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Abstract Alzheimer’s disease (AD) is a progressive neuro-
degenerative disease. It is of great importance that we find
efficient preclinical markers that can be used in clinics. The
neuropathological features associated with AD brain include
the progressive formation of insoluble amyloid plaques and
vascular deposits consisting of the amyloid β peptide in the
brain and neuron loss that innervates regions such as the
hippocampus and the cortex. These lesions are considered to
cause the abnormal sensory information processing and brain
dysfunction of AD patients. Combined cognitive and sensory
as well as neuroimaging approaches have advantages to find
the altered cognitive symptoms and brain dysfunction in the
early stage in AD involved mild memory or planning prob-
lems. This review provides an overview of the neuropsycho-
logical impairments in patients with AD, which may be used
as potential biomarkers for early diagnosis of AD.
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Introduction

Dementia is a brain disorder that mostly occurs in later life and
represents a growing public health concern. Alzheimer’s disease
(AD) is the most common form of dementia, accounting for
50 % to 80 % of dementia cases. AD is a pathophysiologically

complex, slowly progressive, and irreversible neurodegenera-
tive disease of the brain. To date, the only treatments of AD are
symptomatic. Furthermore, AD cannot be diagnosed until the
advanced stages of the disease, when the evidence of cognitive
ormemory deficits caused byAD has been clinically established
by neuropsychological, cognitive tests. Amnestic mild cognitive
impairment (aMCI) is a relatively recent term used to describe
people who have some problems with their memory but do not
actually have dementia [1–3]. However, aMCI is considered to
be a transitional stage between aging and AD, and recently
studies [4, 5] have indicated that about 12 % annually progress
from aMCI to AD. Trials of large-scale detection markers are
currently being conducted in the worldwide AD research net-
works. To effectively prevent and treat in preclinical stages, the
reliable early detection of mild cognitive impairment (MCI) and
AD is of great importance.

The ideal biomarkers for AD are measured against the
criteria established by expert consensus statements [6]. They
should reflect neuropathological characteristics and be val-
idated in neuropathologically confirmed patients. Their sen-
sitivity to detect AD should be at least 80 % and their ability
to differentiate AD patients from other dementias should
also be at least 80 %. In recent years, large numbers of
promising results have indicated that many molecular level
biomarkers can reliably predict AD. For example, measur-
ing tau (t-tau), β-amyloid peptide (Aβ42), or hyperphos-
phorylated tau (p-tau) developed in the cerebrospinal fluid
(CSF) can reliably diagnose AD with accuracy in the range
of between 80 % and 90 % [7–9]. Furthermore, the com-
bined measurements of total t-tau, Aβ42, and hyperphos-
phorylated p-tau levels in the CSF and regional flow or
mediotemporal lobe atrophy may demonstrate better predic-
tive ability than diagnostic approaches alone in MCI studies
[10–12]. More recent biomarker research [13–17] reported
that the increased β-site amyloid precursor protein (APP)
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cleaving enzyme 1 (BACE1) protein levels in the CSF were
associated with increased risk ratios for patients with MCI
compared with normal aging and AD. Thus, the diagnostic
value of BACE1 activity may be useful in clinical trials on, for
example, BACE1 inhibitors. Although these biomarkers can
reliably diagnose AD or MCI, the one major challenge is that
taking samples of the CSF is an invasive procedure, thus
limiting their usability in early diagnostics. Therefore, it is
difficult to achieve the establishment of a clinical routine.

