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Traditionally, mild cognitive impairment (MCI) has tended
to be primarily characterised and diagnosed in relation to the
integrity of amnestic function and thus studied accordingly.
However, a more recent multidisciplinary and collaborative
research approach has investigated a much wider range of
cognitive, functional, structural, and behavioural integrity
and is revealing an extensive and often complex range of
characteristics in addition to memory dysfunction that dif-
ferentiate MCI from healthy ageing. These may be of especial
relevance when considering MCI as a potential prodromal
stage of dementia.

Several papers in this special issue report novel and
important findings with respect to the search for predictors
of development of dementia in patients with MCI.

The paper by E. L. Abner et al. describes a new approach
in the assessment of risk factors for dementia, including age,
gender, education, apolipoprotein E status, family history of
dementing illness, and baseline hypertension. Their results
highlight the importance of objective criteria in MCI diag-
nosis.

I. Reinvang et al. report on how studies of genetic high-
risk groups, using sensitive cognitive neuroscience para-
digms, indicate the potential for differences in executive
function to be a cognitive marker useful for tracking devel-
opment of the pathophysiological changes of Alzheimer’s
disease (AD).

The paper by D. V. Moretti et al. reveals specific elec-
troencephalographic (EEG) changes associated with atrophy
of the hippocampus in people with MCI and AD, namely,
that the increase of alpha3/alpha2 power ratio is correlated
with atrophy of the hippocampus both in MCI and in

AD patients, suggesting a possible diagnostic role of EEG
markers.

In a comprehensive review, B. Ferencz et al. provide an
overview of brain changes in early AD and MCI, together
with evidence for recent advances in neuroimaging and
genetic biomarkers and the importance of altered mitochon-
drial dynamics in the preclinical stages of AD.

D. P. Devanand et al. discuss the outcome of their detailed
and novel study that uses clinical and magnetic resonance
imaging (MRI) variables to compare predictor models for the
transition to AD in patients with MCI.

Research priority has until relatively recently been
directed to the amnestic type of mild cognitive impairment
(aMCI). However, the paper by A. Poggesi et al. provides an
important overview of the concept of vascular MCI and how
it may signal the prodromal stages of vascular dementia or
the presence of small vessel disease.

It is of course important to raise awareness of MCI within
the public at large and also to determine the factors likely to
encourage individuals to report a change in their memory
to their general practitioner. C. Pires et al. highlight the
importance of the type of memory complaint in determining
whether an individual seeks medical attention and describe
how forgetting the name of family members or friends is a
particularly strong impetus for such contact.

Increasingly, studies are addressing the potential of MCI
to adversely affect a wide range of factors that impinge
upon an individual’s quality of life. In the paper by G.
Arsenault-Lapierre et al., the importance of stress in the lives
of those with MCI and dementia is described, together with
the finding that patients with MCI or dementia can display
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anosognosia, which can preclude patients from accurately
appraising their own level of stress.

Together these papers contribute to our further under-
standing of the concept of MCI and of its potential progres-
sion to dementia. All highlight the need to think beyond
merely memory dysfunction in MCI and to continue to
expand our knowledge in this important field of scientific
and clinical research.

Andrea Tales
Antony Bayer
Štefan Krajč́ık

Kurt A. Jellinger
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Mild cognitive impairment (MCI) may take several forms, and amnestic MCI (aMCI) has been recognized as an early stage
of Alzheimer’s Disease (AD). Impairment in executive functions including attention (eMCI) may be indicative of several
neurodegenerative conditions. Executive impairment is frequently found in aMCI, it is significant for prognosis, and patients with
eMCI may go on to develop AD. Recent studies have found changes in white matter integrity in patients with eMCI to be more
sensitive than measures of cortical atrophy. Studies of genetic high-risk groups using sensitive cognitive neuroscience paradigms
indicate that changes in executive function may be a cognitive marker useful for tracking development in an AD pathophysiological
process.

