed using sinc interpolation for slice scan time correction,
trilinear sinc interpolation for alignment (motion correction)
of functional volumes, and high-pass temporal filtering to
1Hz to remove slow drifts in the data. The image data
were further processed with spatial normalization based on
the MNI space and resampled at 2mm × 2mm × 2mm.
Resting data were also filtered using a band pass filter (0.01∼
0.08Hz) to reduce low-frequency drift and high-frequency
noise. Finally, the functional images were spatially smoothed
with a 6mm full width at half maximum (FWHM) Gaussian
kernel. All resting state functional images were preprocessed
using statistical parametric mapping 5 (SPM5) and included
motion correction, normalization, and smoothing.

2.5. Functional Connectivity Analysis. For each subject, the
“seeding” time courses of the hypothalamus were, respec-
tively, cross-correlated with all low-pass filtered voxels to
generate functional connectivity maps within each of the
three conditions. The resulting correlation coefficient t-maps
were normalized and corrected to roughly standard normal

distributions using methods previously described. The nor-
mality of the distribution was then tested using Kurtosis tests
(𝑃 < 0.001, corrected). The maps of each individual were
entered into one-sample 𝑡-tests, respectively, to determine
whether group data was significantly different from zero.
For visualization, all connectivity results were transformed
into the Talairach stereotactic space and overlaid on MRIcro
(http://www.mccauslandcenter.sc.edu/CRNL/) for presenta-
tion purposes. All resulting t-maps were then cluster-filtered
to remove correlations involving less than three contiguous
voxels and then superimposed on high-resolution anatomical
images using a 𝑃 < 0.001 cut-off threshold (FDR, corrected).

3. Results

Due to excessive head movement during scanning, imaging
data from 2 patients were excluded and consequently a
total of 10 participants were included in this study. Their
demographic data and psychological scores are listed in
Table 1. After eight weeks of antidepressant therapy, 8 out of
the 12 depressed subjects achieved 70% reduction or better
in depressive symptoms, as measured on the HDRS scale.
Seven showed 50–70% improvement, and the remaining four
showed 59–68% reductions. Thus, in our sample, approx-
imately two-third of the sample showed very significant
improvements in symptoms, and all patients responded at
least partially to the treatment.

Our results show that sertraline treatment has a larger
impact on the hypothalamus-related brain networks for
major depression patients (shown in Figure 1 andTable 2,𝑃 <
0.005, FWE corrected). After treatment, the hypothalamus
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Table 2: Significant changes in hypothalamus-related connectivity
network derived from after versus before medication (𝑃 < 0.001,
FDR corrected).

(a) Increased

Talairach
𝑡 value Voxels

𝑥 𝑦 𝑧

Frontal
DLPFC BA/44 R 48 16 10 3.08 44
OFC BA/10 R 8 38 −7 2.25 44
SFG BA/8 R 14 39 48 2.33 22
Precentral gyrus BA/44 R 44 12 9 3.20 20

Limbic
ACC BA/24 R 6 31 0 2.76 45
Hippocampus R 33 −14 −18 3.23 16

Subcortical
Insula BA/13 R 42 12 10 2.61 43
Putamen R 24 8 −2 2.09 28
Caudate R 8 10 11 3.57 82
Claustrum R 32 −3 13 2.54 25

Temporal
STG BA/22 R 63 −40 20 2.37 27

Parietal
IPL BA/40 R 55 −44 22 2.40 38
SG BA/40 R 57 −37 30 2.33 24

(b) Decreased

Talairach
𝑡 value Voxels

𝑥 𝑦 𝑧

Frontal
IFG BA 47 L 53 17 −6 −2.87 54
IFG BA 9 R −53 11 31 −2.35 427
Precentral gyrus L −49 −8 43 −2.29 16
MFC BA 6/8 R 6 −1 61 −2.98 144

SFG BA 6 L −2 28 54 −2.86 112
R 8 −1 63 −3.04 152

Limbic
Cingulate gyrus L −6 6 40 −2.63 155
BA 32 R 4 10 40 −2.32 88

Temporal cortex L
MTL BA/37 R −53 −66 7 −2.48 48

Parietal cortex
Precuneus L −4 −73 50 −2.68 137
BA 7 R 4 −44 45 −2.19 37

Subcortical

Thalamus L −4 −4 4 −2.34 30
R 8 −9 8 −2.75 28

Cerebellum

Declive L −16 −82 −16 −3.46 455
R 36 −75 −21 −3.07 290

Uvula L −28 −71 −23 −3.19 111
R 34 −63 −25 −3.24 110

Abbreviations: BA: Brodmann area; DLPFC: dorsolateral prefrontal cortex;
OFC: orbitofrontal cortex; SFG: superior frontal gyrus; ACC: anterior
cingulate cortex; STG: superior temporal gyrus; IPL: inferior parietal lobule;
SG: supramarginal gyrus; IFG: inferior frontal gyrus; MFC: medial frontal
cortex; MTL: medial temporal lobule.

showed prominently enhanced functional connectivity with
the frontal cortex (mainly located in the dorsolateral pre-
frontal cortex, DLPFC; orbitofrontal cortex, OFC; superior
frontal gyrus, SFG; and precentral gyrus), limbic system
(anterior cingulate cortex, ACC; hippocampus), subcortical
areas (insula, putamen, caudate, and claustrum), temporal
lobe (superior temporal gyrus, STG), parietal (inferior pari-
etal lobule, IPL; supramarginal gyrus, SG).

By contrast, sertraline treatment can also attenuate func-
tional connectivity anchored by the hypothalamus for major
depression patients. These areas were mainly located in the
frontal cortex (inferior frontal gyrus, IFG; medial frontal
gyrus, MFG; and superior frontal gyrus, SFG), limbic system
(cingulated gyrus), temporal cortex (middle temporal gyrus,
MTG), parietal cortex (precuneus), subcortical area (thala-
mus), and cerebellum (declive and uvula).

4. Discussion

The major finding of this study is that sertraline treat-
ment exhibited larger impacts on the modulation of the
hypothalamus-related functional connectivity brain network
for major depression patients. These associations may be
partially verified by the promotion of depression degree.
As expected, depression degree showed significant differ-
ences after sertraline treatment. Our findings contribute to
the growing evidence that sertraline treatment may be a
beneficial effect on the depression patients and it mainly
involved prefrontal-limbic-hypothalamus pathways. To our
knowledge, this is the first in vivo magnetic resonance imag-
ing study to demonstrate sertraline treatment impact on the
hypothalamus-related resting brain network in depression
patients.

Major depressive disorder is characterized by disruptions
in executive control, linked to abnormal DLPFC function.
The DLPFC plays an important role in working memory
and other aspects of executive function [35, 36]. Previ-
ous studies have demonstrated structural changes in the
prefrontal regions in major depressive disorder subjects,
including decreases in cortical thickness and neural size,
together with reductions in neural and glial density [37]. In
the study by Thomas et al., ischemia in the white matter of
DLPFC was found in subjects with late-life depression [38]
and lends support to the “vascular depression” hypothesis
[39, 40]. Results from these studies associate depression
with abnormally low levels of DLPFC activity [41, 42]. Our
findings were consistent with studies linking the DLPFC
with depression and further proved that sertraline treatment
can effectively improve the functional connectivity between
hypothalamus and DLPFC.

The major physiological response to stress involves acti-
vations of neuroendocrine systems, mainly through the
hypothalamus-pituitary-adrenal (HPA) axis.

Emotional stimuli always reach the HPA axis via the
amygdala and descending pathways from the forebrain. The
amygdala exerts excitatory control over the hypothalamus
to stimulate the HPA axis, which, via increased cortisol
levels, acts in a positive feedback manner to further stimulate
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the amygdala [43]. By contrast, the hippocampus exerts
inhibitory control over the HPA axis, and hippocampus acts
in a negative feedback manner to inhibit the HPA axis. This
is crucial for limiting the activity of the HPA axis, since that,
without it, the positive feedback loop via the amygdala would
cause the system to run out of control [44–46]. Descending
negative feedback over theHPA axis is also exerted at the level
of the dorsomedial prefrontal cortex (PFC) and the prelimbic
cortex [47] so activation of these areas by emotional self-
regulation can also improve the control over the HPA axis.
Our results were consistent with the inference that sertraline
treatment can effectively improve the functional connectivity
between the hypothalamus and hippocampus.

The functional role of the cingulate cortex—and specifi-
cally the ACC—in depression is well described [48]. Our data
shows significant enhancement of functional connectivity
between the hypothalamus and ACC. This region is also a
key component of the default mode network [49]. Abnormal
resting state functional connectivity of these same regions
has been described in depression [13]. Previous work using
DTI data shows that connectivity in the cingulate portion of
the cingulate bundle has structural changes with depression
at baseline and also has an impact on remission [50]. The
OFC has extensive connections with the limbic system,
including the cingulate cortex [51].The presence of enhanced
functional connectivity with the hypothalamus in both ACC
and the OFC supports the notion that sertraline treatment
can improve the damages on these regions.

Another intriguing research is the decreased functional
connectivity between the hypothalamus and cerebellum
(located in the posterior part). The cerebellum generally
accepts the information from temporal lobe, prefrontal lobe,
and cingulated gyrus and these areas have exerted controls on
the cognitive and emotional regulation [52]. It is also empha-
sized that the involvement of the cerebellum in cognitive and
emotional controls andproposed the concept of the cerebellar
cognitive affective syndrome, which usually refers from the
affective bluntness and depression to affective disorder, and
finally appears in execution, visual, spatial and language
dysfunction [53]. Our results proved that the hypothalamus
may project attenuated influence on the cerebellum after the
sertraline treatment.

Limitations of this study include potential bias given
that only small samples were included in the current study.
Further study will include much larger sample patients and
verify our hypothesis. Other factors not included in this
analysis, such as age of onset, illness duration, and prior
antidepressant use, may influence the hypothalamus-related
resting brain network in depression. In addition, and perhaps
most critical, was a lack of data on medication history. Since
the majority of subjects had long-term depression (average
episode duration = 4.04 years), they were likely to have taken
antidepressants prior to study baseline; this prior medication
use would likely have had a greater influence on functional
brain networks than would concurrent medications, if any
relationship exists. These factors should be addressed in
future studies.
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brain abnormalities in major depressive disorder: a selective
review of recentMRI studies,” Journal of Affective Disorders, vol.
117, no. 1-2, pp. 1–17, 2009.

[9] A. Anand, Y. Li, Y. Wang et al., “Activity and connectivity of
brain mood regulating circuit in depression: a functional mag-
netic resonance study,” Biological Psychiatry, vol. 57, no. 10, pp.
1079–1088, 2005.

[10] M. L. Schölvinck, A. Maier, F. Q. Ye, J. H. Duyn, and D. A.
Leopold, “Neural basis of global resting-state fMRI activity,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 107, no. 22, pp. 10238–10243, 2010.

[11] J. S. Damoiseaux, S. A. R. B. Rombouts, F. Barkhof et al., “Con-
sistent resting-state networks across healthy subjects,” Pro-
ceedings of the National Academy of Sciences of the United States
of America, vol. 103, no. 37, pp. 13848–13853, 2006.

[12] C.-H. Liu, X. Ma, X.Wu et al., “Resting-state abnormal baseline
brain activity in unipolar and bipolar depression,”Neuroscience
Letters, vol. 516, no. 2, pp. 202–206, 2012.

[13] M. D. Greicius, B. H. Flores, V. Menon et al., “Resting-
state functional connectivity in major depression: abnormally
increased contributions from subgenual cingulate cortex and
thalamus,”Biological Psychiatry, vol. 62, no. 5, pp. 429–437, 2007.

[14] Y. I. Sheline, J. L. Price, Z. Yan, andM.A.Mintun, “Resting-state
functional MRI in depression unmasks increased connectivity



6 BioMed Research International

between networks via the dorsal nexus,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 107, no. 24, pp. 11020–11025, 2010.

[15] M. A. Hofman and D. F. Swaab, “The human hypothala-
mus: comparativemorphometry and photoperiodic influences,”
Progress in Brain Research, vol. 93, pp. 133–149, 1992.

[16] R. Nieuwenhuys, J. Voogd, and C. van Huijzen, “Diencephalon:
hypothalamus,” in The Human Central Nervous System: A
Synopsis and Atlas, pp. 289–336, Springer, Berlin, Germany, 4th
edition, 2008.

[17] S. M. Strakowski, M. P. DelBello, and C. M. Adler, “The func-
tional neuroanatomy of bipolar disorder: a review of neuroim-
aging findings,”Molecular Psychiatry, vol. 10, no. 1, pp. 105–116,
2005.

[18] M. E. Sublette, M. A. Oquendo, and J. J. Mann, “Rational ap-
proaches to the neurobiologic study of youth at risk for bipolar
disorder and suicide,” Bipolar Disorders, vol. 8, no. 5, pp. 526–
542, 2006.

[19] D. A. Cousins, K. Butts, andA.H. Young, “The role of dopamine
in bipolar disorder,”Bipolar Disorders, vol. 11, no. 8, pp. 787–806,
2009.

[20] J. L. Price and W. C. Drevets, “Neurocircuitry of mood dis-
orders,” Neuropsychopharmacology, vol. 35, no. 1, pp. 192–216,
2010.

[21] D. F. Swaab, “Hypothalamic involvement in psychiatric dis-
orders,” in Handbook of Clinical Neurology, M. J. Aminoff, F.
Boller, and D. F. Swaab, Eds., vol. 80 of The Human Hypothal-
amus: Basic and Clinical Aspects, pp. 248–272, Elsevier, Amster-
dam, 2003.

[22] G. L. Quirarte, B. Roozendaal, and J. L. Mcgaugh, “Glucocorti-
coid enhancement of memory storage involves noradrenergic
activation in the basolateral amygdala,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 94, no. 25, pp. 14048–14053, 1997.

[23] B. Roozendaal, “Stress and memory: opposing effects of glu-
cocorticoids on memory consolidation and memory retrieval,”
Neurobiology of Learning and Memory, vol. 78, no. 3, pp. 578–
595, 2002.
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PET based tools can improve the early diagnosis of Alzheimer’s disease (AD) and differential diagnosis of dementia. The
importance of identifying individuals at risk of developing dementia among people with subjective cognitive complaints or mild
cognitive impairment has clinical, social, and therapeutic implications. Within the two major classes of AD biomarkers currently
identified, that is, markers of pathology and neurodegeneration, amyloid- and FDG-PET imaging represent decisive tools for their
measurement. As a consequence, the PET tools have been recognized to be of crucial value in the recent guidelines for the early
diagnosis of AD and other dementia conditions. The references based recommendations, however, include large PET imaging
literature based on visual methods that greatly reduces sensitivity and specificity and lacks a clear cut-off between normal and
pathological findings. PET imaging can be assessed using parametric or voxel-wise analyses by comparing the subject’s scan with
a normative data set, significantly increasing the diagnostic accuracy. This paper is a survey of the relevant literature on FDG and
amyloid-PET imaging aimed at providing the value of quantification for the early and differential diagnosis of AD. This allowed a
meta-analysis and GRADE analysis revealing high values for PET imaging that might be useful in considering recommendations.

1. Introduction

In Western countries, during the last century, the elderly
population (over 65) has almost triplicated and in the next
fifty years it will represent almost 35% of the total population.
Alongwith ageing, dementia will become not only a dramatic
clinical entity, but also a serious socio-economic issue, given
that patients diagnosed with this devastating disease will
likely increase by 50% by 2030.

However, the 2011 World Alzheimer Report (http://
www.alz.co.uk/research/world-report) has underlined that
only a percentage ranging between 20 and 50% of dementia
cases are identified and recognized in the early stages, that is,
at least half of the population of dementia patients suffering
do not receive a complete diagnostic workup since disease
onset.

This diagnostic delay gives rise to a so-called “treatment
gap” between early stages of the disease and a formal
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diagnosis which can then trigger necessary care and orga-
nized support ameliorating the patient’s quality of life along
with that of caregivers and family members. Clinical diag-
nosis per se has limited accuracy and requires the presence
of cognitive symptoms, while biomarkers that are specific
for AD-related pathologic phenomena would allow more
accurate diagnosis when patients are in the prodromal or
even preclinical stage of the disease, a period that is generally
held to be the best intervention time for AD, at least at
present days. PET allows the investigation of both the mea-
surements of cerebral glucose metabolism by 18F-2-fluoro-
2-deoxy-D-glucose (FDG) and the A𝛽 amyloid deposition
through specific molecular imaging techniques involving
radiopharmaceuticals binding to amyloid. In the last decades,
PET evidence for functional and molecular changes in
neurodegenerative diseases has been largely shown [1–4]. In
Alzheimer’s disease (AD), within the two major classes of
biomarkers now identified, biomarkers of disease state (i.e.,
biomarkers of amyloid𝛽 [A𝛽] accumulation) and biomarkers
of disease stage (i.e., biomarkers of neuronal injury), amyloid-
PET, and FDG-PET imaging represent critical and decisive
tools. PET imaging is now recognized of value to the early
diagnosis and to clearly support the final diagnosis of AD
[5–8]. Revisions of the NINCDS-ADRDA diagnostic criteria
of AD [5, 9], as well as the new National Institute of
Aging-Alzheimer Association criteria of MCI due to AD [6]
have been proposed, positing that individuals with memory
impairment who are positive for AD biomarkers have a
high likelihood of having AD pathology. The corollary is
that biomarker positive MCI patients frequently progress to
dementia. Crucially, when both Abeta and neuronal injury
biomarkers are negative, the dementia is unlikely to be
attributable to AD pathology [1, 10–12].