With the new diagnostic criteria that were advocated at the
Alzheimer’s Association International Conference 2011 in
Paris [18, 19], neuroimaging techniques that have been used
to investigate changes of brain structure and function have
become core markers of AD in asymptomatic and prodromal
stages. Functional magnetic resonance imaging (fMRI) and
positron emission tomography (PET) are effective methods
and are widely used to explore the underlying neural mecha-
nisms of perceptual processing. From the late 20th century,
some researchers have used these functional imaging techni-
ques to investigate the brain function inMCI and AD patients.
Compared to PET, fMRI has some advantages for examining
MCI and AD patients because it is noninvasive, does not
require the injection of contrast agent, and there is an absence
of exposure to ionizing radiation. Moreover, fMRI has supe-
rior spatial resolution and the ability to obtain both anatomic
and functional images in the same session. Therefore, fMRI is
likely to be particularly useful for detecting the brain dysfunc-
tion of patients with early stage AD compared to natural aging
and MCI. Furthermore, the electroencephalogram (EEG) is
also a useful objective tool (referring to the measuring of the
physiology and pathophysiology of human brain function)
[20]. EEG can detect brain activity within milliseconds (ex-
cellent considering its extremely high temporal resolution),
and can also allow noninvasive measurements of brain dys-
function [21]. Based on these characteristics, the combination
of fMRI and EEG is considered to be an extremely useful
technique for evaluating the spatiotemporal functional
changes in human brain, maybe also provide a powerful tool
for diagnosis MCI and AD.

In this article, we first review the general preclinical
impairments of AD and MCI across a variety of cognitive
domains including episodic memory, executive functioning,
attention, visuospatial skill, and perceptual modality. Then,
we focus on neuroimaging studies including fMRI, as well
as EEG techniques on AD, MCI and normal aging. We wish
to provide some novel evidence for the early clinically
diagnostic criteria of AD and MCI.

Cognitive Deficits in MCI and AD

In the latter part of the 19th century, a definition of AD was
published [22, 23]. The definition notes that a diagnosis of

probable AD should include impairments in two or more
areas of cognition, with progressive worsening of memory
and other cognitive functions. Then, two clinical standard-
ized systems were established including the clinical demen-
tia rating (CDR) [24] and the global deterioration scale for
aging and dementia (GDS) [25]. These can reliably assess
the boundaries of aging and dementia on patients’ cognitive
and functional performance in the areas of memory, orien-
tation, judgment and problem solving, community affairs,
home and hobbies, and personal care. These two systems
remain today as benchmarks for clinicians. For the current
discussion, as shown in Fig. 1, a CDR of 0 and GDS of 1
can be considered as normal, a CDR of 0.5 or GDS of 2 to 3
can refer to an individual with a MCI, and a CDR of more
than 1 and GDS more than 4 can refer to AD [2]. However,
Gauthier et al. [1] also emphasized that these stages may
describe individuals with very mild dementia, and are not
diagnostic instruments.

Another widely used tool for assessing cognitive impair-
ment was the mini–mental state examination (MMSE) that
was introduced by Marshall Folstein and others in 1975
[26]. The MMSE is a brief 30-point questionnaire that can
effectively assess the global cognitive mental status, and
includes tests for arithmetic, memory, and orientation. Clini-
cians state that those with MCI tend to score in the 26- to
30-point range [27], and those with AD tend to score less
than 26, with a score of 21 to 26 points referring to mild AD,
10 to 20 points referring to moderate AD, 10 to 14 points
referring to moderately severe AD, and less than 10 points
referring to severe AD. However, even though the MMSE
has been the most commonly used test for complaints of
memory problems or when a diagnosis of dementia is being
considered, the sensitivity of the MMSE has been rated at
about 80 % [28, 29] and may not represent the cognitive
function deficits of all individuals. Therefore, the MMSE
can be used to indicate the presence of a cognitive impair-
ment but is not suitable for making a diagnosis of AD.