1. Introduction

The diagnosis of MCI due to AD (the symptomatic pre-
dementia phase of AD) has been recently proposed by the
National Institute on Aging and the Alzheimer’s Association
[1]. Diagnostic criteria include concern regarding a change
in cognition, impairment in one or more cognitive domains,
preservation of independence in functional abilities, and
not demented. Within the generally accepted framework,
clinical presentations may be in the memory (amnestic) or
nonmemory domains [2].

Clinical studies of prodromal stages to AD tend to focus
on persons with amnestic MCI (aMCI). Both the Alzheimer’s
Disease Neuroimaging Initiative (ADNI) and the Mayo clinic
cohorts typify this population. In the Mayo clinical study of
aging, persons in the age range of 70–89 years are enrolled,
with 2/3 of the MCI group being aMCI [3]. ADNI [4]
enrolls participants between ages 55 and 90, and mean age
for the MCI group is 74.7 years. Researchers from the Mayo
clinic proposed quantitative criteria for identifying MCI
as a prodromal stage to Alzheimer’s disease in 1999 [5].
They stressed the importance of memory impairment and
proposed quantitative criteria specifying the level of memory

deficit relative to global cognitive functioning. In ADNI, MCI
is defined as a Clinical Dementia Rating of 0.5, and perfor-
mance on the free recall measure of a neuropsychological
memory test (Logical Memory II) is below a given threshold.
Since the vast majority of the subjects characterized as aMCI
will develop AD, aMCI may be defined as a prodromal
condition of AD [6]. The pathophysiological basis and
prognosis of nonamnestic MCI remains unclear, and the
group is probably heterogenous [6, 7], including patients
with frontotemporal dementia [8], Parkinson’s disease [9],
dementia with Lewy bodies [10], vascular dementia [11],
and neuropsychiatric conditions (depression) [12]. Change
in the frontostriatal network supporting executive functions
may occur as a part of healthy aging [13, 14]. Thus, an
MCI subgroup with isolated executive difficulties may be an
extreme group of normal aging.

The objective of this paper is to review executive/
attentional impairment as an important aspect of MCI or
pre-MCI in terms of symptom manifestation and impor-
tance for disease progression. We will focus on recent
research on MRI and genetic markers that may serve to
further understanding of the pathophysiological processes
underlying executive MCI (eMCI) and its relation to AD.
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2. Executive Dysfunction in MCI

Attention and executive impairment are frequent and dis-
abling symptoms in MCI when measured with neuropsycho-
logical tests ranging from simple processing speed tasks to
tasks of complex problem solving. The distinction between
clinical tests of attention and test of executive function
is a fuzzy one and they are here treated as on the same
continuum. There is no consensus on how executive function
should be tested in clinical studies [15], and studies that take
into consideration developments in cognitive psychology
[16] find high frequency of executive impairment in both
amnestic and nonamnestic MCI [17], with some subfunc-
tions more affected than others.

Alzheimer’s disease (AD) is the most common cause of
dementia and accounts for approximately 60–70% of all
dementia cases [18], and deficits of episodic memory are a
cognitive hallmark of the disease [19]. Executive dysfunction
is evident in the prodromal stage of AD [20–22] and appears
predominantly in tasks requiring cognitive flexibility, inhi-
bition, and self-monitoring [23]. There is evidence that the
commonly reported impaired ability to perform two tasks
simultaneously in AD reflects a specific deficit in dividing
attention, rather than the result of a more general processing
speed deficit [24]. According to the model of cognitive
decline leading to AD presented by Perry and colleagues
[25], executive problems appear after memory problems in
time, but before typical parietal lobe symptoms (aphasia,
visuospatial deficits). When executive dysfunction is present,
it has a clear negative influence on ability to manage activities
of daily living and may thus add to the risk of conversion
from MCI to AD [26]. Predictive accuracy for conversion
from MCI to AD for one set of cognitive variables (composed
of episodic memory and processing speed measures) has
been found to be as high as 0.86 (sensitivity, 0.76; specificity,
0.90) [27]. Gomar et al. [28] found that a test of executive
function and assessment of baseline functional capacity
predicted conversion from MCI to AD after 2 years better
than biomarkers (MR and CSF).