The references based recommendations rely on sensitivity
and specificity of the PET methods derived by the imaging
literature that is based either on parametric approaches or
on visual method that greatly depends on the observer’s
experience and lacks a clear cut-off between normal and
pathological findings.

On the other hand, PET neuroimaging research has
focused on the development of tools improving either detec-
tion of people at higher risk of dementia or early diagnosis
of Alzheimer disease (AD) [13–16]. These methods improve
the accuracy for the diagnosis of AD and prediction of
progression frommild cognitive impairment to ADdementia
[17–23]. Noteworthy, markers of amyloidosis and neurode-
generation are currently being used as outcomes in proof-of-
concept drug studies [24].

The sensitivity and specificity of the PETmethods indeed
greatly depends on the use of quantification methods [15, 25,
26]. For example, FDG-PET can be assessed using software
that analyses the pattern of tracer uptake voxel-wise by
comparing the subject’s scan with a reference data set of
normal ageing, allowing a better recognition of the patterns
of hypometabolism compared with visual interpretation [15,
17, 27].

The same is true for measurements of amyloid load
using PET [25, 28, 29]. In AD, it has been shown that
quantification or parametric measurements of amyloid load

are fundamental since they allow cut off scores for a bet-
ter differentiation between normal subjects, preclinical AD,
and AD individuals [21, 22, 30]. In addition, due to the
demonstration between group and intersubject variability,
quantification of amyloid load would be crucial for multi-
centre studies and therapy monitoring. A real problem exists,
whether a dichotomous readout such as that of amyloid-
PET scans will be used (or misused) in the diagnostic
procedures. It needs to be prevented a positive amyloid scan
to become a de facto diagnosis of AD. Semiautomated (such
as standardized uptake value ratio (SUVR)) or automated
semiquantitative measures (such as using SPM-based proto-
cols) will have the advantage of being operator independent.
Semiquantitative or quantitative measures require thresholds
for positivity/negativity. Thresholds include information on
risk to develop dementia for subthreshold degrees of amyloid
positivity. Semiquantitative or quantitative measures might
in the future discriminate “accumulators” from “nonaccumu-
lators,” distinction that in normal persons could predict the
development of MCI as a prodromal step to full blown AD
[31]. Finally, it has to be highlighted that, today, the rationale
for the use of PET biomarkers in prodromal AD diagnosis is
that biomarkers change over decades before full-blown AD
dementia develops [32].

Aim of this paper was to provide a survey of the
specific PET literature based on the above considerations,
with a meta-analysis and a GRADE analysis on FDG- and
amyloid-PET imaging in the early and differential diagnosis
of Alzheimer disease.

This survey was based indeed on restricted inclusion
criteria of the relevant literature, namely,

(1) only articles published since 2001 which retain high
quality 3DPET scans and control to an optimal degree
any methodological shortcoming;

(2) for FDG-PET, only studies employing voxel-based
analysis techniques (such as SPM, Neurostat, and AD
t-sum) with statistical parametric mapping proce-
dures that can provide unbiased, statistically defined
measures of brain abnormality in the individual brain
toward a reference control population throughout the
whole brain;

(3) specifically to amyloid-PET, only articles report-
ing quantification or parameterization of 𝛽-amyloid
deposition (in AD, MCI subjects, and normal con-
trols) either with short half-life 11C-labeled ligands
(11C PIB) and 18F-labeled tracers (18F-AV-45 Florbe-
tapir, 18F-BAY94-9172 Florbetaben, and the 11C-PiB
derivative 18F-GE-067 Flutemetamol).

In addition, we included a descriptive analysis of the
related literature reporting differences in the levels of sensi-
tivity and specificity for the standard visual FDG-PET scan
or dichotomous readout based amyloid-PET with respect to
parametric or semiquantitative analysis [33–35].

1.1. Premises on FDG-PET Imaging Studies. 18F-Fluorode-
oxyglucose-PET (18F-FDG) is used to measure cerebral



BioMed Research International 3

metabolic rate of glucose that is considered an index of
synaptic functionality and density [36]. It has been widely
used for various purposes, ranging from early diagnosis to
differential diagnosis of dementias [3, 4]. There is substantial
agreement about its effectiveness for diagnosis of dementia
mainly for the typical hypometabolism patterns associated
with the different neurodegenerative conditions (see [16]).
Hypometabolism in AD has showed a very peculiar pattern
since the emergence of early PET evidences [37, 38] recently
defined in detail as involving parietal and temporal regions,
precuneus, posterior cingulate cortex, medial temporal cor-
tex, and structures (like hippocampus) [10, 14, 39–41]. Cere-
bral map of glucose metabolism can be visually inspected
by experienced raters to evaluate possible neurodegenerative
patterns. Despite the potential of visual inspection, modern
techniques for quantification of FDG uptake are now widely
used, and have been demonstrated to improve diagnosis
accuracy and readability of hypometabolism patterns [33].
Statistical parametric mapping (SPM) produces unbiased
smoothed and regularized images that allow a comparison
between a single patient and a control group to define
functionally abnormal regions. 18F-FDG has been otherwise
widely used to differentiate AD from non-AD dementias like
DLB or FTLD spectrum. In a landmark study, Minoshima
and coworkers [42] reported that relying on occipital cortex
metabolism produced a sensitivity of 90% and a specificity
of 80% in discriminating AD versus DLB, using autopsy
pathology as reference. Similarly, Foster et al. [33] showed that
18F-FDG can help discriminate between AD versus FTLD
spectrum with 97% sensitivity and 86% specificity (93%
accuracy). Importantly, studies have been also underlying
that an absence of peculiar hypometabolism patterns may
exclude a diagnosis of dementia [1].

As a matter of fact, hippocampal hypometabolism, a
crucial marker of AD, is often missed, particularly in voxel-
based analysis using smoothing procedure. As suggested
in literature [41], by using manual region-of-interest-based
(ROI) analyticalmethods andMRI/PET coregistrationmeth-
ods, the temporal medial dysfunction should be highlighted.
In addition, even if has to be clarified, the method-related
nature of this MRI/PET inconsistency, using coronal and/or
sagittal dimensions (anterior-posterior) instead of axial ori-
entation (inferior-superior) may at least partially overcome
this “hippocampal issue,” as this formation is smaller in axial
view rather than in coronal or sagittal [41].

It appears that the normalization and smoothing pro-
cedures of SPM package tool that is necessary to mini-
mize between individual inhomogeneity in brain shape and
dimension may mask reduced uptake in small structures,
such as the hippocampus. Moreover, spatial resolution of
PET systems is best in superficial cortical areas close to the
detectors while it is worst inmidline andmedial structures far
from the detectors. Lastly, a pathophysiological explanation
admits that the high synaptic density at posterior temporal-
parietal association cortex and limbic cortexmakes it easier to
detect glucose hypometabolism in these regions as compared
to the MTL structures which are rich in cell bodies but
relatively poorer in synaptic density [43].

Furthermore, another florid field of research regards
longitudinal studies to predict MCI-AD conversion and
therefore early diagnosis of AD. Different techniques (MRI,
PET, CSF, and clinical evaluation) have been extensively
compared, and even though combined predictors are now
considered the best solution, it has widely reported a major
role (namely, in sensitivities, specificities, and prediction
accuracy) of the PET [44–47].

1.2. Premises on Amyloid-PET Imaging Studies. 𝛽-amyloid
plaques are a hallmark of AD and can be found in moderate
to high number in cortical gray matter in all cases of
AD and develop many years before the onset of dementia.
The amyloid theory postulates that amyloid accumulation is
the main causative event leading to synaptic and neuronal
degeneration and subsequent gray matter atrophy [31]. This
hypothesis is supported by the evidence that the soluble
form of 𝛽-amyloid in equilibriumwith the soluble 𝛽-amyloid
found in plaques is potentially neurotoxic though the time
interval between the deposition of 𝛽-amyloid and the begin-
ning of a neurodegenerative process that still remains unclear
[48].

In contrast, A𝛽 plaques are not found in frontotemporal
dementia (FTD) or pure vascular dementia [12].The amyloid
hypothesis is still debated and several arguments point
against amyloid as a main pathogenic factor in AD pathology
[49]. Whatever the role of amyloid is, whether causative or
merely an epiphenomenon, all patients with AD have an
increased brain amyloid load. Therefore, the development of
imaging tools for the detection and quantification of amyloid
deposition is of particular relevance for the confirmation or
exclusion of AD, the distinction of AD from other dementias,
and its early diagnosis [50].

The first tracer for amyloid was developed at the Uni-
versity of Pittsburgh through modification of thioflavin T;
a fluorescent dye used to identify plaques in brain tissue
specimen [51] that was given the name Pittsburgh compound
B (11C-PiB). 11C-PiB was found to bind to the amyloid in the
classic (i.e., neuritic) plaques of AD, which are distributed
around the degenerating neuritis. 11C-PiB could label 𝛽-
amyloid in living brains, and it was used in patients suffer-
ing from AD since the earliest investigations [52]. It lacks
specificity to these classic plaques, as it also binds to diffuse
amyloid plaques that can be found in a substantial proportion
of healthy elderly and are not specific for AD [53]. Further,
PiB binds to cerebrovascular amyloid in cerebral amyloid
angiopathy (CAA), mainly in posterior parietal and occipital
cortex. As such, PiB cannot be regarded as a specific marker
of AD-amyloidosis but rather of brain amyloidosis more in
general.

Leinonen et al. [54] evaluated 11C-PiB uptake findings in
AD patients with and without typical AD neuropathological
lesions in frontal cortical biopsy specimens. The authors
found a significantly higher PiB uptake in the frontal, parietal,
and lateral temporal cortices and striatum in patients with
A𝛽 aggregates in the frontal cortex compared with those
without notable A𝛽 aggregates in the brain biopsy speci-
men. Moreover, the patients with the highest A𝛽 load in
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the biopsy specimen had also the highest 11C-PiB uptake in
PET imaging.

Several authors investigated the diagnostic accuracy of
AD by means of 11C-PiB PET as unique imaging method
or in combination with other measures (usually FDG-PET
or volumetric MRI) and mainly using clinical criteria as
reference test. For example, by comparing 18F-FDG to 11C-
PiB PET scan, Lowe et al. [55] obtained a similar diagnostic
accuracy in early cognitive impairment, but 11C-PiB PET
scan allowed a better discrimination between amnestic MCI
and nonamnestic MCI, thus demonstrating that amyloid
deposition occurs before cerebral metabolic dysfunction.

Devanand et al. [56] found that 11C-PiB binding poten-
tial (BP) analysis slightly outperformed regional cerebral
metabolic rate for cerebral glucose analysis of FDGPET
images in discriminating AD patients from healthy controls
(HC).

Similarly, [34] demonstrated the higher sensitivity of 11C-
PiB BP analysis in discriminating AD from FTD patients.
Other two studies, comparing 18F-FDG-PET and 11C-PiB
PET, have concluded that they give complementary infor-
mation for the early diagnosis and followup of patients with
dementia [57, 58]. This is a central issue, since dissociation
between metabolic reduction and amyloid deposition has
been also shown. In particular, in a 3 and 5 years of follow-
up study on MCI and AD patients, Kadir and coworkers
found that fibrillar amyloid load progressively increased in
MCI patients and was followed bymore stable level in clinical
AD patients, whereas glucose metabolism started to decline
early in MCI patients and became more pronounced in
advanced clinical stage [59]. Also, the mismatch between the
two imaging modalities was shown in a study investigating
the effects of phenserine treatment on glucose metabolism
and amyloid load in 20 AD patients [60].

A number of longitudinal studies have argued for the
role of 11C-PiB tracer in predicting conversion from MCI
to AD. For example, it has been shown that, compared to
nonconvertingMCI patients and healthy controls (HC),MCI
patients that converted to AD at clinical followup displayed
significantly higher 11C-PiB retention, at levels comparable to
that of AD patients [61]. Okello et al. [21] found that the 50%
ofMCI patients showing a positive 11C-PiB uptake at baseline
converted to overt AD at 1-year followup and had greater
11C-PiB retention than nonconverter patients. Similarly, in
a 2-year follow-up study, Koivunen and colleagues [62],
measuring 11C-PiB retention in MCI and control subjects,
showed that MCI patients who converted to AD had greater
11C-PiB retention in several brain areas, including cingulum,
frontal and temporal cortices, putamen, and caudate.

Now, it is widely accepted that 11C-PiB PET can provide
a quantitative representation of fibrillar deposition amyloid-
beta deposition in the brain. Therefore, it is of the utmost
importance to develop quantitative methods of amyloid-PET
data analysis and that such methods can be standardized and
applied across centers.

Analyses of PET images for the quantification of A𝛽
deposition have been done both qualitatively (e.g., visual
analysis of tracer uptake) and quantitatively. In this latter

case, analysis of tracer retention requires normalization of the
uptake values, to allow inter- and intrasubject comparisons.
The standard uptake value ratio (SUVR) normalizes the
uptake values to the mean uptake value within a region
containing nonspecific binding, usually the cerebellar grey
matter. Another method, for example, based on distribution
volume ratios (DVRs) and their combination with arterial
plasma input, metabolite correction, or references tissue
models may yield different results [63].

The interrater reliability of manual and automated ROI
delineation for 11C-PiB PET imaging was recently assessed
for the detection of early amyloid deposition in human brain
[64]. Despite methodological differences in the manual and
automated approaches, the analysis revealed good agreement
in primary cortical areas and the cerebellar reference region
for SUV and SUVR outcomes. These data are important
because a reliable methodology is needed for the detection
of low levels of amyloid deposition on a cross-sectional basis
and small changes in amyloid deposition on a longitudinal
basis and also to enable valid definition of amyloid positivity
thresholds and determination of relationships between in
vivo PET imaging and postmortem assessments of amyloid-
beta load.

A new noninvasive efficient graphical approach, called
the relative equilibrium-based (RE) graphical plot, has been
developed for tracer kinetics analysis, with equilibrium rela-
tive to input function; this method has been recently used to
improve and simplify two of the most common approaches
for 11C-PiB PET quantification [65]. In this paper, results
from theoretical analysis were confirmed by 78 PET studies of
nondemented older adults, indicating that the RE plot could
improve pixel wise quantification of amyloid-beta burden
when compared with 2 frequently used methods like the
Logan plot and the SUVR.

In the majority of 11C-PiB PET studies, the cerebellum
has been chosen as a reference region. However, because
cerebellar amyloid may be present in genetic AD, cerebral
amyloid angiopathy and prion diseases, whether the pons
could be used as an alternative reference region for the
analysis of 11C-PIB binding in AD has been evaluated [66].
The findings of the study in 12 sporadic AD patients, 10 age-
matched controls, and 3 other subjects (2 with presymp-
tomatic presenilin-1 mutation carriers and one probable
familial AD) suggest that that the target-to-pons ratio for the
analysis of 11C PIB images has low test-retest variability and
high reproducibility and can be used as a simplified method
of quantification when the cerebellum as a reference is not
appropriate.

The definition of a cutoff that separates individuals with
no significant amyloid-beta deposition from those in which
deposition has begun is crucial for the clinical acceptance
of 11C-PiB PET. In a cohort of older subjects in which the
separation between PiB positive and PiB negative subjects
was not so distinct, the application of visual read and
quantitative approaches optimized the identification of early
amyloid-beta deposition [26].

In addition to 11C-PiB, other 18F-labeled tracers have
been developed and investigated. Flutemetamol (GE-067) is
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the 3-fluoro-derivative of PiB, whereas florbetaben (BAY-
94-9172, AV-1) and florbetapir (AV-45) are stilbene and
styrylpyridine derivatives, which exhibit high affinity binding
for fibrillary amyloid. Flutemetamol kinetic analysis of tracer
binding showed reliable quantification by use of relative
standardized uptake value ratios with the cerebellar cortex
as a reference region, and data acquisition for this analysis
requires only 20min scanning and is feasible in a standard
clinical setting [67]. Florbetaben and florbetapir are chem-
ically closely related compounds but the former has slower
kinetics, resulting in a longer imaging acquisition time (for
stable uptake up to 130min after injection), in comparison
with Flutemetamol (90min) and Florbetapir (60min) [68].