Fig. 1 The overlap among clinical diagnostic criteria for mild cogni-
tive impairment (MCI) and Alzheimer ’s disease (AD), and
corresponding ratings on clinical dementia rating (CDR), global dete-
rioration scale (GDS), and mini–mental state examination (MMSE).
While these tests can be used to observe the cognitive impairment of
AD and MCI patients, they are not suitable for making a clinical
diagnosis of AD and MCI
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Recently, a large number of studies [30, 31] have used
cognitive tasks to attempt to find the preclinical cognitive
markers of AD. For instance, Bäckman et al. [32] used free-
recall tasks (eg, recall of presented words) to investigate the
episodic memory of normal older individuals and AD
patients. This study convincingly demonstrates that the ep-
isodic memory deficits of AD clearly occur, and it is possi-
ble to detect during a preclinical period spanning several
years. Moreover, previous studies also demonstrate that AD
patients are impaired when they have to recall the colors of
previously studied figures [30, 33], or when they have to
discriminate pairs of faces with names [34], or parts of
objects [35]. Furthermore, the somatosensory system is a
diverse sensory system comprising the receptors and pro-
cessing centers to produce the sensory modalities. Tactile
spatial discrimination is one of the major manual learning
and memory skills of humans. To differentiate two different
objects by touch alone, humans need to store the spatial
information of the first object in their working memory and
then compare the spatial construction of the first object to
that of the second. This procedure activates a widely dis-
tributed cerebral network that mainly includes areas in-
volved with the initial processing of skin indentations, the
high-class areas for computation and elaborate reconstruc-
tion of shapes and the prefrontal cortex, which is activated
for tactile working memory processing [36]. The abnormal
sensory information process of AD was also considered to
influence the tactile spatial discriminability. Our recent
study has, for the first time, indicated that patients with
MCI and AD have substantial performance deficiencies in
tactile angle discrimination compared to normal individuals
[37••]. Although these findings are considered to improve
the sensitivity and accuracy of AD diagnosis and treatment,
the evidence also needs a tenable underlying neural circuit
theory from neuroimaging or EEG studies.

EEG and fMRI Findings in MCI and AD

One of the most recently developed forms of neuroimaging to
measure the hemodynamic responses related to neural activi-
ties is fMRI. Since the early 1990s, fMRI has been dominate
in brain mapping research because it is a noninvasive technol-
ogy and can obtain both anatomic and functional images with
millimeter-range spatial resolution. Moreover, the EEG is now
widely used to measure the electrical activity of the brain with
millisecond-range temporal resolution. Including our studies
[36, 38], many researchers have used these technologies to
investigate the cognitive task–related brain activities of differ-
ent modalities. Recently, some studies also investigated the
brain activities of MCI and AD patients using fMRI and EEG,
and tried to find the brain dysfunctions that were considered of
use as the clinical indicators.

Memory-Based Indicators

The term “memory” represents a simplified summation of
mental abilities that depend on several systems within the
brain. Neuropsychological, neuroanatomical, and neuroi-
maging research have provided that the memory system is
composed of multiple and separate systems supported by
different neuroanatomical structures. Current thinking indi-
cates six major memory systems that have been character-
ized as episodic memory, semantic memory, simple classical
conditioning, procedural memory, working memory, and
priming [39]. Recently, studies with AD and MCI patients
have shown some of these memory systems to be disrupted,
and others to be preserved. Specifically, memory deficits in
AD and MCI patients mainly occurred in episodic memory,
semantic memory, procedural memory, and working mem-
ory systems (see Table 1) [39, 40]. In this section, we will
summarize the current understanding of memory deficits
that AD and MCI patients experience from the point of view
of functional neuroimaging and EEG.