3. Executive Nonamnestic MCI

Both aMCI and attention/executive MCI subtypes have been
regarded as important predementia subtypes, at risk for AD
[29]. While aMCI is usually defined as a prodromal, at-risk
condition of AD [30], isolated executive dysfunction can be
a prodromal stage for several neurodegenerative diseases. In
cases of predementia AD, it is not clear if aMCI and eMCI
may be two different categories/subtypes of AD or represent
different phases of AD development.

If attention/executive MCI is not a distinct AD subtype,
but an earlier stage of AD than aMCI, then aMCI should be
expected to have executive/attentional deficits in addition to
memory impairment. It has been reported that attention and
executive functions may be impaired in the incipient stages of
AD and may contribute to the observed memory deficit [31].
It has been argued that even patients defined as “pure” aMCI
on screening tests may have executive impairment, when a

comprehensive neuropsychological examination of executive
cognition is performed [17].

The existence of nonamnestic attention/executive MCI
has been recorded in several MCI studies [29, 32–37],
where a comprehensive neuropsychological test battery has
been utilized for classification purposes. The prevalence of
attention/executive MCI will vary widely in different samples
based on recruitment criteria and assessment methods but
has been reported as from 3 to 15% [38]. In the sample
studied by us [37] attention/executive MCI without amnestic
deficit constitutes about 30% of the total MCI group, which
on the whole is 10–15 years younger than the ADNI study
group.

In a study of Johnson and colleagues [35], 31 older
adults with pure executive MCI were identified. Of the 12
executive MCI patients who progressed clinically after two
years, 2 converted to probable dementia with Lewy bodies,
10 retained the clinical diagnosis of MCI, and none reverted
to normal. Patients with single domain executive MCI who
progressed quickly over two years had more temporal lobe
atrophy on MRI and slightly lower scores for visual memory
recall when compared to the stable executive MCI patients,
possibly suggesting that converters may be at their later stages
of clinical progression. The executive MCI patients who
progressed reported fewer dysexecutive symptoms than non-
progressors, while there were no differences in informant-
rated dysexecutive symptoms and baseline performance on
all four executive tests.

Nine subjects with pure attention/executive MCI were
identified in the longitudinal study of Whitwell and col-
leagues [29]. In this study, almost 70% of MCI patients
within an attention/executive subgroup progressed to
dementia in the period of four years, suggesting that the
group is at high risk of developing dementia. Three patients
converted to dementia with Lewy bodies and three patients
converted to AD dementia. The prognosis for other patients
with isolated attention/executive dysfunction in the study
of Whitwell and colleagues is not clear, but they may also
convert to other dementias or remain stable over many years.

By using similar criteria for classification of subjects as
those used in the study of Whitwell and colleagues, we
have identified a bigger group of 23 nonamnestic attention/
executive MCI patients [37]. A longitudinal followup will
show how many patients will develop AD and other demen-
tias.

4. Brain Imaging—MRI Morphometry and
Diffusion Tensor Imaging

The attention and executive functions depend on distributed
networks [39], encompassing both frontal and parietal
associative cortices, as well as subcortical structures and
white matter (WM) pathways [40]. The executive functions
control and monitor task performance and depend criti-
cally on the frontal lobes. Three fronto-subcortical circuits
(originating in the prefrontal cortex) have been identified
as responsible for executive control functions, that is, the
dorsolateral prefrontal cortex (working memory), the lateral
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orbital cortex (inhibition), and the anterior cingulate cortex
(response conflict) [41, 42].

Degeneration of the medial temporoparietal memory
network is typical for AD [43]. Findings from functional
imaging indicate that during prodromal AD, the brain
network involving the dorsolateral prefrontal cortex and
the anterior cingulate, is affected [44]. Alterations in these
regions have been associated with impairments in executive
functions [45]. While aMCI is characterized by medial
temporal lobe affection [29], atrophy in the basal forebrain
has been found to be characteristic for the MCI groups with
isolated attention/executive deficits [29, 33].