In a recent PET study using 18F-Florbetapir with 74 HC
and 29 AD patients with terminal disease, demonstrated
a high correlation between in-vivo tracer uptake and the
presence of 𝛽-amyloid at autopsy, as well as 96% sensitivity
and 100% specificity in distinguishing HC from AD, thus
suggesting that 18F-Florbetapir PET provides an accurate and
reliable assessment of amyloid burden [69]. A large study
pooling data from the 4 registered phases I and II trials of
florbetapir PET imaging, confirmed the ability of florbetapir
uptake analysis to characterize amyloid levels in clinically
probable AD, MCI, and HC groups using both continuous
and binary quantitative measures of amyloid burden [70].

2. Methods

2.1. Study InclusionCriteria. Thegeneral inclusion criteria for
relevant research studies were the following:

(i) articles had to be published in a peer-review scientific
journal;

(ii) studies reporting sensitivity and specificity measures
in relation to a histopathological or clinical diagnosis
of neurodegenerative diseases;

(iii) studies including large cohorts of subjects (seeTable 1:
early diagnosis FDG: range 20–395; Table 2: differ-
ential diagnosis FDG: range 45–297; Table 3: early
diagnosis amyloid: range 13–107);

(iv) studies investigating the prediction of mild cogni-
tive impairment (MCI) to Alzheimer’s disease (AD)
conversion that retrospectively analyzed the initial
characteristics of those who were progressive and
those who remained stable.

2.1.1. Specifically to FDG-PET. (i) Only articles published
since 2001 were considered, which retain high quality by
controlling to an optimal degree both clinical and method-
ological shortcomings.

(ii) Only studies employing voxel-based analysis tech-
niques (such as SPM, Neurostat, and AD t-sum) with sta-
tistical parametric mapping procedures can provide unbi-
ased, statistically defined measures of brain abnormality
throughout the whole brain on a voxel-by-voxel basis; the
basic procedure in voxel-based analysis involves the spatial
normalization and smoothing of each individual’s PET scan
to an anatomically defined standard brain reference volume

(the template or atlas volume) in the stereotactic space. This
enables voxel-by-voxel statistical comparison of the 18F-FDG
pattern in the individual brain toward a reference control
population. FDG uptake in each voxel must be previously
normalized to the average uptake of a reference region,
since without arterial blood sampling or other validated
quantification methods, the standard PET procedure does
not allow true quantitative measurements of glucose con-
sumption. The reference region can change; the “default”
reference region in SPM is the whole brain while Neurostat
allows choosing among the whole brain, the cerebellum, and
the thalamus. By changing the reference region, the results
of parametric mapping may change as well. Final agreement
on the region to be used is still lacking; the choice of whole
brain tends to reduce sensitivity because the hypometabolic
voxels are included in the average, while the cerebellum tends
to increase sensitivity because it is less affected by neurode-
generation in AD. Taking in mind these limitations and that
they do not allow true quantitative estimation of glucose
metabolism but rather of glucosemetabolism distribution, all
these procedures result in an observer-independent mapping
of regional abnormalities of glucose metabolism.

2.1.2. Specifically to Amyloid-PET. (i) Only articles reporting
parameterization of 𝛽-amyloid deposition in patients with
AD, MCI and normal controls either with short half-life
11C-labeled ligands 11C PIB and 18F-labeled tracers (18F-AV-
45 Florbetapir, 18F-BAY94-9172 Florbetaben, and 18F-GE-
067 Flutemetamol). Articles reporting quantification with
other 𝛽-amyloid compounds have been excluded when (a)
there was uncertainty about the selectiveness of the binding
to amyloid plaques (e.g., 11C BF-227) or (b) utilization of
recently released compounds still needing for a systematic
evaluation (e.g., 18F-AZ4694, namely, NAV4694).

(ii) Furthermore, only articles using quantification meth-
ods such as distribution volume ratio (DVR) or standardized
volume uptake ratio (SUVR) were included in the analy-
sis. Similar to FDG-PET, to calculate the uptake without
blood sampling, results are shown as ratios with a reference
region, usually cerebellum (even though utilization of pons is
currently debated [66] see also Pet Amyloid Imaging studies
paragraph). Obviously the change of reference region can
affect the results, but as a final agreement is lacking, this
is up to the authors to rely on the affinity of the different
compounds for multiple reference regions. As regards SUVR,
to discriminate between “amyloid positive” and “amyloid
negative” burdens (as well as between “low” and “high”
retention), authors have been applying cut-off scores, usually
obtained by control groups (like in [71] or using values
reported in literature i.e., [72] for 11C-PIB PET or [73] for
18F-Florbetapir). Therefore, manipulating cut-off scores can
heavily affect results, leading to radically different groups’
characterization.Despite these variations in themethodology
of amyloid quantification, automated algorithms can fairly
discriminate between different patterns of retention, in an
observer-independent fashion, leading to important advan-
tages in clinical practice and diagnosis.
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2.2. Meta-Analysis and GRADE Analysis

2.2.1. GRADE Evaluation. Scientific evidences available
regarding each of the tests (18F-FDG-PET or amyloid-PET)
for the early and differential diagnosis of AD, as well as for
MCI conversion prediction, are graded in terms of Level of
Confidence (LoC: VL = very low, L = low, M =moderate, and
H = high), as reported by GRADE system [74–76]. Tables
1, 2, and 3 show the level of confidence ratings assigned to
the studies reviewed in this paper, indicating that none of
the studies was rated high whereas most studies were rated
moderate to low.

It is to be mentioned that according to the GRADE
system, the best way to assess any “diagnostic strategy” is ran-
domized controlled trials in which investigators randomize
patients to experimental or control diagnostic approaches in
order to provide high quality evidence of test accuracy for the
development of recommendations about diagnostic testing.

Both the clinical context and complex implementation
of brain FDG or amyloid-PET protocols, however, paralleled
with ethical issues raised by the degree of invasiveness of both
procedures, are not comparable to randomized trials ormany
observational studies in which the alternative diagnostic test
has been carried out in order to establish high quality of
evidence or clear differences in patient important outcomes
based on GRADE framework.

Furthermore, it must be acknowledged that the results
of FDG- or amyloid-PET diagnostic approaches do not
have nothing to do with effective treatments (as the usual
GRADE evaluative study set); however, they may have a
significant positive impact in terms of patient outcomes, such
as reducing the treatment gap betweenADpathological onset
and diagnosis of the disease, thus improving ability to plan
which can be considered analogous to an effective patient
treatment [77]; the correct diagnostic inclusion of patients in
pharmacological trials [78], the appropriate family context,
and behavior induced by the diagnosis are very useful
in supporting pharmacological and cognitive remediation
approaches.

Notwithstanding the here selected criteria for investiga-
tions employing FDG- or amyloid-PET brain imaging have
been rated only as “low” or “moderate” quality evidence for
recommendations about diagnostic procedures in a GRADE
system, we have to consider that there will be great indirect
benefits for their “patient-outcome” (i.e., test accuracy in
terms of sensitivity and specificity). Assessing the directness
of evidence supporting the use of a diagnostic test requires
judgments about the relationship between test results and
patient-important consequences, therefore in this paper a
severe challenge arose in the attempt to apply GRADE to two
crucial questions about FDG- or amyloid-PET as accurate,
valid and powerful diagnostic tests, for (1) the early diagnosis
and (2) the differential diagnosis of AD.

Guyatt et al. [76] stated that “GRADE will disappoint
those who hope for a framework that eliminates disagree-
ments in interpreting evidence and in deciding on the
best among alternative courses of action. Although the
GRADE system makes judgments about quality of evidence
and strength of recommendations in a more systematic

and transparent manner, it does not eliminate the need for
judgments.”

That is, applying a GRADE system in a PET functional
and molecular imaging evaluation for diagnosis can be
accepted due to the high value for low and moderate results
in such a setting.

In this survey, we performed three different meta-
analyses for evaluating the accuracy and effectiveness of
diagnostic tests (i.e., FDG or amyloid), in order to make a
judgment about quality of evidence (GRADE) on the early
or differential diagnosis and for conversion prediction of
dementia in our population. Given that the sensitivity of
a test shows the proportion of patients with the disease
(i.e., AD) whom the test classifies as positive while the
specificity shows the proportion without the disease (i.e.,
no neurodegenerative disease) whom the test classifies as
negative, we computed the positive likelihood ratio for each
study included in the three meta-analyses, (i.e., FDG-PET or
amyloid-PET imaging in the early diagnosis ofAlzheimer dis-
ease and FDG-PET in the differential diagnosis of Alzheimer
disease) which combines information from sensitivity and
specificity and gives an indication of how much the odds
of disease change based on a positive or a negative result
(i.e., accuracy). For example, a positive likelihood ratio of
10 means that a positive test result is ten times more likely
in a diseased subject than in a healthy person. The resulting
positive likelihood ratio (LR+) for each study was interpreted
according to general guidelines for evaluating the probability
increase of detecting the disease through a test (i.e., LR+ >
10 = large; 5 > LR+ > 10 = moderate; 2 > LR+ > 5 = small; 1
> LR+ > 2 = minimal; 0 > LR+ > 1 = no increase). Available
scientific evidence regarding each of the topics was graded in
terms of level of confidence (LoC: VL = very low, L = low,
M = moderate, and H = high), as reported by the GRADE
collaboration [74, 75]. In theGRADE system, valid diagnostic
accuracy studies can provide high quality evidence of test
accuracy. Quality of evidence (GRADE) for each study was
evaluated based on LR+ values, LR+ probability increase, and
the size of the sample included for each study (i.e., e.g., a study
with amoderate LR+ probability increase but with a relatively
small sample (𝑛 = 20) would be rated as low in terms of
quality of evidence) (see Tables 1, 2, and 3).

In addition, we obtained a summary measure of effec-
tiveness in each meta-analysis by weighting individual study
effect measures according to their variance and by adopting
a general inverse-variance weighted fixed-effects model to
summarize individual effect measures (i.e., sensitivity anal-
ysis) and a 𝑄 test was performed to measure heterogeneity
among studies. Sensitivity measures for each study were
then arranged in a forest plot together with their 95%
confidence intervals In order to represent the position of
each study included over the central tendency, represented by
the calculated summary fixed-effect sensitivity measure (see
Figures 1(a), 1(b), and 1(c)).

2.3. Qualitative versus Quantitative Assessment. A descrip-
tion of differences in the levels of sensitivity and specificity
for the standard visual FDG-PET scan or dichotomous
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Figure 1: Forest plots of sensitivity measures and 95% confidence intervals for individual studies included in each meta-analysis.

readout based amyloid- PET with respect to parametric or
semiquantitative analysis was performed on the basis of
the data in literature reporting sensitivity and specificity of
both the visual and the parametric methods in the same
population.

3. Results

3.1. 18F-FDG PET in the Early Diagnosis of AD. The sys-
tematic review identified a total of 10 studies that met our
inclusion criteria (see Table 1); the most relevant findings
were as follows.

Arnáiz et al. [79] showed that, in a cohort of 𝑁 = 20
MCI followed for a mean observational period of 36 months,
reduced glucose metabolism from left temporoparietal area
could predict conversion with a 75% percentage of correct
classification, resulting in 67% sensitivity and 82% specificity.
Authors conclude that these measures of temporoparietal
metabolism may aid (together also with neuropsychological
data) in predicting evolution of MCI patients to AD.

In a landmark study, Herholz and colleagues [42] investi-
gatedmetabolic abnormalities with 18F-FDG-PET in a cohort
of𝑁 = 110HC and𝑁 = 395 probable AD. Despite the cross-
sectional nature of the study, useful informationwas provided
about an early diagnosis of AD because of the fragmentation
of the pAD group in different subgroups related to probable
disease severity (e.g., very mild probable AD group, MMSE
≥24). Authors calculated an AD t-sum score for each indi-
vidual, and this score was applied to discriminate between
various subgroups and controls. This method yielded 93%
sensitivity and 93% specificity in classification of pAD versus
HC, acting as a very useful tool to early diagnosis of AD.

Similarly, Mosconi and colleagues [80] followed a group
of 𝑁 = 37 MCI patients for a 12-month period. At
the followup,𝑁 = 8MCI converted while𝑁 = 29 remained
stable. Authors analyzed, with a voxel-based method and
analysis of variance, regional differences in cerebral glu-
cose metabolism, using conversion (𝑦/𝑛) as outcome and
APOE genotype (E4+/E4−) as grouping factor. Results show
that for the whole MCI sample, inferior parietal cortex
hypometabolism could predict conversion to AD with 84%
diagnostic accuracy, 100% sensitivity, and 95% specificity.
Furthermore, E4 carriers (E4+) converters (𝑁 = 5) presented
significantly decreased metabolism in frontal areas, such as
anterior cingulate cortex (ACC) and inferior frontal cortex
(IFC). The authors’ conclusion is that 18F-FDG-PET may
improve prediction of the MCI-AD conversion especially
when combined with APOE genotype information.

Anchisi and coworkers [17] investigated in a longitudinal
study a cohort of 𝑁 = 67 amnestic-MCI patients of
which 𝑁 = 48 underwent follow-up examination at a (at
least) 12-month interval. The ROC curve calculated for the
glucose metabolism measured in two voxel ROIs (posterior
cingulate and temporoparietal) showed an area under the
curve (AUC) of 0.0863. With a cut-off at 1.138, authors
reported 92.9% and 82.4% as, respectively, sensitivity and
specificity in discriminating converters versus nonconverters.
In addition, negative predictive value of 96.55% and a
positive predictive value of 68.4% were reported. Further-
more, authors combined functional metabolism impairment
with memory test score (Long free delay recall part of the
California verbal learning test, CVLT-LFDR) [81] showing an
inverse pattern: lower sensitivity (85.7%), higher specificity
(97.1%), lower negative predictive value (94.3%), and a higher
positive predictive value (92.3%). Authors claim that using
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18F-FDG-PET may help in predicting short-term conversion
toAD, particularly combinedwithmemory scores and also to
account for the functional heterogeneity among subjects with
aMCI.

Drzezga and coworkers [82] in a longitudinal prospective
study on 30 MCI patients (mean observation period, 16
months) assessed the value of FDG-PET in detecting brain
metabolic abnormalities in early AD, by using Neurostat
[83] to perform an observer-independent statistical compar-
ison with an age-matched reference database. The authors
reported that the sensitivity and specificity of FDG-PET with
regard to early diagnosis of AD inMCI patients were 92% and
89%, respectively.

Haense et al. [84] also investigated performance of 18F-
FDG-PET for detection of AD within two different samples,
from ADNI and Network for Standardisation of Dementia
Diagnosis (NEST-DD). The cohort from ADNI consisted in
𝑁 = 102 HC and𝑁 = 89 AD, while the sample from NEST-
DD comprised 𝑁 = 36 HC and 𝑁 = 237 AD. The authors
generated AD t-sum maps and used a preset cut point for
discrimination. Results were twofold: (1) AD presentedmuch
higher AD t-summaps thanHC in both samples and (2) early
onset-AD presented higher AD t-sum maps than late-onset
AD. The cut-off threshold yielded sensitivity and specificity
of 83% and 78%, respectively, in ADNI; in NEST-DD, results
showed 78% sensitivity and 94% specificity. Authors conclude
that this automated procedure to analyze 18F-FDG-PET scans
is useful for the discrimination and is also more accurate for
early onset AD.

Yuan and colleagues [20] performed a meta-analysis to
evaluate and compare the ability of FDG-PET, single-photon
emission tomography (SPECT), and structural MR imaging
to predict conversion to AD in patients with MCI. Relevant
studies were identified with MEDLINE from January 1990
to April 2008 and a meta-regression was carried out from
eligible studies on the diagnostic performance data for
each technique. This study included data from 1112 MCI
patients (of which 𝑁 = 280 investigated by FDG-PET) and
showed that FDG-PET had better concordance with follow-
up results for the prediction of conversion to AD dementia.
Approximately 88.9% of the patients with progressive MCI
were detected as positive by FDG-PET, whereas 84.9% of
stable patients had negative FDG-PET at first scanning time
(sensitivity 88.9%, specificity 84.9%). Further, FDG-PET was
found to perform better than SPECT and structural MR
imaging in the prediction of conversion to AD in patients
with MCI.