Previous studies have indicated that episodic memory
tasks activated a wide number of brain regions, including
the hippocampus [41], anterior thalamic nucleus [42], and
prefrontal cortex [43] among others. Numerous early lesion
studies and more recent research in neuroimaging have also
shown that the core of the episodic memory system is
supported by the medial temporal lobes, including the hip-
pocampus and the adjacent entorhinal, perirhinal, and para-
hippocampal cortices [44]. The deficiency of episodic
memory is generally among one of the earliest signs and
symptoms of AD patients [45–47]. These memory impair-
ments were considered to be caused by memory related
brain cortex atrophy. Recently, structural MRI studies have
demonstrated that hippocampus and entorhinal cortex atro-
phy are seen in MCI and consistently predict progression to
dementia of the AD type [48–53]. Moreover, numerous
fMRI studies with AD and MCI patients performing episod-
ic memory tasks also consistently demonstrated decreased
activation in the hippocampus and related structures in this
region compared with normal aging individuals [54–59,
60•]. However, except hippocampus, in other brain regions
related to episodic memory, such as in prefrontal regions,
there are some inconsistent conclusions of brain activation
between AD patients and control patients during the episod-
ic memory task [56, 61••, 62, 63]. In particular, some studies
[56, 63] demonstrated the increased brain activation of
prefrontal regions during encoding of the episodic memory
task in patients with AD compared with control patients,
whereas others have described the decreased activation in
the region during the recognition and retrieval of episodic
information [61••]. Therefore, the clinical prediction mea-
sure that combines cognitive features of episodic memory
impairments and the neuroimaging evidences of the lower
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activity and atrophy in the hippocampus tissue were consid-
ered to be of use as an accurate clinical indicator for early
diagnosis of AD.

Semantic memory refers to our general store of concep-
tual and factual knowledge unrelated to any specific expe-
riences. The most recent study from Binder and Desai [64]
presented a more comprehensive summary that modality-
specific activation of brain regions was found during lan-
guage comprehension tasks. For instance, the activation
peaks of action concepts were found in action-related areas
including primary and secondary sensorimotor regions [65,
66]. Similarly, activation peaks of emotional concepts were
in the superior temporal and ventromedial prefrontal cortex,
the areas that play a central role in emotion [67, 68]. The
biggest benefits of semantic processing tasks may be in the
assessment of risk for AD and the prognosis for future
cognitive decline [69•]; unlike episodic memory skills, se-
mantic memory abilities are commonly affected during AD
[70–72], but remain relatively intact with normal aging [73].

Working memory and procedural memory systems are
also very important for humans. However, procedural mem-
ory is nondeclarative; the deficit will only be detected for
AD patients with severe episodic memory impairments [40].
In contrast, previous studies suggest that MCI and early
stage AD patients show convincing deficits related to work-
ing memory [74, 75]. These deficits may be understandable
from the evidence from previous fMRI [76, 77] and EEG
[78] studies, in which the working memory was believed to
be largely mediated by frontal-subcortical structures. The
atrophy or damage to the frontal lobes in AD patients may
lead to the deficits of working memory.

As discussed above, memory dysfunctions are a very
convincing sign for AD in patients. In fact, both the evi-
dence from fMRI and EEG studies also demonstrate that the
functional and anatomical changes in brain cortices are
detectable in the early stages of AD. Specifically, the hip-
pocampal atrophy and hippocampus-related memory
impairments are typical markers of AD. Therefore, memory

dysfunction is a sensitive marker for the diagnosis of AD
and for predicting the progression to AD.

Deficits in Non–Memory-Based Cognitive Domains

The cognitive domains of humans involve knowledge and
the development of intellectual skills. Except the memory-
based cognitive domains as described above, the non–mem-
ory-based cognitive domains, including mental speed, exec-
utive tests, category fluency, and auditory attention span,
also play a very important role in human daily life. It is well
known that the memory problems as described above are
some of the signs of AD. On the other hand, AD patients
also show deficiencies in non–memory-based cognitive
domains, including mental speed, visuospatial perception,
motion perception, and attention among others. For in-
stance, a number of behavioral studies demonstrated that
patients with AD had visuospatial and attentional deficien-
cies such as impaired depth perception [79, 80], motion
perception [81, 82], and disengaging and shifting attention
[83]. To investigate the underlying neural basis related to
these deficiencies, recent studies have also used fMRI and
EEG to find the characteristics of non–memory based cog-
nitive functions of AD and MCI patients.