Some studies have reported an association between
prefrontal cortical changes and attention/executive impair-
ment in MCI [29, 34, 46]. Significant cortical atrophy in
frontal regions [47] has been found in predementia AD. It
has been argued that prefrontal damage, in combination with
cingulate damage, has predictive value for the conversion
from MCI to AD [48]. Another recent study indicates that
white matter (WM) pathology in AD is distributed in all
lobes of the brain but it is most prominent in the frontal WM
[49]. In addition to frontal WM changes, MCI patients may
have WM changes in both anterior [50] and posterior [51]
cingulate regions. The anterior cingulate region is regarded
as belonging to a network responsible for executive control
function while the posterior cingulate belongs to a memory
network [52]. Thus, it has been hypothesized that the caudal
portion of the anterior cingulate plays a major role in
executive function abilities, primarily through its reciprocal
connections with the prefrontal cortex [53, 54].

In our recent study on attention/executive MCI [37],
we have demonstrated consistent relationships between neu-
ropsychological function and the microstructural properties
of the WM brain pathways measured by diffusion tensor
imaging (DTI), as well as cortical-morphometric parameters.
Executive impairment in MCI patients with unaffected
memory performance has been associated with reduced
WM tract integrity (increased radial diffusion (DR) and
mean diffusivity (MD)) in frontal and cingulate regions
and cortical thinning in caudal middle frontal region. We
have found that WM DR/MD increases in frontal, cingulate,
and entorhinal regions in patients with attention/executive
MCI, but cortical thickness was not different from controls
in any of the studied regions [37]. The findings may thus
indicate that the relative importance of grey matter versus
WM changes may differ at different stages of predementia
cognitive impairment [55, 56].

Frontal and temporal WM diffusivity changes have
been previously described in aMCI patients [57]. By using
DTI to characterize executive networks in MCI, we found
WM DR/MD changes in both the anterior and posterior
cingulate regions in eMCI suggesting that both regions may
contribute to attention/executive impairment in MCI [36].
The cingulate cortex projects into the striatum [42], and
both the anterior and posterior cingulate cortices receive
mediodorsal thalamic afferents [48], which are part of
fronto-subcortical circuits, involved in executive function.
Some attention/executive subfunctions correlated signifi-
cantly with imaging findings in frontal and cingulate regions

in the eMCI group, but no significant correlations were
found in the controls. In attention/executive MCI, response
inhibition was associated with WM DR/MD underlying the
superior frontal cortex, and response inhibition/switching
was associated with WM DR/MD underlying the superior
frontal, rostral middle frontal, lateral/medial orbitofrontal,
and retrosplenial cortices. Test scores for attention and
divided attention were associated with the cortical thinning
of the caudal middle frontal region. The study results thus
support the results from previous MCI studies, where asso-
ciations between prefrontal changes and attention/executive
impairment have been reported [29, 34, 46]. In addition,
the results confirm that cingulate changes are associated with
executive impairment in MCI [48].

In one recent study [34], MCI patients with isolated
executive dysfunction had cerebral hypoperfusion in bilateral
middle frontal cortex, bilateral posterior cingulated, and
the left precuneus relative to controls. Relative to aMCI
patients, eMCI patients had hypoperfusion in the left middle
frontal cortex, left posterior cingulate, and the left precuneus,
supporting the existence of pathophysiologically distinct
MCI subgroups.

In the study of Pa and colleagues [33], executive non-
amnestic MCI subgroup had significantly less grey matter in
the left dorsolateral prefrontal cortex compared with control
subjects. The eMCI subgroup had less volume in the caudate
nucleus compared with aMCI group, but the differences for
prefrontal cortex in eMCI versus aMCI were not significant,
which could be due to some reduction of prefrontal cortex
volume in aMCI as well. In contrast, the aMCI patients had
less volume in the right inferior parietal cortex, typical for
AD, than eMCI. These neuroimaging findings also suggest
that some of the eMCI patients may represent a distinct
subgroup of MCI.