Recently, Landau and coworkers [85] compared different
biomarkers of conversion and decline in MCI investigating a
fairly large cohort throughout the different predictors (FDG-
PET, MRI/hippocampal volume, CSF biomarkers, Memory
Score/Rey Auditory Verbal Learning Test). As regards 18F-
FDG-PET, 𝑁 = 85 MCI were followed for a period of
(mean) 21 months. During the observation period, 𝑁 = 28
converted (MCIc) while 𝑁 = 57 remained stable (MCIs).
To evaluate the power of the prediction with 18F-FDG-PET
measured metabolism (parametrically analyzed with SPM,
metaROI global index), the authors obtained cut-off scores

from an independent sample rather than using cut-off scores
present in literature. To do so,𝑁 = 102Healthy controls and
𝑁 = 97 AD were screened, resulting in a cut-off set at 1.21
to discriminate between “AD(+)” and “AD(−)”. ROC curve
at this score showed 82% sensitivity, 70% specificity and an
overall accuracy of 76% in discriminating between AD and
controls. Thereafter, the derived cut-off was used to calculate
predictive values of conversion for the MCI group, resulting
in a positive predictive value of 41% and a negative predictive
value of 78%. To say, the 78% of MCI classified as “AD(−)” at
baseline remained stable, whereas MCI classified as “AD(+)”
had a 2.72 greater risk of conversion.Then authors concluded
that the FDG-PET was the most informative biomarker,
especially when combined with RAVLT episodic memory
score.

In a longitudinal study comparing 11C-PIB-PET, 18F-
FDG-PET and MRI, Brück and coworkers [86] investigated
MCI conversion in a sample of 𝑁 = 29 MCI (of which,
only 𝑁 = 22 underwent also 18F-FDG). Clinical follow-
up was carried on at a 24-months interval. During the
observation period 𝑁 = 13 MCI converted to AD while
𝑁 = 9 MCI remained stable. All the 18F-FDG-PET were
optimized and analyzed with region of interest approach and
SPM methodology, deriving a cut-off of 1.16 in left lateral
temporal cortex (internally derived). This cut point was used
to classify patients in “High” and “Low” 18F-FDG, resulting
in a sensitivity of 87% and a specificity of 78% in predicting
conversion to AD. Similarly, patients were divided in “High”
and “Low” 11C-PIB depending on PiB uptake in lateral
frontal cortex (internally derived cut-off: 1.57), providing 65%
sensitivity and 75% specificity. When combined, 18F-FDG
and 11C-PIB (e.g., Low FDG-High PiB) resulted in 87.5%
sensitivity and 71.4% specificity. The authors’ claim is that
18F-FDG and 11C-PIB are better than hippocampal volume
in predicting conversion.

Arbizu and colleagues very recently [87] proposed a
new score for automated analysis of 18F-FDG-PET, called
AD-Conv score, as a tool for single-subject prediction of
conversion to AD. Their cohort comprised 𝑁 = 80 HC,
𝑁 = 121 MCI of which 𝑁 = 36 MCIc (at 18-months
interval) and 𝑁 = 85 MCIs (at 24-months interval) and
𝑁 = 67 AD. Briefly, their method consisted in generating
an “AD-PET-pattern” from an external reference population
and based on z-score map obtained with SPM. This map
was then compared with individual hypometabolism voxel-
by-voxel resulting in an AD-PET-index, that combined with
age and gender generated the AD-Score. Starting from this
score, meant to discriminate between AD and HC, authors
generated a score to discriminate between MCIc and MCIs
applying several modifications. First, instead of using a
whole brain z-map (the AD-PET-pattern), AD-PET index
was segmented in five volumes-of-interest (VOIs), namely
left parietal, right parietal, left temporal, right temporal
and posterior cingulate, and then compared with individual
hypometabolism resulting in the MCI-PET-Index. Further-
more, to compute the score, APOE genotype (E4+/E4−),
years of education and MMSE were combined with age
obtaining the AD-Conv-Score. Further statistical analysis
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showed that only hypometabolism in posterior cingulate
area was significant in differentiating MCIc from MCIs and,
together with APOE4 genotype and MMSE, yielded the
AD-Conv-Score parameter. With an AD-Conv cut-off score
at 0.28, the method classified MCIc and MCIs with 91.7%
sensitivity and 62.4% specificity. As regards predictive values,
a positive predictive value of 51% and a negative predictive
value of 95% were shown.

3.2. 18F-FDG PET in Differential Diagnosis between Forms of
Dementia. A total of 4 papers addressing the discrimination
power of FDG-PET between different neurodegenerative
forms met the criteria outlined above (see Table 2). Among
the studies pinpointed in Table 2, three studies included
patients with a clinical diagnosis of probable AD, three stud-
ies included patients diagnosed with Lewy-Body Dementia
(LBD), and two studies included patients with a diagnosis of
Frontotemporal lobar degeneration (FTLD).

Minoshima et al. [42] examined brain glucose metabo-
lism of DLB and AD and showed that FDG-PET discrimi-
nates DLB from AD with 90% sensitivity and 80% specificity
using autopsy confirmation. They also concluded that the
presence of occipital hypometabolism preceded some clinical
features of DLB and that FDG-PET sensitivity was superior in
differentiating DLB from AD with respect to medical charts
exclusively based on clinical diagnostic criteria.

Similarly, Gilman and coworkers [88] investigated
metabolism differences between AD and DLB measured
with 18F-FDG-PET in a sample of 𝑁 = 25 AD, 𝑁 = 20
DLB and 𝑁 = 19 elderly HC. 18F-FDG scans were analyzed
with Minoshima method on selected VOIs (global cortex
and occipital cortex, known to discriminate between DLB
and AD in terms of CMRglc). Furthermore discrimination
power was estimated also for neuropsychological scores such
as MMSE, confrontation naming test and verbal fluencies.
Logistic regression showed that glucose metabolism in
BA17 (visual cortex) presented 64.3% sensitivity and 65.2%
specificity for diagnosis of DLB. To say, the hypometabolism
patterns of these two diseases were similar except for the
metabolic rate in visual cortex.

In the widely cited study by Foster et al. [33] the
utility of 18F-FDG statistical parametric maps rather than
simple transaxial FDG-PET scans for dementia diagnosis
was evaluated. Six experienced raters were forced to make a
diagnosis about a cohort of𝑁 = 45 patients, all pathologically
confirmed, of which 𝑁 = 31 AD and 𝑁 = 14 FTD.
Results showed that the utilization of 18F-FDG statistical
maps (stereotactic surface projection maps SSP) yielded high
diagnostic accuracy (89.6%), showing 73% sensitivity and
97.6% specificity. Authors conclude that also after a brief
training in visual interpretation of 18F-FDG statistical maps
this method is more reliable and accurate than clinical
methods alone.

Mosconi and colleagues [89], in a large multicenter study,
examined FDG-PET measures in the differentiation of AD,
FTD, and DLB from normal aging and from each other
(𝑁 = 548 subjects, including 111 healthy individuals). Each

PET scan was Z-transformed by using automated voxel-
based comparison resulting in statistical maps of disease-
specific patterns of brain 18F-FDGuptake.The differentiation
and classification of patients in independent groups between
patients and controls and amongdementia forms yielded 99%
sensitivity, 65% specificity (97% accuracy) for AD compared
with FTD; 99% sensitivity, 71% specificity (97% accuracy)
for AD compared to DLB; 99% sensitivity, 98% specificity
(98% accuracy) for differentiating between AD and healthy
controls; 71% sensitivity, 65% specificity (68% accuracy) for
DLBwith respect to FTD.Thus, this study strongly supported
the validity and diagnostic accuracy of FDG-PET in the
differential diagnosis of the three major neurodegenerative
disorders.

3.3. FDG-PET Summary. These data provide strong evidence
for FDG-PET parametric imaging to detect pathological
changes occurring in the brain. FDG-PET holds great
promise for diagnostic assessment of patients with Alzheimer
disease (AD) and the other two major neurodegenerative
diseases (i.e., DLB and FTLD) to the point that the recently
revised diagnostic criteria of AD [5, 9] as well as the new
National Institute of Aging-Alzheimer Association criteria of
MCI due to AD [6] for the first time recognize the specific
role of FDG-PET as a topographical functional biomarker
in Alzheimer disease definition. What is especially relevant
in this context is that FDG-PET as a neurodegeneration
biomarker has been placed before brain atrophy in specific
regions, as shown by means of MRI, in the hypothetical
cascade model of AD biomarkers [46]. In fact, FDG-PET
maps distribution of glucose metabolism occurring mainly
at synaptic level [90]. Thus, pathologic phenomena leading
to neuritic dysfunction affects synaptic glucose consumption
prior of causing cell death and detectable atrophy [91, 92]. As
such, FDG-PET is a proxy of reduced glucose utilization at
synaptic level of still alive neurons.

It must be acknowledged that voxel-based procedures for
objective image analysis can now be easily applied clearly
providing evidence for a role of FDG-PET in assessment
of dementia through the identification of disease-specific
hypometabolic patterns. The main advantages of automatic
methods consist in the fact that images can be interpreted
even by intermediate-skilled readers and that false positive
results are virtually eliminated, thus increasing specificity.

The primary objective of both tabulated surveys was to
select studies on the basis of the mandatory need for the
evaluation of the FDG-PET scans based on an automatic,
unbiased voxel-based analysis in order to achieve higher
confidence in diagnostic accuracy to significantly reduce the
gap with post-mortem gold standard confirmatory diagnosis.
The evidence provided in the tabulated surveys supports the
role of FDG-PET as an effective tool aiding in the early diag-
nosis and differential diagnosis of dementia. The diagnostic
accuracy of FDG-PET resulted to be high also in subjects
with prodromal disease, for whom the clinical diagnosis and
differential diagnosis are especially challenging. In fact, [1]
claimed that “the sensitivity and specificity available with
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FDG-PET near the time of initial diagnosis of AD is similar
to longitudinal clinical diagnosis over 3-4 years”.

3.4. Amyloid-PET in the Diagnosis of AD. The systematic
review identified a total of 12 studies that met our inclusion
criteria (see Table 3); the most relevant findings were as
follows.

In their study, Rowe and coworkers [93], investigated the
reliability of the 18F-BAY94-9172 (Florbetaben) in a relatively
small cohort (𝑁 = 15 AD, 𝑁 = 15 HC and 𝑁 =
5 FTD) in discriminating between the three conditions.
Authors analyzed quantitatively the neocortex uptake with
SUVR measure, using the cerebellum as reference region.
Experienced raters then visually inspected themaps of SUVR
distributions. Visual inspection of SUVR maps yielded 100%
sensitivity and 90% specificity in discriminating AD versus
HC or FTLD. Authors conclude that florbetaben imaging can
be included successfully in clinical use.

Using 18F-Flutemetamol PET scan in 25 HC, 20 MCI
and 37 AD patients, Vandenberghe et al. [94] using SUVR
distributions showed 93.1% sensitivity and 93.3% specificity
and a very high correlation with 11C-PIB uptake (𝑟 = .89)
for visual inspection. It is noteworthy that sensitivities and
specificities did not differ significantly between qualitative
(visual) and quantitative methods (SUVR cutoff automated
classification in raised uptake category). Further, it has
been shown that the tracer uptake highly correlated with
percentage of brain area of amyloid measured by cortical
biopsy [95].

Barthel and colleagues [96, 97] investigated the use
of 18F-Florbetaben (18F-BAY94-9172) PET analysis in two
contiguous studies (phase 0 and 2) involving 69 HC and 81
AD patients and found that visual assessment of PET images
allowed 80% sensitivity and 91% specificity. On the other
side, linear discriminant analysis of regional SUVRyielded an
85% sensitivity and 91% specificity. The same tracer has been
demonstrated to be useful in discriminating different forms
of dementia as well as patients from controls [12, 93].The first
results on florbetaben indicate that this radiopharmaceutical,
while having a narrower dynamic range than 11C-PiB PET,
is able to clearly differentiate HC from AD patients with a
comparable effect size [98]. Moreover, quantification of 𝛽-
amyloid binding from florbetaben PET data is feasible and all
𝛽-amyloid binding parameters including SUVR are excellent
in discriminating between 𝛽-amyloid positive and negative
scans [99].

In the study by Rostomian et al. [58], 18F-FDG and 11C-
PIB were compared to evaluate the power of diagnosis of the
in vivo imaging of fibrillar beta-amyloid versus metabolism
or CSF. The authors tried first in a test cohort composed by
𝑁 = 10 patients with various clinical diagnosis and, when
identified the correct iterative algorithm, analyzed a sample
of 𝑁 = 42 AD and 𝑁 = 31 FTLD with both FDG-PET
and C-PIB PET (these map were obtained from 𝑡-test with
reference regions, such as cerebellar for PiB). Results showed
that with PIB PET had 90.5% sensitivity and 83.9% specificity
(forAD), versus the, respectively, 88.1% and 83.9%with FDG-
PET. Temporal pole and neocortex was significant for both

the compounds, whereas the frontal lobe was particularly
significant for PIB-PET. Authors conclude that the combined
use of these two compounds can be very useful for early
diagnosis of AD.

Other amyloid-PET studies addressing AD and MCI
cases in large series came out in the literature reporting high
sensitivity and intermediate/low values of specificity [21, 46,
62, 100, 101].

In the study by Villemagne et al. [12] authors still evalu-
ated 18F-Florbetaben in imaging AD versus other dementia
types. Their cohort consisted in 𝑁 = 32 HC, 𝑁 = 20 MCI,
𝑁 = 30 AD, 𝑁 = 11 FTD, 𝑁 = 5 LBD, 𝑁 = 5 Parkinson’s
Disease (PD) and 𝑁 = 4 Vascular Dementia (VaD). SUVR
values for whole brain neocortical retention were calculated
using cerebellar cortex as reference region. Results showed
that almost all of the AD group (96%) and more than half
of the MCI group (60%) presented diffuse cortical reten-
tion whereas the other groups presented far minor cortical
retention (FTLD = 9%, VaD = 25%, DLB = 29%, PD = 0%,
HC = 16%). Semiquantitative SUVR analysis yielded a 97%
sensitivity and 84% specificity in discriminating AD versus
HealthyControls. Authors conclude that 18F-Florbetaben can
be useful in distinguishing AD from other dementias (e.g.,
FTLD) and that its effectiveness is comparablewith the results
obtained by 11C-PiB compound.

In a prospective cohort study by Clark et al. aimed to
compare florbetapir PET with neuropathology at autopsy
for detecting neuritic amiloid-𝛽 plaques, also the relation
between SUVR and neuritic plaque density was assessed
[102]. Based on values from a series of young participants
who were cognitively normal, Joshi et al. [73] had previously
proposed a cutoff value of 1,10 to distinguish normal from
abnormal scans. In the paper of Clark et al., all the cases with
no or sparse plaques at autopsy had SUVR values of less than
1,10, and all but one with moderate or frequent plaques at
autopsy had SUVR values greater than 1,10. SUVR analysis
showed a 97% sensitivity and 99% specificity in detecting
high or low burden of amyloid plaques with a 24-months
autopsy reference.

Using PETwith florbetapir to quantify brain amyloid load
in a routine clinical environment to differentiate between
patients with mild to moderate AD and MCI from HC, the
quantitative assessment of the global cortex SUVR reached
a sensitivity of 92.3% and specificity of 90.5% with a cut-off
value of 1.12 [29].

3.5. Amyloid-PET Summary. Up to date, the literature
demonstrates that 11C-PiB PET allows reliable detection
and in particular quantification of 𝛽-amyloid deposition in
patients with AD.

However, because of the short half-life of 11Carbon,which
requires an on-site cyclotron and radiochemistry laboratory,
11C-PiB has been compared with 18F-labeled tracers like 18F-
Florbetapir, 18F-Flutemetamol or 18F-Florbetaben, which can
be produced at central cyclotron and then delivered to clinical
PET centers.
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18F-Florbetapir and 18F-Flutemetamol are FDA approved
in the US for clinical use, now also 18F-Florbetapir by the
EMA, whereas 18F-florbetaben has not yet been approved
in USA and Europe. These tracers could be largely used
in detecting 𝛽-amyloid deposition and in distinguishing
patients with AD from Frontotemporal dementia. As a limit,
lipophilic plasma metabolites, which have been partially
reported for 18F-labeled tracers, could increase non-specific
background activity.

The results of these included studies show a promising
role of those 18F-labeled tracers, but further data on larger
number of patients also evaluated longitudinally are needed
to clarify their diagnostic and prognostic potential roles in
AD.

A central issue in PET estimation of amyloid load regards
the use of semiquantitative analyses of images. In this view,
a consensus regarding categorization of positive and negative
subjects has not been established so far. For example, some
groups have treated SUVR as a continuous variable whereas
other groups have dichotomized subjects into positive and
negative groups using a cut-off score, since the distribution of
this variable is usually skewed. Further, there is variability in
categorization approaches amongst studies that dichotomize
into positive and negative groups. Some authors considered
positive those subjects showing SUVR values that are 1, 1.5
or 2 standard deviations higher than normal controls [34,
56, 103–105], while others used more complex approaches
such as cluster analyses [12, 48, 106, 107], iterative outlier
removal [108] or complex functions [94]. SUVR cut-off
values separating negative from positive subjects vary in the
literature from 1.1 to 1.6, with a mean value around 1.3. The
limit of classifying into positive and negative subjects relies
on the fact that the threshold is often dependent on the
distribution of SUVR values present in the control group
under investigation rather than on a group of subjects lacking
A𝛽 deposition.