Previous fMRI studies [84•, 85] used visuospatial tasks to
explore the differences of brain activation between normal
individuals and AD patients. They indicated that the normal
patients activated brain areas including the superior parietal
lobule, parieto-occipital junction, and premotor areas during
the visuospatial task; however, the AD patients showed
reduced activation in these areas. In contrast, the AD
patients showed greater activation in the inferior parietal
lobule and recruitment of additional regions. Moreover,
recent EEG studies have used visual [86] and auditory
[87•] oddball tests to elicit event-related potentials (ERPs)
with AD and MCI patients. Both of these studies revealed
that the latencies of ERPs in AD and MCI patients were

Table 1 The concepts and related major brain structures of the four memory systems

Memory system Simple concept Major brain structures Disorder with
deficits

Episodic Consciously remembering a particular episode
of one’s life

Medial temporal lobes, anterior thalamic nucleus,
mammillary body, fornix, prefrontal cortex

AD, MCI

Semantic Store of conceptual and factual knowledge Inferolateral temporal lobes, prefrontal cortex AD, MCI

Procedural Ability to learn cognitive and behavioral skills Basal ganglia, cerebellum, supplementary motor
areas

Working Ability to temporarily maintain and manipulate
information

Phonologic: prefrontal cortex, Broca’s area,
Wernicke’s area

AD, MCI

Spatial: prefrontal cortex, visual-association areas

AD Alzheimer’s disease; MCI mild cognitive impairment
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significantly more prolonged than that of normal individu-
als. This evidence suggested that the disconnection among
the brain areas of AD patients may contribute to brain
dysfunction such as impaired or abnormally greater activa-
tions. Despite these insights, little work so far has examined
the functional brain activations of non–memory-based cog-
nitive domains in patients with AD. To explore the possi-
bility of a neuroimaging marker assisting in the diagnosis of
AD, more longitudinal follow-up studies are needed.

Compared to the task-related fMRI studies [84•, 85, 88],
a large number of resting state or default mode network
(DMN) in fMRI studies [89] with AD and MCI patients
have been performed. One of the reasons may be that these
task-related fMRI tasks require the active participation of
subjects, which may be difficult for some AD and MCI
patients. This problem can be resolved by the development
of resting state fMRI because no stimulation or task-related
responses are required. The DMN has been hypothesized
based on the observation that specific regions of the brain
are consistently activated during the resting state [90]. The
DMN typically includes the precuneus/posterior cingulate,
the medial frontal and lateral parietal cortices, and hippo-
campal regions, which are areas of known pathologic
change in AD and MCI patients. For example, recent studies
[91, 92] have demonstrated changed connectivity between
the hippocampus and several neocortical regions including
the posterior cingulate cortex, lateral temporal cortex, and
medial and inferior parietal cortex. Therefore, examining
DMN activity may also allow future studies to provide brain
function markers for use in the diagnosis of AD.

Conclusions and Future Directions

In summary, previous studies have demonstrated that the
abnormal sensory information processing and brain dys-
function of AD patients can be detected using neuropsycho-
logical tests, fMRI, and EEG approaches. Both of the
neuropsychological tests, such as MMSE and CDR, and
other cognitive tasks discussed in this review demonstrate
specific alterations of several cognitive functions. Alternat-
ed activations of several brain areas of AD patients from
task-related fMRI and DMN have been observed. Further-
more, the EEG studies have indicated that the ERPs have
significantly longer latencies in AD patients than in normal
individuals. Taken together, the studies reviewed above
indicate that a number of techniques are useful as early
diagnostic aids for AD and MCI patients. However, these
techniques have their own limitations that are considered to
influence the sensitivity and accuracy of the early detection
of AD. For example, the subjective, personal decision of the
physician may decrease the accuracy of neuropsychological
tests. Even though fMRI can measure brain activity with a

particularly high spatial resolution, the temporal resolution
is far from ideal. In contrast, EEG has a lack of spatial
resolution. Therefore, researchers need to perform more
combined studies with AD patients, such as the simultaneous
use of EEG and fMRI, to solve the problem of unbalance
between spatial and temporal resolutions. Furthermore, future
research should also consider combining neuropsychological
and neuroimaging markers with preclinical indicators from
other domains, such as molecular neurobiology, to improve
the sensitivity of AD diagnosis and treatment.
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