We have found increased entorhinal WM DR and MD
in both patients with memory impairment and those with
attention/executive dysfunction without objective memory
impairment [37, 58], suggesting a common affection of
regions known to show changes in early AD. Atten-
tion/executive MCI may be an earlier stage of AD than
aMCI and the patients with nonamnestic attention/executive
impairment may develop memory problems later. It is also
possible that patients with attention/executive MCI may
progress to non-AD dementias or AD with disproportionate
neuropathology in the frontal cortex.

5. Nonmemory Findings Associated with
Genetic Risk of AD

To study very early development of AD, neurobiological
markers of high risk in asymptomatic individuals may be
used. Sperling et al. [59] use the term AD-P to denote patho-
physiological factors that are significant for the development
of clinical AD (AD-C), but each factor in isolation does
not cause AD-C. Candidates for markers may be molecular
or genetic. Amyloid accumulation may be measured with
positron emission tomography (PET) or with cerebrospinal
fluid (CSF) analyses, but both are invasive and costly
procedures that are not suitable for screening. Genetic risk
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can be assessed relatively simply, and followup studies of
healthy at risk populations are not prohibitively expensive
although they have ethical problems.

Apolipoprotein E (APOE) and e4 allele carrier status
confer a significant increase in risk of developing AD [60].
Recent studies of relative risk based on large samples [61]
argue that the impact of APOE e4 on AD risk is similar to
that of major genes in Mendelian diseases and comparable
to genetic risk of breast cancer. Amyloid load in cognitively
normal persons above age 60 correlates positively with APOE
e4 [62]. In MCI patients PIB-positive PET scans are more
frequent in APOE e4 carriers [63]. In patients with AD,
progression of cerebral amyloid load is associated with e4
gene dose [64]. There is thus evidence that a major genetic
risk factor for AD is associated with preclinical accumulation
of beta amyloid, the most significant pathophysiological
causal factor for developing AD. Greenwood et al. [65] have
argued that in view of the complexity of APOE mechanisms
affecting cognition, it would be misleading to view all
cognitive effects of e4 as evidence of incipient AD, and they
argue that in normal aging there is an accumulating effect
of inefficient neural repair mechanisms associated with the
e4 allele. These changes make the brain more vulnerable to
pathological processes, including accumulation of amyloid
beta 42 in AD, but do not cause this process to occur in all
e4 carriers.

Severe cholinergic changes are found in advanced AD,
with loss of cholinergic neurons and receptors [66, 67].
DeKosky et al. [68] found that cholinergic systems are
upregulated in MCI individuals. The authors propose that
the loss of this apparent compensatory response may mark
the conversion of MCI to diagnosable AD. Recent evidence
indicates that complex interactions between APOE e4 and
cholinergic genes (BuChE) affect the conversion rate of MCI
to AD [69] and that the level of beta amyloid accumulation
in the brain is related to both APOE and cholinergic activity
[70, 71]. Thus we see evidence of a negative interaction
between APOE, beta amyloid accumulation, and cholinergic
dysfunction.

There have been numerous studies of cognitive symp-
toms associated with APOE e4 carrier status in nondemented
persons. Wisdom et al. [72] used a meta analysis of more
than 2000 participants and found significant positive effect
size for memory and global intellectual function. The
effect sizes are moderate, and the studies are influenced
by choice of methods, especially in nonmemory cognitive
domains. Parasuraman and collaborators [73] have taken a
cognitive neuroscience approach to study effects of genes
involved in risk of AD (APOE) or mechanisms involved in
cognitive deficit in AD (cholinergic genes—CHRNA4). They
concluded that intact focusing and impaired disengagement
of visuospatial attention may be linked to dysfunction in
early AD of corticocortical networks linking the posterior
parietal and frontal lobes. Greenwood et al. [74] found that
healthy middle-aged adults without dementia who carry the
APOE e4 allele show deficits in spatial attention and working
memory that are qualitatively similar to those seen in
clinically diagnosed AD patients. This finding is replicated in
an independent sample by Espeseth et al. [75]. The findings

support an association between APOE polymorphisms and
specific components of visuospatial attention. Later studies
have extended the findings to working memory measured
by operation span [76]. Greenwood et al. [65] used an
experimental paradigm measuring working memory for dot
locations in a spatial array and found that accuracy was
reduced in healthy e4 homozygotes, of mean age 57–60.
Reinvang et al. [77] found that e4 carriers performed worse
on letter-number span, another working memory task, and
in addition on the Stroop color-word interference task. The
groups did not differ in tasks of episodic memory.