In a recent study, 11C-PiB and florbetapir PET were
compared in a retrospective sample of cognitively normal
older controls, patients withMCI, and patients with AD. 11C-
PiB and florbetapir retention ratios were strongly associated
in the same individuals, and the relationship was consistent
across several data analysis methods, despite scan-rescan
intervals of more than a year. The findings of this study
indicate that cutoff thresholds for determining positive or
negative amyloid-𝛽 status can be reliably transformed from
PIB to florbetapir units or vice versa using a population
scanned with both radiopharmaceuticals [71].

Nordberg et al. [22] in a European multicentre PET
study of fibrillar amyloid in AD based on very large
datasets demonstrated the robustness of [11C]-PIB PET as a
marker of neocortical fibrillar amyloid deposition in brain
when assessed in a multicentre setting. The variance of
[11C]PIB retention between different participating centers
was low compared to the large differences between diagnostic
groups, suggesting that results obtained from [11C]PIB PET
are highly consistent and reproducible. MCI PIB-positive
patients showed more severe memory impairment than MCI
PIB-negative patients and progressed to AD at an estimated

rate of 25% per year. None of the MCI PIB-negative patients
converted to AD, and thus PIB negativity had a 100%
negative predictive value for progression toAD.This supports
the notion that PIB-positive scans in MCI patients are an
indicator of prodromal AD and that amyloid imaging is
both a highly useful tool for diagnosis of AD in its earliest
symptomatic stages and is suitable for identifying patients for
antiamyloid therapy in multicentre clinical trials. The paper
reports also the vast majority of healthy controls (46 out
of 51) and showed neocortical [11C]PIB retention ratios in
the very narrow range of 1.13 to 1.39 (mean 1.26 ± 0.07).
The upper 95% confidence limit in the normally distributed
control population was 1.41, thus defining the normal limit.

One of themain issues since the advent of amyloid tracers
remains and is represented by a percentage of HC showing
an amyloid load in the range of patients with AD [22, 107,
109]. One of the future challenges in PET studies with 18F
amyloid tracers is to reach standardize quantitative measures
(especially by means of longitudinal approaches) in order
to establish reliable quantitative cut-offs that can be helpful
in separating HC and AD subjects, in differential diagnosis
of dementia and in providing prognostic indices for those
subjects showing early signs of cognitive loss.

3.6. Qualitative versus Quantitative Assessment. Few papers
in literature systematically investigated improvements in
diagnostic accuracy and/or in differential diagnosis obtained
by using quantified (or semiquantified) and qualitative anal-
ysis of FDG-PET scans. The results showed that the qual-
itative interpretation by visual reading of brain 18F-FDG-
PET scans and amyloid-PET scans clearly lacks clear-cut
milestones to distinguish between a normal and a patho-
logical scan. Indeed, in the already cited study by Foster
and coworkers [33], authors compared five separate methods
(clinical summaries, diagnostic checklist alone, summary
and checklist, transaxial 18F-FDG-PET scans and 18F-FDG-
PET stereotactic surface projection metabolic and statistical
maps-SSP) for distinguishing AD from FTD in an autopsy-
referenced cohort of 𝑁 = 31 AD and M=14 FTD, adopted
by six dementia experts. Data showed that the transaxial
FDG-PET scans method yielded 96% sensitivity, 59% speci-
ficity and a mean accuracy of 84.8% in distinguishing AD
versus FTD. On the other hand, the 18F-FDG-PET SSP
method improved sensitivity (97.6%), specificity (73.2%) and
overall accuracy (89.2%). Authors conclude that 18F-FDG-
PET improves dementia diagnosis accuracy, especially when
metabolismwas quantitatively analyzed prior to visual expert
rating and interpretation.

Recently, Rabinovici et al. [34] compared 11C-PiB and
18F-FDG indifferential diagnosis ofADandFTLD in a cohort
of 𝑁 = 62 AD and 𝑁 = 45 FTLD. It is noteworthy that the
authors compared also qualitative (visual) and quantitative
(DVR for 11C-PiB, cut-off at 1.2 and regional ROI Z-score
for 18F-FDG)methods in their diagnostic efficacy. As regards
qualitative evaluation of PET scans, 11C-PiB PET yielded
higher sensitivity for AD (89.5% versus 77.5%) and slightly
lower specificity (83% versus 84%). Quantitative thresholds
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for automated classification of scans provided interesting
results. As a matter of fact, while 11C-PiB PET DVRs yielded
very similar results (89% sensitivity 83% specificity versus
89.5% sensitivity and 83% specificity), quantitative analysis
of 18F-FDG-PET increased specificity (98% versus. 84%).
Authors conclude that with both methods 11C-PiB PET was
more sensitive, while 18F-FDG-PET was more specific only
when scans were interpreted quantitatively. Furthermore, a
recent longitudinal study by Patterson et al. [35] showed
that detection by Statistical Parametric Mapping (SPM) was
more accurate (𝑁 = 18 subjects detected) than clinical
evaluation of FDG-PET scans (𝑁 = 10 detected) in a
cohort of 𝑁 = 31 MCI followed for a 3-years period.
Specifically, SPM detected correctly 𝑁 = 9 MCI converters
(versus 𝑁 = 5 detected by subjective visual interpretation)
and 𝑁 = 4 subjects not meeting criteria for MCI (one
of them was detected also visually), therefore highlighting
a possible role for SPM in revealing metabolic defects
anticipating clinical manifestations. Preliminary results in
a study comparing inspection of visual FDG-uptake dis-
tribution maps and visual SPM hypometabolism maps in
discrimination in a total cohort of 𝑁 = 95 patients (𝑁 =
45 AD, 𝑁 = 30 MCI, 𝑁 = 25 FTLD) show higher
sensitivity (96% versus 78%) and specificity (84% versus 50%)
[110].

Other studies, even though not aiming as a primary
endpoint to compare qualitative and quantitative analysis,
provided results coherent with our claim. One of the most
relevant findings is provided in the already cited study by
Camus et al. [29] that investigated potential of 18F-Florbetapir
in discriminating AD versus HC. Their results showed that
while visual assessment yielded 84.6% sensitivity and a 38.1%
specificity, a quantitative global cortex SUVR analysis yielded
92.3% sensitivity and 90.5% specificity, with a cutoff point set
at 1.122.

3.7. Meta-Analysis and GRADE Analysis. Tables 1, 2, and
3 show the characteristics of each study included in each
meta-analysis, namely population sample,method employed,
follow-up inmonths (i.e., only for early diagnosis), sensitivity
and specificity measures, LR+, LR+ probability of increase,
and GRADE evaluation [76, 77].The total number of patients
summed across all studies for each meta-analysis was com-
puted and included 1322 patients for FDG-early diagnosis,
647 for amyloid-early diagnosis, and 1011 for FDG-differential
diagnosis. Summary sensitivity effect measures were .86 for
FDG-early diagnosis, .91 for amyloid-early diagnosis, and
.90 for FDG-differential diagnosis. 𝑄-test values for FDG-
early diagnosis (𝑄 = 6,83) and for amyloid-early diagnosis
(𝑄 = 1, 94) were below critical values assessed at 𝑃 < 0.05,
revealing lowheterogeneity between studies included in each.
The 𝑄-value for studies included in the FDG-differential
Diagnosismeta-analysis (𝑄 = 18.61)was above critical values
assessed at 𝑃 < 0.05, indicating moderate heterogeneity.
Forest plots for each meta-analysis show that the central
tendency for the effectiveness of FDG-PET or amyloid-PET
for the early or differential diagnosis of dementia is above

85%, however the 95% confidence intervals for studies FDG-
early diagnosis reveal a lower degree of uncertainty with
respect to amyloid-early diagnosis (see Figures 1(a) and 1(b)).

4. Discussion

Clinical, pathologic, and genetic evidence indicate that the
primary dementias have different underlying aetiologies and
pathogenetic mechanisms. Treatment approaches of these
conditions are different and hopefully will be even more so
in the future. Thus, accurate diagnosis is critical in order
to maximize the efficacy and appropriateness of specific
regimes. At present, best differential diagnosis of dementia
relies on histopathological observations, usually available
only at autopsy. When faced with a patient carrying a neu-
rodegenerative disease possibly causing dementia, current
guidelines suggest that the clinicianmust establish a probable
etiopathogenic diagnosis based on evidence available from
neurological and cognitive evaluation, blood tests, structural
MRI neuroimaging, and PET imaging [5–8]. Attempts to
differentiate between neurodegenerative diseases causing
dementia based in the early prodromal phase can be hard,
particularly when patients present with subtle prodromal
symptoms or with clinical-neuropsychological characteris-
tics that overlap between primary dementias or with an
atypical profile of symptoms. Therefore, establishing valid
and reliable markers of the main neurodegenerative diseases
causing dementia which are capable to identify specific
changes during the early clinical stages, or even in preclinical
stages as it happens in genetic forms of AD, is a pivotal and
strategical issue.

A decade ago, the American Academy of Neurology
regarded CT and MR imaging as “optional” examinations
for the diagnosis and evaluation of dementia [111]. This
view was counterbalanced by a Consensus of the European
Alzheimer Disease Consortium (EADC) in 2003, highlight-
ing the changing philosophy on the role of neuroimaging in
the dementia workup [112]. However, structural neuroimag-
ing techniques, even if widely accepted and of high-value
in the diagnosis and management, have no clear cut role
in the very early stage of the diseases and at individual
level. Attempts in measuring volumes of specific structures,
such as the hippocampal formation, have been undertaken
mainly in AD, with interesting results in group analysis, but
still with lack of consistent and validated cut-off scores for
individual analysis. In someneurodegenerative diseases other
than AD, such as diffuse Lewy-body disease, MRI might
present with multiple pattern of atrophy or even with null
results in early stages. Thus, in the temporal dynamics of
biomarkers in the Alzheimer’s pathological cascade, atrophy
represents the last phenomenon in comparison to biomarkers
of brain dysfunction, early neurodegeneration, and amyloid
deposition [46].

Functional neuroimaging techniques may aid in the
early diagnosis of neurodegenerative disorders and to clearly
support the final diagnosis. Positron emission topography
(PET) allows the investigation of both the measurement
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of cerebral glucose metabolism by 18F-2-fluoro-2-deoxy-
D-glucose (FDG) and the quantification of A𝛽 amyloid
deposition through specific molecular imaging techniques
involving radiopharmaceuticals binding to amyloid.

FDG-PET started to be used in AD about 30 years ago
[37] but its role in the diagnostic road map of Alzheimer
disease and related dementias has not gained general con-
sensus up to few years ago. In fact, both the “Dubois”
[5, 9] and the NIA-AA [6, 8] new diagnostic criteria have
included FDG-PET as a valid tool for biomarker measure of
neurodegeneration, by showing specific metabolic changes
that precede atrophy as detected with MRI. The basic con-
cept is that FDG-PET estimates glucose consumption at
the synaptic-astrocyte level [90] thus picking-up very early
changes already detectable even in asymptomatic subjects
at high risk for AD [113, 114]. In AD, the core of such
changes is the precuneus and the posterior cingulate cortex
[17, 19], the MTL structures that are mainly highlighted
with ROI-based than with voxel-based automatic approach,
and the association posterior lateral parietal and temporal
cortex. The same glucose utilization defect can be detected
in other regions in FTLD [115, 116]; primary progressive
aphasia (PPA) [117]; dementia with Lewy bodies (DLB) [88].
FDG-PET studies are therefore increasingly being used as
an adjunct in the initial clinical evaluation of patients with
suspected dementia, particularly to aid in early detection
[17] or when clinical diagnosis is doubtful. As shown by
the here included studies, voxel-based FDG-PET as in vivo
biomarker measure plays a key role in the identification
of early functional brain derangements. In this view, a
recently introduced term designed to define the spectrum
of cognitive function between healthy aging and dementia
is mild cognitive impairment (MCI). It was [118] who first
set out formal criteria for a diagnosis of MCI (subjective
complaint of memory loss; objective impairment of ability;
preserved general cognitive function; intact activities of
daily living; individual does not meet criteria for dementia).
People meeting these criteria are considered at higher risk
of developing AD compared to general population [119];
consequently, MCI is considered the optimal clinical stage
for both early detection and intervention of AD. More
recently, the position paper by the International Working
Group for New Research Criteria for the Diagnosis of AD [5]
further introduced new concepts and distinguished between
(i) preclinical states of AD, in which individuals are free of
symptoms, yet have either biomarker evidence of Alzheimer’s
pathology or a monogenic form of AD and (ii) prodromal
or predementia AD, referring to those clinically affected
individuals who do not have dementia yet but are diagnosed
to have AD on the basis of evidence of Alzheimer’s pathology
from biomarkers.

With regard to degenerative diseases such as AD, physi-
cians’ confidence in diagnosing dementia can be undermined
by several factors such as young age of onset, high education
level (where neuropsychological tests can fail to reveal a
subtle, despite substantial, cognitive decline), atypical presen-
tation, and presence of psychiatric or cognitive comorbidities.
The information provided by FDG-PET can therefore satisfy
a fundamental need not only as a disease confirmatory

test (high sensitivity) but also as an exclusion test (high
specificity), especially in the early stage of the disease.

On this regard, an international consortium of investiga-
tors argued that, due to its high sensitivity, a negative (i.e.,
normal) FDG-PET scan strongly favors a normal outcome at
followup [1, 10].

Two decades of 18F-FDG-PET studies in neurodegen-
erative diseases provided evidence for specific metabolic
patterns [3].

Teune and colleagues [2] in a large study focusing on
patients who had an FDG-PET scan at an early disease stage
(96 patients: 20 patients with Parkinson’s disease (PD), 21
with multiple system atrophy (MSA), 17 with progressive
supranuclear palsy (PSP), 10 with corticobasal degeneration
(CBD), 6 with dementia with Lewy bodies (DLB), 15 with
Alzheimer’s disease (AD), and 7 with frontotemporal demen-
tia (FTD)) summarized the typical metabolic dysfunction in
the different diseases. Each patient received a retrospectively
confirmed diagnosis according to strictly defined clinical
research criteria. FDG-PET images of each patient group
were analyzed and compared with healthy controls using sta-
tistical parametric mapping (SPM5). The authors concluded
that a combined method, including clinical information
and voxel-based analysis technique, can discriminate patient
groups across a spectrum of various neurodegenerative brain
diseases, also at early disease stages. This implies that an
early and more accurate diagnosis in individual patients can
be made by comparing each subject’s statistical objective
map of brain glucose metabolism with a validated disease-
specific hypometabolic pattern arising in specific brain areas,
naturally grounded in a detailed clinical frame.

In the context of initial diagnosis, the exclusionary role
of FDG-PET is especially clear in younger subjects with a
suspicion of neurodegenerative disease. The high specificity
of FDG-PET in AD, FTLD, and DLB implies that a negative,
or normal, scan in the presence of the suspicion of demen-
tia makes a diagnosis of a neurodegenerative disease very
unlikely.

Based on the specificity of functional imaging with
18F-FDG-PET that measures synaptic dysfunction in dif-
ferent networks, depending on the underlying pathology,
and on the sufficiently large body of evidence in the literature,
we strongly claim that 18F-FDG-PET should be considered an
essential component of the diagnostic workup of early onset
dementia.

With regard to amyloid-PET, its potential clinical useful-
ness is strictly based on the assumption that early cerebral
amyloidosis is virtually always detected in subjects on the
path of AD. Even if there are still controversies about the
so-called “amyloid hypothesis” in the pathogenesis of AD
[120], the fact remains that amyloidosis is practically a held
prerequisite for the diagnosis of AD. Nowadays, probably no
physician would be highly confident with the diagnosis of
AD in a patient in whom cerebral amyloidosis has not been
confirmed. According to the temporal biomarker cascade
hypothesis [52], brain amyloidosis would be a very early
phenomenon, already detectable many years before the onset
of symptoms.
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As for differential diagnosis, amyloid-PET is less use-
ful for the identification of DLB because most patients
with this disease show brain amyloidosis that cannot be
distinguished from that of AD patients [120]. In clinical
practice, when a subject is evaluated because of cognitive
symptoms, even if subtle, the demonstration of high brain
amyloid load should strongly suggest one of the two main
forms of neurodegenerative disease with amyloidosis, that
is, AD or DLB. The topographic pattern of amyloid depo-
sition is similar in these two conditions, but the pattern
of neurodegeneration harbors significant differences because
glucose hypometabolism specifically and extensively affects
the occipital lobes in DLB and just marginally in ADwhereas
MTL hypometabolism, which is the classical fingerprint
of AD, is seldom found in DLB [121]. Still in doubtful
cases, the demonstration of nigrostriatal dopamine trans-
porter deficit leads to identifying DLB with high accuracy
[122].

Further, at least in AD, brain amyloid deposition seems
to be a very early phenomenon and rather rapidly reaches
a “plateau” at the time cognitive deficits become detectable
[123], thus mirroring A𝛽 1–42 levels in cerebrospinal fluid
[124]. As such, the amount of amyloid deposition, along
with A𝛽 1–42 levels in cerebrospinal fluid, should not be
viewed as an accurate index of disease progression. As a
matter of fact, there is evidence that cognitive decline is much
more related to the markers of neurodegeneration rather
than to severity of amyloidosis, thus arguing for a higher
sensitivity of PET-FDG and CSF levels of Tau and Phospho-
Tau.

In the literature, visual inspection of amyloid burden
has been reported to parallel the accuracy by quantifica-
tion of the uptake (e.g., SUVR; see [34]). Other results,
however, reported different findings (see [29]). It is of
note that this may be true when discriminating mild to
moderate AD with conditions in which amyloid retentions
are null or nonsignificant (e.g., FTLD spectrum). When
comparing early stages of AD pathology (MCI versus AD
or even preclinical AD conditions), the methods based
on quantification or semiquantification acquire relevance
and might become mandatory. Typically, when considering
patterns of accumulations in MCI during a follow-up period,
quantitative analysis shows their power to detect changes
[125].

In addition, while the in vivo detection of A𝛽 amyloid
is gaining ground in the diagnosis of AD especially in MCI
patients, the meaning of a positive PET scan in nondemented
patients remains yet unclear. In our opinion, quantitative
amyloid-PET scans, better defining the amount of amyloid
load in these individuals, can prevent a positive amyloid
scan to become a de facto diagnosis of AD. A paper from
Mintun and colleagues [126] focused on this aspect by using
11C-PiB PET scan in 41 nondemented subjects and 10 AD
patients. Results showed that, globally, patients had greater
uptake ratios, although 4 of the controls had cortical binding
values that were comparable to those of AD patients, thus
supporting the hypothesis that amyloid imaging could be
used to detect preclinical stages of AD. A similar result has
been described more recently by Mormino and coworkers

[108] who found that the 15% of a large cohort of elderly
HC showed positive 11C-PiB uptake ratios. The clinical
significance of these observations is still unclear and only
long-term follow-up studies can clarify it. On the basis of the
data available to date, it appears that these apparently healthy
subjects with high amyloid load are likely to be on the path
of AD, although we still ignore the time span from amyloid
deposition and onset of first cognitive symptoms [46]. There
is strong debate about the fate of “healthy” controls who
displayed a positive amyloid-PET scan as we still ignore the
time needed for an asymptomatic subject with amyloidosis to
develop cognitive signs/symptoms. The time span has been
indicated in a modeling of AD in the order of 10 years [46],
but how to predict this time on an a real individual basis is
still unknown. Noteworthy, recent evidence in individuals at
risk for developing AD showed significant amyloid burden
in autosomal dominant familial AD, even 15-16 years prior
expected/predicted symptoms onset [113, 127] or 17 years
before in sporadic AD cases [128]. The “nun” study has
demonstrated that at least some individuals die with high
brain amyloid load, but without any cognitive symptom
or sign [129]. The biological evidence of amyloid load in
human brains extended to elderly health individuals. This
also implies ethical issues regarding what to communicate
to an healthy volunteer found to be amyloid positive during
clinical trials [130].

But just in this context of brain amyloidosis without
symptoms, the demonstration of early signs of neurode-
generation in specific sites using voxel-based FDG-PET
would be of great value. Starting from the observation that
FDG-PET can be positive several years before the onset of
dementia [64, 65], it would be possible to narrow the time
of uncertainty in asymptomatic subject with amyloidosis. In
other words, cognitively normal subjects showing cerebral
amyloidosis through PET amyloid tracers along with glucose
hypometabolism at specific sites would be at very high risk
of developing a dementia process within few years. On the
other hand, in a symptomatic patient with a suspicion of early
AD, it has been proposed that amyloid-PET should precede
any other evaluation just after morphological MRI [131] as
a positive scan would strongly support the diagnosis of AD,
thus avoiding most of the other diagnostic procedures, while
a negative amyloid-PET scan would lead to search for other
causes. Of utmost importance is the possibility to scan with
amyloid-PET subjects in the MCI stage which represents a
significant step toward the selection of groupswith earlier AD
for clinical trials. This would avoid including patients with
a misdiagnosis and give experimental drugs the chance to
be tested at the very onset of symptoms instead of when the
disease has been already too progressed. While the potential
of amyloid-PET is not a matter of debate in research, its
misuse in clinical sets needs a careful regulation in order to
give a proper role and a specific clinical context to this tech-
nique. That is why, recently, the Society of Nuclear Medicine
andMolecular Imaging and the Alzheimer’s Association have
jointly convened the Amyloid Imaging Task Force (AIT) and
published the AppropriateUse Criteria for amyloid-PET [132,
133].They provided the appropriate use criteria for Amy-PET
inwhich the circumstances for executingAmy-PET are listed.
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According to those, Amy-PETwill be appropriate for patients
with persistent or progressive unexplainedMCI, or satisfying
core clinical criteria for possible AD (i.e., atypical clinical
course or etiologically mixed presentation; for patients with
atypically young-onset dementia). Crucially, the AIT also
define the inappropriate use of amyloid-PET in the following
conditions: (1) in patients with core clinical criteria for
probable AD and with typical age of onset; (2) determination
of dementia severity; (3) positive family history of dementia
or presence of apolipoprotein E (APOE) 𝜀4; (4) in patients
with a subjective cognitive complaint that is unconfirmed
on clinical evaluation; (5) as an alternative to genotyping for
suspected autosomal mutation carriers; (6) in asymptomatic
individuals; (7) nonmedical uses such as (legal, insurance
coverage, or employment screening).

In conclusion, on the basis of the present survey and also
on the meta-analyses and GRADE analysis, we showed that
there is moderate quality evidence for the effects of both
modalities of PET imaging (FDG and Amyloid) in the early
diagnosis of AD and conversion prediction, and, equally,
moderate quality evidence for the differential diagnosis of
patients with AD and the other major neurodegenerative
dementia (i.e., DLB and FTLD). The three meta-analyses
conducted through the three categories of studies (early
diagnosis, disease progression and differential diagnosis), as
remarked in the Results section, yielded significant results.
Summary sensitivity effect measures were 0.86 for 18F-FDG-
PET (1322 cases), 0.91 for amyloid-PET (797 cases), and
0.90 for differential Diagnosis (1011 cases). Therefore, on the
basis of the studies included in the present survey, amyloid-
PET seems to be more sensitive than 18F-FDG-PET in early
diagnosis of AD. It is of note that our analysis included a
sample of patients investigated by 18F-FDG-PET larger than
the cohort investigated by amyloid-PET. Hence, even if the
effect measure is lower, we can interpret that result as more
robust. In addition, the grade analysis classified more 18F-
FDG-PET studies as M (moderate,𝑁 = 7) than for amyloid-
PET (𝑁 = 5) that is coherent with the previous claim. Lastly,
as anticipated in Results section, the 95% confidence intervals
for 18F-FDG-PET early diagnosis and disease progression
reveal a lower degree of uncertainty with respect to amyloid-
PET early diagnosis (see Foster plots, Figure 1). For these rea-
sons, we can definitely conclude that both the topographical
and pathological PETmarkers are very accurate and sensitive
to early diagnosis of AD, as well as to differential diagnosis
with other dementia (e.g., FTD or DLB) when appropriate
data analysis at single subject level is performed.

This survey and GRADE analysis show a good overall
quality of evidence for PET functional (FDG) and molecular
(amyloid) imaging in early and differential diagnosis of AD,
on the basis of voxel-based or parametric data quantifications.
This approach will allow net benefits in terms of diagnostic
and prognostic value of the information provided by PET
imaging considering its sensitivity and accuracy.
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The neuropsychological tests in patients with internal carotid artery (ICA) demonstrated cognitive deficits associated with frontal
lobe dysfunction, but the pathophysiological mechanism of memory impairment is not fully understood. This study evaluated
relationship between degree of ICA stenosis and frontal activations induced by working memory (WM) task using fMRI. The
fMRI data of 21 patients with unilateral ICA stenosis (left/right, 11/10) and 21 controls were analyzed. In comparison with controls,
ICA patients demonstrated significant activations in middle frontal gyrus (MFG) bilaterally, particularly in left MFG. In right ICA
stenosis, there was slightly less MFG activation than that of controls. Importantly, lower MFG activity was associated with higher
stenosis of ipsilateral ICA. For left ICA stenosis, weaker activation in left MFG was negatively correlated with degree of stenosis.
Similarly, for right ICA stenosis, there was a significant negative correlation between right ICA stenosis and weaker activation of
right MFG. Cognitive impairments in ICA stenosis were associated with frontal lobe dysfunctions. Left ICA stenosis had worse
WM impairments than right ICA stenosis, which was affected by the degree of stenosis.

1. Introduction

Cerebrovascular diseases are associated with cognitive
decline and dementia. Patients with occlusive diseases of
the internal carotid artery (ICA) are at risk for cognitive
impairment [1–3]. A systematic review of cognitive disorders
in ICA patients finds subtle cognitive deficits in 70% of
the studies reviewed [4]. Therefore, some patients may be
in a preclinical stage of vascular dementia. Particularly,
patients with carotid artery disease who have suffered a
transient ischemic attack (TIA) can have lasting cognitive
impairment, even without visible ischemic lesions on MRI
[5, 6]. Similarly, neuropsychological tests show cognitive
deficits in working memory (WM), attention, reasoning,
psychomotor speed, and executive functions; frontal lobe
dysfunction has been a consistent finding [4–7]. WM
is the brain system that maintains a limited amount of

information for short periods of time and manipulates that
information [8]. The frontal cortex is involved in WM tasks
with asymmetric activations in the left and right hemispheres
during verbal and nonverbal WM tasks [9, 10]. Furthermore,
several studies reported worse memory impairment in
patients with left carotid artery disease than those with right
carotid artery disease. The different patterns observed argue
against that high-grade stenosis of ICA is simply a marker
for vascular disease and its risk factors [6, 11, 12]. To date, the
cognitive functions of carotid occlusive disease have been
assessed using neuropsychological tests [4–7, 11, 13]. Various
cognitive functions have been linked to specific brain regions.
However, previous neuropsychological tests are not able to
precisely reveal cognitive deficits in specific brain regions
involving particular tasks. Therefore, the pathophysiological
mechanism of memory impairment is not fully understood.
Recently, functional magnetic resonance imaging (fMRI)
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has increasingly been used to study cognitive function
in humans. It has been explored for elucidating cognitive
impairment mechanisms, especially WM impairment.

Wehypothesized that brain dysfunctionWMimpairment
in patients with symptomatic ICA disease; and specifically
that the differences in brain dysfunction between left and
right ICA disease were associated with the degree of stenosis
in ipsilateral ICA, and the functional differences between
left and right frontal lobes. Therefore, the purpose of the
present study was as follows: (1) to investigate the abnormal
frontal activations of digit WM in patients with ICA steno-
sis/occlusion and ipsilateral TIA and (2) to investigate the
relationship between the activations in the frontal and the
degree of ICA stenosis using fMRI.

2. Subjects and Methods

2.1. Subjects. This study was comprised of 49 consecu-
tive patients who were assessed for neurocognitive effects
of symptomatic carotid artery disease in the Department
of Neurology. Symptomatic carotid stenosis is defined as
stenosis having caused ischaemic events in the ipsilateral
eye (transient monocular blindness) or cerebral hemisphere
(transient ischaemic attack or stroke) in the past 6months [14,
15].The study protocol was approved by the local Institutional
Review Board and written informed consent was obtained
from all of subjects. 21 patients with symptoms of transient
ischemia (lasting <24 hours) were enrolled. As determined
by the use of a transcranial Doppler (TCD) or angiography,
these patients demonstrated high-grade stenosis (70–99%)
or unilateral internal carotid artery (ICA) occlusion. All
patients had experienced at least one TIA and symptoms
had occurred, at most, 6 months before inclusion in the
study. All patients had normal intelligence; however, their
total memory scale scores (𝑀 = 72.54 ± 21.96) on the
Clinical Memory Scale (CMS) were lower than the healthy
subjects (𝑀 = 88.54 ± 14.57) [16, 17]. The handedness of
the subjects was assessed using the Edinburgh inventory [18].
The exclusion criteria included left-handedness; contralateral
ICA occlusion or high-grade stenosis (≥70%); large infarct
infarction ormultiple lacunar infarctions (≥3) onMRI; severe
white matter lesions (≥ Grade 3) on MRI, especially lacunar
infarcts involved middle frontal gyrus and white matter
lesions overstep the immediate subependymal region of the
ventricles; history of other brain diseases; deafness and/or
blindness. The severity of leukoaraiosis (LA) was graded
using the visual rating scale proposed by Sakakibara et al.
[19]. These patients were divided into two groups: left ICA
stenosis or occlusion (𝑛 = 11, age range from 39 to 75
years, mean age 59.45 ± 11.72 years) and right ICA stenosis
or occlusion (𝑛 = 10, age range from 38 to 70 years, mean age
56.10 ± 10.86 years) based on the TCD or digital subtraction
angiography (DSA) study. The control group consisted of
21 healthy volunteers (age range was 33–69 years and mean
age was 54.64 ± 11.85 years). These subjects were age- and
education-matched to the patients (age: 𝑡 = 1.67, 𝑃 >
0.05; education: 𝑡 = 1.74, 𝑃 > 0.05). In the control
group, carotid artery disease and intracerebral lesions were

excluded by TCD and MRI examinations. All subjects were
administered a battery of neuropsychological tests involving
auditory digital memory and visual digital memory [20, 21].
All patients were found to have impairedWMcomparedwith
the control group.The demographic data of the study subjects
were shown in Table 1.

2.2. MRI Data Acquisition. Scanning was performed on
a 3.0-Tesla whole-body scanner (Trio Tim, Siemens). A
T2-weighted (TR/TE: 3830ms/98ms; flip angle: 180∘; slice
thickness 5mm; gap: 5mm; FOV: 230mm × 218mm; matrix:
179 × 320) image was acquired for exclusion of intracranial
lesions. High-resolution 3D magnetization prepared rapid
gradient echo imaging (MPRAGE) and anatomical images
(TR/TE: 1970ms/3.93ms; flip angle: 15∘; thickness 1.70mm;
gap: 0.85mm; FOV: 250mm × 250mm; matrix: 448 × 512)
of the entire brain were obtained before the functional
images were acquired. A T2∗-weighted gradient-echo echo-
planar imaging (EPI) sequencewas used to acquire functional
images with 30 axial slices (TR/TE: 2000/30ms; flip angle:
90∘, thickness: 5mm; gap: 0mm; FOV: 240× 240mm;matrix:
64 × 64).

2.3. Working Memory Tasks. All subjects were required to
perform a 3-item delayed-match-to-sample task with digit
items [22, 23]. A fast event-related design was adopted. For
the digital task the stimuli, ten different one-digit numbers
(0–9), were projected randomly onto the center of a screen on
the head coil. Subjects responded by pressing a keypad with
their thumbs as quickly and accurately as possible. Prior to
the MRI examination, all subjects were trained to perform 2
practice trials to ensure that they fully understood the tasks. A
single trial of this digit working memory task is schematized
in Figure 1. At the beginning, subjects were required to
memorize a set of three items sequentially. Each item was
shown for 500 milliseconds (ms) on the center of the screen
with two 250ms blank intervals in between each item. After
the third item disappeared from the screen, an interruption
mark was presented for 4 s, 6 s, or 8 s, respectively. Subjects
were told to focus on the screen and hold the stimulus items
in mind. The duration of the interruption mark presentation
was randomly selected. Finally, a probe appeared for 1500ms
that contained half of the items presented in the previous
set. Participants were instructed to press a button to decide
whether or not the probe was the same as one of the three
previously presented items (left hand indicated “Yes” and
right indicated “No”). Reaction time and accuracy of the
response were recorded during the scans for each subject.
There were intertrial intervals (ITI) that consisted of a
presentation of a blank screen. These intervals were used as
a baseline epoch.The duration of ITIs ranged from 2 s to 14 s.
The duration of each task was 8min and 28 s and included 30
trials.

2.4. fMRI Data Analysis. The fMRI data were preprocessed
and statistically analyzed using the Analysis of Functional
Neuroimages (AFNI) software [24]. The first four scans for
each participant were excluded from data to minimize the
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Table 1: Demographic characteristics of patients and controls.