Wishart et al. [78] studied cortical activation pattern in
a working memory task and the e4 group showed greater
activity during working memory in the medial frontal and
parietal regions bilaterally and in the right dorsolateral
prefrontal cortex. There were no regions in which the
e3 group showed greater activation than the e4 group.
By measuring event-related potentials (ERPs) while MCI
patients 50–76 years of age worked on an experimental
attention task (auditory three-stimulus oddball). Reinvang
et al. [77] performed an event related potential (ERP)
study with MCI patients and found attenuated N1 and N2
amplitudes in e4 carriers. In a follow up study with only
normal controls covering the same age range working on
the same auditory oddball task, e4 carriers also had reduced
N1 amplitudes. Furthermore, N2 latency was longer for e4
carriers, and this latency predicted memory decline 3.5 years
later, suggesting that attention-related functions may presage
memory decline in those with elevated risk for AD [80]. The
later component P3 has been shown to be associated with
APOE in healthy controls. Irimajiri et al. [81] found reduced
amplitude among healthy female e4 carriers in auditory task,
and Espeseth et al. [82] found e4-related reduction of visual
P3a amplitudes. Together, these findings indicate a potential
clinical significance of individual differences in the attention-
related ERP components N1, N2, and P3. These findings
of APOE-related changes in attention are associated with
APOE-related differences in brain structure. Espeseth et al.
[83] found that healthy e4 carriers had thicker cortices than
noncarriers in regions of the brain known to be involved in
attentional function. However, an age by APOE interaction
showed that this effect was specific for the middle-aged
participants. The crosssectional data indicated that there
might be an accelerated thinning of the cortex for e4 carriers,
suggesting that the thicker cortex among the middle-aged
might be associated with a dysfunctional process. Espe-
seth et al. [82] showed that cortical thickness in regions
with significant carrier versus noncarrier diffrerences was
negatively correlated with P3a amplitudes, suggesting that
the increase in cortical thickness was indeed dysfunctional.
Further support for this interpretation was presented by
Fortea et al. [84, 85] who showed that while symptomatic
PSEN1 mutation carriers had widespread cortical thinning
compared to healthy controls, asymptomatic mutation carri-
ers had thicker cortices, suggesting that high risk for AD may
be associated with a temporary thickening of the cortex.

Cognitive functions are sensitive to interaction of APOE
with other factors, including interaction with other genes.
Espeseth et al. [75] and Reinvang et al. [86] have argued
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that interaction (epistasis) of APOE and CHRNA4, a nico-
tinic receptor gene, influences function in the domains of
attention and executive function. CHRNA4 has been shown
to be related to attentional function in several studies [86–
93]. The search for cognitive markers of very early AD,
possibly predating amnestic MCI, should therefore take
account of the cognitive neuroscience literature on the role
of cholinergic systems in attention and executive function.
Furthermore, tasks from cognitive neuroscience research that
have proven to be related to specific cortical-subcortical
activation patterns or neurotransmitter systems may in
general be more sensitive to subtle cognitive changes than
tests derived from clinical studies of advanced pathology.

6. Discussion

Problems of attention and executive function are common in
MCI, and in patients with aMCI they are the most important
additional symptom domain in multidomain aMCI. It is
generally believed that in this group, executive deficit appears
after memory impairment in the sequence of cognitive
decline leading to full blown dementia.