Left ICA (𝑛 = 11) Right ICA (𝑛 = 10) Control (𝑛 = 21)
Age, years (mean ± SD) 59.45 ± 11.72 56.10 ± 10.86 54.64 ± 11.85

Gender M/F 8/3 3/7 11/10
Education, years (mean ± SD) 10.36 ± 4.03 11.60 ± 2.72 12.00 ± 2.95

Auditory digital memory (mean ± SD) 88.48 ± 8.16 89.63 ± 7.39 97.34 ± 3.28

Visual digital memory (mean ± SD) 90.37 ± 6.02 91.44 ± 6.71 98.02 ± 3.15

Severity of vessel stenosis
70–99%, 𝑛 8 5 /
Occlusion, 𝑛 3 5 /

Hypertension, 𝑛 5 4 /
Hypercholesterolemia, 𝑛 1 2 /
Diabetes, 𝑛 1 1 /
Heart disease, 𝑛 1 1 /
Smokers, 𝑛 2 2 /
White matter lesions, 𝑛 6 5 /

+
5

5

3

7 ?

250ms
250ms

500ms
500ms

500ms

1500ms4 s/6 s/8 s

Figure 1: Digit working memory task.

transit effects of hemodynamic responses. Functional images
were corrected for head motions by aligning all volumes to
the fifth volume using a six-parameter rigid-body transfor-
mation. Statisticalmapswere spatially smoothedwith a 6mm
full width at half maximum (FWHM) Gaussian kernel.

We analyzed the brain activities of working memory
relative to the baseline of the resting period during the ITI.
Individual anatomical images and functional t-maps were
coregistered to the standard Talairach and Tournoux space
[25]. All images were resized to 3mm × 3mm × 3mm voxel.
At the group level, the threshold of group maps was set at a
voxel level of 𝑡 > 2.040 (𝑃 < 0.005, number of voxels > 14)
with a spatial extent correction.This threshold corresponded
to an overall 𝛼 < 0.05 of family-wise error rate, as calculated
with AlphaSim (http://afni.nimh.nih.gov) for all intracranial
voxels in the image volumes. Previous WM studies have
found that the bilateral frontal lobes play an important part in
processingWM information [9, 10, 23, 26, 27]. For this reason
we focused on the frontal lobes as our regions-of-interests
(ROIs), to explore the relationship between the behavioral
data ofWM and the functional activation of ICA disease.The
ROIs were defined functionally as spheres with a 6mm radius
on the basis of activation clusters in the bilateral frontal lobes
from the group analysis (see Section 3). The peak activation
coordinates from the cluster of the contrast analysis were
selected as the center of each ROI. Then, these ROIs were
employed as masks to extract the mean percent signal change

Table 2: Reaction time and accuracy of a digit workingmemory task
in all subjects.

Left ICA
(𝑛 = 11)

Right ICA
(𝑛 = 10)

Control
(𝑛 = 21)

RT (ms) 1159.33 ± 310.28∗ 1099.83 ± 208.19∗ 983.28 ± 107.34
RA (%) 82.61 ± 19.42∗ 83.21 ± 20.67

∗
97.14 ± 4.32

Data are presented as mean ± SD. ∗𝑃 < 0.05 compared with controls.

(averaged over the ROI) in the blood oxygen level dependent
(BOLD) response.

2.5. Statistical Analysis. Neuropsychological data were ana-
lyzed using SPSS 11.0 computer software (SPSS Inc., Chicago,
IL). The characteristics of patients and controls were com-
pared using analysis of variance (ANOVA). The correlations
between response time (RT), response accuracy (RA) of digit
WM task, activation intensity within the defined frontal
ROI, and the degree of ICA stenosis were analyzed using a
Pearson’s correlation.

3. Results

All subjects completed the fMRI digit task. The left and
right ICA stenosis or occlusion patients showed significantly
weaker (left: 𝑃 = 0.032; right: 𝑃 = 0.041) and less accurate
responses (left: 𝑃 = 0.039; right: 𝑃 = 0.043) than those of the
control subjects (Table 2). Higher degrees of left ICA stenosis
were positively correlated with RT (𝑟 = 0.412, 𝑃 = 0.042), but
not with RA (𝑟 = −0.243, 𝑃 = 0.436). Higher degrees of right
ICA stenosis were not correlated with either RT (𝑟 = 0.247,
𝑃 = 0.424) or RA (𝑟 = −0.108, 𝑃 = 0.671).

The control group revealed a domain area of activation
in the bilateral middle frontal gyrus (MFG), frontal gyrus,
and supplementary motor area involving digit WM task. The
peak of the activation was located in the bilateral MFG. The
digitWM task induced significantly asymmetrical activations
in the MFG (peak coordinate: (−31, 31, 23), 𝑡 = 5.915)
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Table 3: Medial frontal gyrus activations for a digit working memory task in subjects.

Left MFG Right MFG
Voxels Peak (𝑥, 𝑦, 𝑧) 𝑡 value Voxels Peak (𝑥, 𝑦, 𝑧) 𝑡 value

Control 475 −31, 31, 23 5.915 294 34, 46, 32 5.085
LICA 241 −22, 46, 29 4.791 47 22, 19, 35 3.221
RICA 152 −34, −1, 47 3.506 15 −28, 1, 53 3.036
Control-LICA 129 −28, 34, 23 3.341 217 28, 28, −32 3.915
Control-RICA 26 −31, 31, 23 2.962 21 34, 46, −29 2.521
MFG: medial frontal gyrus; LICA: left internal carotid artery; RICA: right internal carotid artery.

and volume (475 voxels) in the left MFG. The left and right
ICA groups showed similar activity clusters compared with
those of the control group. MFG activations for digit WM
task in subjects were listed in Table 3. A direct comparison
between left ICA patients and control subjects revealed that
the patients had significantly less activations in the left MFG
and slightly less activations in the right MFG (Figure 2(a)).
Right ICApatients demonstrated slightly less activation in the
right MFG than control subjects (Figure 2(b)).

We selected the bilateral MFG for further ROI analysis.
For the left ICA patients, there was a significant negative
correlation between ICA stenosis and activation intensity in
the left MFG (𝑟 = −0.795, 𝑃 = 0.009), but not in the
right MFG (𝑟 = −0.254, 𝑃 = 0.264). By contrast, there
was a significant negative correlation between the right ICA
stenosis and activation intensity in the right MFG (𝑟 =
−0.483, 𝑃 = 0.041), but not in the left MFG (𝑟 = −0.287,
𝑃 = 0.218). Correlation graphs of MFG activation and ICA
stenosis are displayed in Figure 3.

4. Discussion

The results from this study suggested that patients with
left ICA disease have more severe frontal lobe dysfunctions
than those of age- and sex-matched controls. Compared
with controls, the right ICA patients found slightly less
activation in the right MFG. Such weaker MFG activity was
also associated with a higher stenosis of ipsilateral ICA. A
significant negative correlation was found between left ICA
stenosis and activation of left MFG in the left ICA patients.
Similarly, there was a significant negative correlation between
the right ICA stenosis and activation of right MFG in right
ICA patients.

Behavioral studies have reported impaired frontal lobe
function in patients with ICA disease. Patients demonstrated
WM impairments by neuropsychological assessments [4–7,
11, 13]. In addition, results from fMRI and positron emission
tomography (PET) imaging suggest that the frontal cortex
plays a critical role in the WM [9, 10, 23, 26, 27]. MFG is
the core region involving WM. Our results indicated that
the activation of MFG (especially left MFG) is key region
participant in digit WM. However, compared with controls,
MFG activation was weaker in patients with left or right
ICA disease. This finding demonstrates the ability of fMRI to
detect abnormal frontal lobe activation in patients with mild
cognitive impairment.

y = 29

R L

Z = 26 Z = 30 Z = 34

(a)

0 5

y = 32

t value

Z = 23 Z = 27 Z = 31

(b)

Figure 2: fMRI results for a digit WM task. (a)The left ICA patients
showed significantly less activation in the leftMFG as well as slightly
less activation in the right MFG than control subjects. (b) The right
ICA patients showed slightly less activation in the right MFG only
than control subjects.

ICA disease may cause cognitive impairment but the
mechanisms involved are poorly understood. Our results
suggest that frontal lobe dysfunction may be one of the
possible mechanisms. Since fMRI is based on hemodynamic
coupling in activated brains, our results also imply that per-
fusion responses may be involved. Previous studies propose
that compromised frontal lobe perfusion may be a cause
of cognitive impairment in patients with ICA disease. Thus
there is the suggestion that restoring, or at least improving,
frontal perfusion with carotid endarterectomy or carotid
artery stenting may enhance cognitive function [28, 29]. In
this study, we did not examine changes in cerebral blood
flow in our subjects. Future studies combining fMRI with
perfusion imaging may be helpful for investigating this
hypothesis.

Two forms of WM, namely, verbal and nonverbal WM,
have been found to be asymmetrically represented in the left
and right frontal cortex; however, this left-right specialization
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Figure 3: Relationship between MFG activation and the degree of ICA stenosis. (a) A significantly negative correlation was found between
left ICA stenosis and lower activation intensity in the left MFG (blue), but not in the right MFG (red). (b) A significantly negative correlation
was found between right ICA stenosis and lower activation intensity in the right MFG (red), but not in the left MFG (blue).

is relative [9, 10]. The digit WM is one of the most frequently
used verbal WM tasks. Prior WM studies of digit task
ability revealed activation within the MFG [23, 26]. In this
study, digitWM in the control group demonstrated increased
fMRI activation in the left MFG. This pattern of asymmetric
activation in theMFGwas disrupted in patients with left ICA
disease. These patients presented with decreased activations
in the bilateral MFG, especially in the left MFG, compared
with the control group. In contrast, patients with right ICA
disease retained the asymmetric pronounced left activation
in the MFG. fMRI in the patient group showed no significant
difference in the left MFG compared with the control group;
however, there was less activation in the right MFG of
patients. These fMRI results suggest that the left side of the
ICAmay reflect the left dominant frontal cortex in digitWM.
For verbal WM, frontal dysfunction was worse in patients
with left ICA disease than those with right ICA disease.
Our results are consistent with previous neuropsychological
findings which have reported that a higher degree of stenosis
of the left ICA was associated with cognitive deficits and
cognitive decline in the left cerebral hemisphere. However
no such correlation was observed in right ICA stenosis [6,
11]. Additionally, even asymptomatic patients with left ICA
stenosis appear mainly to have verbal deficits [11, 30].

A graded relationship has been shown between some
neuropsychological tests and the degree of stenosis [31].
In the present study, the degree of left ICA stenosis was
positively correlated with RT of digit WM. No correlation
was found in right ICA disease. It is noted that the speed

of decision making was reduced in patients with left ICA
disease. The degree of left ICA stenosis was associated with
lower activation in the left MFG, whereas the degree of right
ICA stenosis was associated with lower activation in the right
MFG. Previous fMRI studies of letter WM have suggested
that increased intimal-medial thickening of the carotid wall
is associated with lower signal intensity in MFG [27]. Viewed
in combination, these findings not only suggest ICA stenosis
as an independent risk factor for cognitive impairment, but
may also be consistent with the idea that the degree of ICA
stenosis may be amarker of cognitive decline in symptomatic
patients.

In conclusion, our study suggests that cognitive impair-
ments may be related with frontal dysfunctions in patients
with symptomatic ICA disease. In the present study, patients
with left ICAdisease demonstratedworse verbalWM impair-
ments due to more severe left frontal dysfunction. We also
found that the degree of ICA stenosis may affect the severity
of WM impairment. Further studies are warranted, perhaps
utilizing multimodality MRI techniques such as perfusion
and spectroscopy, in order to elucidate the mechanisms and
markers of cognitive impairment in patients with symp-
tomatic ICA disease.
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Previous studies reported discrepant white matter diffusivity in mild traumatic brain injury (mTBI) on the base of Glasgow Coma
Scale, which are unreliable for some TBI severity indicators and the frequency of missing documentation in the medical record. In
the present study, we adopted theMayo classification system for TBI severity. In this system, themTBI is also divided into two groups
as “probable and symptomatic” TBI. We aimed to investigate altered microstructural integrity in symptomatic acute TBI (<1 week)
by using tract-based spatial statics (TBSS) approach. A total of 12 patients and 13 healthy volunteers were involved and underwent
MRI scans including conventional scan, and SWI and DTI. All the patients had no visible lesions by using conventional and SWI
neuroimaging techniques, while showing widespread declines in the fractional anisotropy (FA) of gray matter and white matter
throughout the TBSS skeleton, particularly in the limbic-subcortical structures. By contrast, symptomatic TBI patients showed
no significant enhanced changes in FA compared to the healthy controls. A better understanding of the acute changes occurring
following symptomatic TBImay increase our understanding of neuroplasticity and continuing degenerative change, which, in turn,
may facilitate advances in management and intervention.

1. Introduction

Mild traumatic brain injury (mTBI) is one of the most com-
mon injuries seen in emergency departments [1]. Approxi-
mately 15 to 30% of mTBI patients will experience kinds of
cognitive and clinical symptoms known as the postconcus-
sion syndrome (PCS) and do not resolve following the first
3 months after injury [2]. Furthermore, in some cases, the
PCS-related complaints last several months to years, leading
to even long-term disability [3]. TBI is one of the most
consistent candidates for initiating the molecular cascades
that result in Alzheimer’s disease (AD), Parkinson’s disease
(PD), and amyotrophic lateral sclerosis [4]. The debate about
the pathophysiology of mild TBI and its neurobehavioural
symptomatology comes from psychogenic or physiogenic
origin that has been strongly argued. Since these symptoms

may be derived frommore subtle neurological alterations and
cannot be detected by only using conventional neuroimaging
techniques such as conventional CT and MRI [5], recent
upsurge of interest has been directed toward developing both
diagnostic and prognostic biomarkers that can predict which
individuals are relatively more likely to progress clinically.

Diffusion tensor imaging (DTI) is a technique that makes
it possible to investigate whitematter in vivo, since it provides
information about white matter anatomy unavailable by
any other method—either in vivo or in vitro [6]. Recent
study suggests that subtle white matter abnormalities can be
better detected by DTI than by conventional imaging [7].
These subtle abnormalities were potentially responsible for
persistent postconcussive symptoms.

Taking the advantages of DTI, growing studies have
focused on the correlation between structural integrity and
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mTBI recently. However, it was still unclear how these
structural pictures evolved in mTBI patients. Arfanakis
and coworkers firstly used DTI to investigate diffuse
axonal injuries in acute mTBI (within 24 h of injury) and
pointed out no significant mean diffusivity (MD) differences
between mTBI patients and controls but attenuated frac-
tional anisotropy (FA) in corpus callosum and the internal
capsule in patients with mTBI [8]. Other study aimed to
evaluate the correlation of the changes in FA and individual
behavior performance. Niogi et al. found that subacute and
chronic mTBI patients showed significant losses of FA in the
left anterior corona radiate and uncinate fasciculus, which
were significantly correlated with individual performances
in attention control as well as memory, respectively [9].
And they inferred that FA can be used as a biomarker for
neurocognitive function and dysfunction [10]. In addition, a
longitudinal investigation demonstrated thatmTBIwas noted
as a significant increase in fractional anisotropy and decrease
in radial diffusivity in several left hemisphere tracts, and these
trends even occurred after 3 to 5 months after injury [11].
Another study further explored that acute and chronic mTBI
patients showed heterogeneous changes in the FA [12], and
the main changes in FA for acute mTBI were significantly
correlated with their postconcussion symptoms [13].

These discrepant findings do not necessarily conflict with
each other, as there are many sources of variability inherent
in MRI investigations that may contribute to the reported
differences. Of various factors, one major effect is derived
from the subtle difference in physiological state of mTBI.
Previous study often adopted single indicators such as the
Glasgow Coma Scale to classify different stages of TBI. How-
ever, this measure is often unreliable for some TBI severity
indicators and the frequency ofmissing documentation in the
medical record. In the present study, we adopted the Mayo
classification system for TBI severity [14]. In this system,
the mTBI is also divided into two groups as “probable and
symptomatic” TBI.

In the present study, we aimed to investigate altered
microstructural integrity in symptomatic acute TBI by using
tract-based spatial statics (TBSS) approach.We hypothesized
that (1) significant altered microstructural integrity occurred
in the symptomatic acute TBI. (2) Though previous DTI
studies have generally demonstrated lower integrity of white
matter tracts in frontal and temporal regions in mTBI,
we predicted the loss of integrity of limbic-subcortical in
acute symptomatic TBI patients which were associated with
emotional as well as executive dysfunction.

2. Materials and Methods

2.1. Participants. A total of 12 patients with acute symp-
tomatic TBI (10 male, mean age 35.7, range 19–50) were
recruited from the Emergency Department of An kang
Central Hospital. Inclusion criteria were (1) first-episode, (2)
symptomatic TBI defined according to the Mayo classifica-
tion system for TBI severity, and (3) acute stage of TBI (<1
week). Exclusion criteria of symptomatic TBI were defined as

Table 1: Demographic and injury characteristics of TBI.

Patient
ID Gender Age Education

(years)
Days after
injury Causes

1 F 38 4 6 Assaults
2 M 36 15 1 RTA
3 M 19 13 1 Assaults
4 M 50 5 7 Assaults
5 M 21 7 5 Falls
6 F 29 15 7 RTA
7 M 48 1 7 Falls
8 M 42 6 7 RTA
9 M 46 9 4 RTA
10 M 26 12 7 Assaults
11 M 23 9 7 RTA
12 M 50 9 7 Assaults
ATBI: traumatic brain injury;M:male; F: female; RTA: road traffic accidents.

current or previous drug or alcohol abuse, previous TBI, con-
traindications to MRI, penetrating injury, administration of
sedatives/psychotropic/antiepileptic medication, spinal cord
injury, neurological signs or multiple disabilities, history of
psychiatric or psychological or neurological disease, MRI
artifacts, and/or poor image quality. The control group
comprised 13 healthy volunteers matched by the age, sex,
and educational level. None had a history of neurological or
psychiatric diseases. Their demographic characteristics were
provided in Table 1. The study was approved by the local
medical research ethics committee and institutional review
board of local research ethics committees. All participants
gave written informed consents.

2.2. Image Acquisition. TheMRI protocol consisted of struc-
tural and functional images acquired on a 1.5 T SiemensMag-
netomAvantoMRI scanner. Image acquisitionwas as follows:
high-resolution T1-weighted anatomic images were obtained
(TR = 1900ms, TI = 1000ms, TE = 2.8ms, flip angle =
8∘, 144 contiguous slices of 1.0mm thickness, FOV = 256 ×
256mm2, andmatrix = 256 × 256). T2-weighted images were
obtained (TR = 4000ms, TE = 79ms, thickness = 5.5mm,
flip angle = 150∘, FOV = 230 × 230mm2, and matrix = 231 ×
384). SWI images were obtained (TR = 49ms, TE = 40ms,
flip angle = 15∘, 72 contiguous slices of 2.0mm thickness,
FOV = 230 × 230mm2, and matrix = 221 × 320). DTI scans
were obtained (TR = 7300ms, TE = 99ms, thickness = 3mm,
directions = 30, FOV = 256 × 256mm2, matrix = 128 × 128,
Averages = 2, and 𝑏-value = 1,000/0 s/mm2).

2.3. Clinical Imaging. Patients were assessed by using stan-
dard T2 MRI to assess evidence of focal brain injury and
SWI imaging to identify microbleeds, a marker of diffuse
axonal injury. A senior consultant neuroradiologist reviewed
all study MRI scans.
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2.4. DTI Statistical Analyses. Diffusion data were prepro-
cessed and analyzed using tools from the Oxford University
Centre for Functional MRI of the Brain (FMRIB) software
library (FSL Version 4.1). First, the b0 image of each subject
was skull-stripped using the brain extraction tool. The data
was corrected for subject motion and eddy-current-induced
geometrical distortions, and the diffusion sensitizing gra-
dients were rotated to correct for motion. Using FDT, the
diffusion tensor model was fit to the data, from which FA
images were calculated.

For tract-based spatial statistics (TBSS), all subjects’ FA
data was registered to a common space (the FA158 MNI
space template) using a combination of affine and nonlinear
registration. A mean FA image was created and eroded to
a skeleton and threshold at FA > 0.2. Each subject’s aligned
FA data were then projected onto this skeleton and the
resulting alignment-invariant representation of the central
trajectory of white matter pathways was used for voxelwise
statistical analysis (Randomize, 5000 permutations). The
contrast TBI < controls was examined using threshold-free
cluster enhancement (TFCE), with correction for multiple
comparisons at 𝑃 < 0.05.

3. Results

3.1. Demographic Results. Participants had to be between the
ages of 18 and 60. Injuries were secondary to road traffic
accidents (42%), assaults (42%), and falls (16%). Average
scanning time after TBI was 5.5 days (range 1–7 days; SD
2.32). For a detailed list ofmeans and demographic and injury
characteristics, please see Table 1.

3.2. Clinical Imaging of Data. All of 12 patients with symp-
tomatic TBI had a CT scan at the time of their emergency
room visit, but none of the CT scans were deemed to contain
trauma-related pathology by a nonblinded neuroradiolo-
gist. In addition, T2-weighted and SWI MRI images were
reviewed by a neuroradiologist blinded to patient diagnosis.
None of the patients had the well-defined evidence of lesion.
Therefore, all the patients had no visible lesions by using
conventional neuroimaging techniques.

3.3. Diffusion Tensor Imaging Scalar Analyses. Symptomatic
TBI patients showed a widespread decline in fractional
anisotropy (FA) of gray matter throughout the TBSS skeleton
(shown in Figure 1). These regions included the bilateral
frontal cortex (dorsal lateral prefrontal cortex, DLPFC;
orbitofrontal cortex, OFC), the limbic system (bilateral sub-
genual and perigenual anterior cingulated cortex, sACC and
pACC; bilateral posterior cingulate cortex, PCC; bilateral
amygdala and parahippocampal gyrus), subcortical regions
(bilateral caudate, claustrum, putamen, insula, and thala-
mus), occipital lobe (BA 7, 18, and 19), and temporal lobe
(BA 20 and 37). In addition, the cerebellum also presented
attenuated FA changes, primarily in the cerebellar lingual,
declive, and uvula; please see Table 2. However, symptomatic
TBI patients showed no significant enhanced changes in FA
compared to the healthy controls.

Healthy control > symptomatic TBI  

Cingulate cortex  

Perigenual ACC 

Thalamus  
Putamen 

Cerebellum 

Figure 1: Group differences in mean FA. Symptomatic TBI patients
showed a widespread decline in fractional anisotropy (FA) of gray
and white matter throughout the TBSS skeleton (threshold at FA >
0.2, 𝑃 < 0.05, corrected) overlaid on the TBSS skeleton (green).

The white matter of symptomatic TBI patients also
exhibited FA decreases. Primarily, these regions located in the
corpus callosum, limbic system (anterior cingulate, parahip-
pocampal gyrus, and posterior cingulate) and sublobar areas
(insula and extranuclear) as well as the frontal, tempo-
ral, occipital, and parietal lobe (precuneus) (see Table 3).
However, symptomatic TBI patients showed no significant
enhanced changes in FA compared to the healthy controls.

4. Discussion

In the current study, we observed a loss of structural integrity
in multiple brain domains in acute symptomatic TBI patients
(based on the Mayo classification system for TBI severity),
who presented decreased fractional anisotropy values in
widespread regions specially located in frontal lobe, limbic
system, and sublobar areas compared with healthy controls.

In previous studies, DTI proved a sensitive technique
that gave access in vivo to the structural integrity in mild
TBI (mTBI) patients [7]. However, most of these studies
generally induced discrepant findings only defining the mild
TBI sample on the base of scores derived fromGlasgowComa
Score (GCS). Single indicator such as the GCS was hardly to
classify different stages of TBI. It is noted that about 6%–10%
mTBI patients had visible lesions on CT [15]; these patients
with positive CT scans tend to experience more neurobe-
havioral symptoms and poorer prognoses [16]. Therefore,
this measures was often unreliable for some TBI severity
indicators and the frequency ofmissing documentation in the
medical record, leading to discrepant findings.

In the current study, we adopted the first-episode symp-
tomatic TBI patients according to the Mayo classification
system, based on available indicators including death due
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Table 2: Graymatter regions of significant FA reductions in 12 sTBI.

Talairach 𝑡 Voxels
𝑥 𝑦 𝑧 Value

Caudate head
L −13 20 −1 2.40 128

Claustrum
L −31 3 7 2.88 31
R 36 −8 6 3.00 34

Insula
L −36 0 10 2.24 39
R 34 20 5 3.31 50

Putamen
L −25 −3 −2 3.24 138
R 23 −1 3 3.30 176

Thalamus
L −10 −8 15 2.99 297
R 15 −30 2 4.03 282

AN Thalamus
L −10 −9 14 2.55 45
R 10 −6 13 2.79 61

MDN Thalamus
L −7 −20 7 2.66 204
R 12 −19 6 3.65 184

Pulvinar Thalamus
L −5 −23 9 2.92 166
R 17 −24 6 3.38 301

VLN Thalamus
L −9 −8 6 1.96 67
R 11 −11 −17 2.47 66

sACC BA 25
L −7 17 −10 2.14 30
R 8 17 −10 2.20 47

pACC BA 32
L −12 36 17 3.67 71
R 10 37 19 2.96 80

Cigulate cortex BA 32/24
L −7 −7 39 2.23 218
R 9 −2 47 4.93 326

Amygdala
L −28 −6 −12 1.64 28

PH BA 36/37
L −23 −30 −12 3.84 185
R 23 −30 −4 3.14 143

PCC BA 23
L −1 −56 15 1.60 26
R 5 −47 24 3.37 199

OFC BA 10/47
L −10 −13 49 4.38 112

DLPFC BA 6/9
L −10 −13 49 4.38 112
R 5 −22 50 3.14 82

Table 2: Continued.

Talairach 𝑡 Voxels
𝑥 𝑦 𝑧 Value

Lingual gyrus BA 18/19
L −17 −64 0 2.51 86
R 13 −52 3 3.45 149

Fusiform gyrus BA 37/20
L −44 −39 −17 2.36 45
R 32 −36 −17 1.27 24
R 20 −42 −7 1.39 21

AsTBI: symptomatic traumatic brain injury; LN: lentiform nucleus; AN:
anterior nucleus; MDN: medial dorsal nucleus; VLN: ventral lateral nucleus;
sACC: subgenual anterior cingulate cortex; pACC: perigenual anterior
cingulate cortex; PH: parahippocampal gyrus; PCC: posterior cingulate
cortex;OFC: orbitofrontal cortex;DLPFC: dorsolateral prefrontal cortex; BA:
Brodmann area; PH: parahippocampus; AL: anterior lobe.

to TBI, trauma-related neuroimaging abnormalities, GCS,
Posttraumatic Amnesia (PTA), loss of consciousness, and
specified postconcussive symptoms. We supposed that, even
in the stage of symptomatic TBI, there might be signifi-
cant damage related to TBI that needed acute and proper
treatment which was probably beneficial to the long-term
prognosis.

Many studies reported discrepant whitematter diffusivity
in mTBI, increased, reduced, or unchanged. One of major
factors was the unequal scanning time after mTBI. Recently,
traumatic axonal injury (TAI) has been suggested encom-
passing not only the primary axonal damage specifically
caused by shear/strain injury but also secondary alterations of
white matter such as metabolic, hypoxic, and microvascular
damage or excitotoxicity [17]. Moreover, axonal pathology is
more pronounced in the acute phase of injury [18]. In the
current study, we aimed to investigate the symptomatic TBI
during the acute period after postinjury period that helped
us to draw original patterns of TBI damage, which we can use
as the baseline of longitudinal study to observe the recovery
and/or deterioration of traumatic axonal injury.

Standard DTI analysis consisted of the placement of
regions of interest, the tract-based spatial statistics. The for-
mer is restricted to assessment of the a priori defined regions,
and only a small amount of the total white matter is usually
investigated [9].The latter allows the voxelwise assessment of
all parts of large white matter tracts in an automated way [19],
providing whole-brain voxelwise measures. It was clear that
traumatic brain injury produced a complex pattern of diffuse
axonal injury at wide range of brain regions and so it was hard
to define regions with a priori information.

Fractional anisotropy (FA) is the DTI metric, which was
commonly applied and measures preferential water diffusion
along white matter tracts, and served as a usable marker of
tissue integrity. In recent studies, FA has also been proposed
as the most feasible biomarker of TAI and one of the best
indicators of TBI severity [20, 21]. In the current study, we
evaluated the structural integrity by observing the changes
of FA values, which showed reductions in the TBI cohort.
This findingwas coincidentwith animalmodels of TBI,which
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Table 3:Whitematter regions of significant FA reduction in 12 sTBI.

Talairach 𝑡 Voxels
𝑥 𝑦 𝑧 Value

MFG
L −10 53 8 3.81 140
R 10 43 21 4.37 153

PG
L −46 −7 36 1.66 33
R 41 −10 38 2.55 52

SG
L −13 12 −11 3.45 62
R 9 15 −13 3.47 58

Subgyral
L −20 −7 56 3.05 282
R 11 −23 46 3.75 329

PH
L −30 −38 −5 4.96 537
R 32 −30 −11 4.12 461

PCC
L 32 −58 15 2.11 33
R 32 −59 8 3.48 22

ACC
L −6 40 −4 3.43 145
R 13 44 −6 2.48 95

Cingulate cortex
L −12 −3 32 3.60 102
R 8 −1 46 3.71 173

Extranuclear
L 32 −29 13 3.23 667
R 32 −14 15 3.90 487

Corpus callosum
L 32 −14 18 2.05 23
R 32 −42 6 3.02 46

Insula
L 32 −11 10 2.77 327
R 32 19 5 3.73 186

Cuneus
L 32 −59 6 1.95 65

Lingual gyrus
L 32 −58 3 3.09 283
R 32 −60 0 3.33 260

Precuneus
L −10 −57 35 4.88 29
R 12 −51 40 2.52 49

MTG
L 32 −34 2 2.09 28

AMFG: middle frontal gyrus; PeCG: precentral gyrus; SG: subcallosal gyrus;
PH: parahippocampal gyrus; PCC: posterior cingulate cortex; ACC: anterior
cingulate cortex; LG: Lingual Gyrus; MTG: middle temporal gyrus.

have consistently indicated reduced anisotropic white matter
water diffusion in the acute and semiacute injury stages [22].
But this finding appeared to be inconsistent with Ling et al.
’s study, which proved increased FA in semiacute mTBI [23].
The possible reason was that the symptomatic TBI in the
current study were different from their mild TBI, that all

experienced an alteration inmental status, and themajority of
the sample also experienced a loss of consciousness.Theother
reason was the earlier neuroimaging in the current study. If
both reasons were all reasonable, we may suggest that the
decreased FA probably indicated the original damage to the
axon and the increased one indicated the recovery; we also
suggested that an increase in FA may indicate more severe
TBI correlated with poor clinical outcomes.

In the current study, we conducted the group comparison
through FA skeleton maps, revealing significant FA reduc-
tions in the acute symptomatic TBI patients as compared to
controls in the following areas: frontal lobe (DLPFC; OFC),
the limbic-system (bilateral sACC and pACC, bilateral PCC,
bilateral amygdala, and parahippocampal gyrus), subcortical
regions (bilateral caudate, claustrum, putamen, insula, and
thalamus), occipital lobe (BA 7, 18, and 19), temporal lobe
(BA 20 and 37), and the corpus callosum (CC). These
regions were generally in coincidence with a volumetric
studies by the voxel-based morphometry (VBM) method
and revealed reduced density of gray and/or white matter in
the corpus callosum, limbic system, frontal lobe, subcortical
areas, temporal lobe, and the cerebellum [24–26]. However,
these findings about lower integrity domains of current study
were only somewhat similar with previous DTI studies, in
which the frontal and temporal regions proved the general
lower integrity domains with mTBI [27].The studies utilizing
voxel-based techniques showed the discrepant losses in the
brain areas. In Lipton et al.’s work, the domains were CC,
subcortical white matter, and internal capsules, bilaterally
in chronic mTBI [28]. In another study, in the acute mTBI
(≤2 weeks), the significant changes were mainly located in
the frontal white matter, including the dorsolateral prefrontal
cortex [29]. The FA attenuated regions were also found in
the right temporal subcortical white matter including the
inferior frontooccipital fasciculus in the subacute mTBI [30].
Obviously, the current findings included almost all regions of
previous studies, potentially deriving from themore sensitive
analysis method and assessment to the whole brain including
white and graymatters. Notably, we observed the pronounced
FA reduction in the thalamus, which was a key node in many
of brain function networks [31] but was often overlooked
in previous DTI studies. The damage to the thalamus-
seeded structural connectivity is an important determinant
of outcomes after TBI [32]. Our findings suggested a loss
of integrity in the precuneus which served as an important
node within the default mode network (DMN).The locations
of thalamus and the precuneus provided us with a novel
idea that perhaps the damage which resulted by TBI was
not only the focal lesion but also the disconnection of brain
network. Standing at this point, the following study will use
the combination of multiple tractographical, analytical, and
statistical methods to detect more tiny damage to the specific
brain network in the whole brain range.

5. Conclusions

We demonstrated the sensitivity of DTI in identifying
microstructural abnormalities in patients classified as
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“symptomatic” TBI with the minimal severity, no loss of
consciousness, posttraumatic anterograde amnesia, and no
contusions and microhemorrhage on conventional neu-
roimaging. A better understanding of the acute changes
occurring following symptomatic TBI may increase our
understanding of neuroplasticity and continuing degen-
erative changes, which. in turn, may facilitate advances in
management and intervention. Future analyses will include
additional examination of the relation of imaging changes to
cognitive and functional outcome as well as multimodal
imaging analyses of symptomatic TBI.
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