Executive MCI may occur without memory impairment,
and there is evidence that although etiology is heterogenous,
a significant proportion of these patients develop AD. How
large this group is in MCI samples varies and is dependent
on several factors. The strong focus on memory problems
as key symptom in early AD, and the wide normal variation
in attention and executive function in aging, may indicate a
high threshold for these patients to seek medical service. Our
own data indicate that in a relatively young MCI population
investigated with comprehensive neuropsychological testing,
eMCI is a common variant. Attentional and executive dys-
functions may remain undetected even though a thorough
neuropsychological examination is performed. Difficulties in
dividing attention and manipulating remembered informa-
tion may be reflected in everyday tasks, such as packing a
bag, keeping track of conversations, or walking whilst talking
[22]. Patients with executive MCI may show increased
behavioral symptoms on questionnaires that specifically
measure executive behaviors compared with aMCI and
control subjects [33]. Knowing that decreased awareness of
cognitive symptoms has been reported in some patients with
MCI [94] and executive MCI [95], it may be helpful to ask
other informants to rate executive symptoms of the patient.

Current conceptions of early MR changes emphasize hip-
pocampal and cortical atrophy as the significant pathological
event, closely linked with emergence of memory impairment
[59, 96]. MR analysis yields sensitive measures of a range
of pathognomonic events, and recent publications from
our group and others indicate that reduced quality of the
connectivity of brain networks may compromise cognitive
function. This is true, both for the memory network of
the brain, including posterior cingulate, and additionally
for frontal networks. These networks are involved in both
memory and nonmemory functions. Our studies and those
of others indicate that in identifying the brain changes
underlying eMCI one should emphasize fiber integrity as
measures with DTI as well as frontal lobe cortical thinning.

In their report on the status of preclinical markers, AD
Sperling and collaborators [59] use the concept of Alzheim-
er’s Disease-pathophysiological process (AD-P) to denote
different processes that may contribute to development of
clinical Alzheimer’s Disease (AD-C). Furthermore they point
to studies combining biomarkers (of AD-P) with measures
sensitive to very subtle cognitive decline as clearly needed.
Large-scale longitudinal studies of biomarker-positive pop-
ulations raise enormous problems in terms of ethics, costs,
and logistics. We suggest that healthy APOE e4 carriers are a
realistic and highly relevant study group. Subclinical genetic
effects on MR-morphometry [83], DTI [97], and Default
Mode [98] have been shown. Experimental cognitive studies
have identified specific attention and executive subfunc-
tions as sensitive to APOE allele variation. The paradigms
need to be further developed and standardized for use in
clinical/epidemiological studies. This development could be
modeled on the effort to standardize cognitive neuroscience
paradigms for application in schizophrenia research [99].
A great advantage is that they are suited for computerized
administration and scoring, so that one may foresee study
participants in a longitudinal study logging on to the internet
and complete a set of standard tasks at regular intervals.
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[49] M. Sjöbeck, C. Elfgren, E. M. Larsson et al., “Alzheimer’s
disease (AD) and executive dysfunction. A case-control study
on the significance of frontal white matter changes detected by
diffusion tensor imaging (DTI),” Archives of Gerontology and
Geriatrics, vol. 50, no. 3, pp. 260–266, 2010.

[50] M. M. Mielke, N. A. Kozauer, K. C. G. Chan et al., “Regionally-
specific diffusion tensor imaging in mild cognitive impairment
and Alzheimer’s disease,” NeuroImage, vol. 46, no. 1, pp. 47–
55, 2009.

[51] Y. Zhang, N. Schuff, G. H. Jahng et al., “Diffusion tensor
imaging of cingulum fibers in mild cognitive impairment and
Alzheimer disease,” Neurology, vol. 68, no. 1, pp. 13–19, 2007.

[52] R. L. Buckner, A. Z. Snyder, B. J. Shannon et al., “Molecular,
structural, and functional characterization of Alzheimer’s
disease: evidence for a relationship between default activity,
amyloid, and memory,” Journal of Neuroscience, vol. 25, no.
34, pp. 7709–7717, 2005.

[53] T. Arikuni, H. Sako, and A. Murata, “Ipsilateral connections
of the anterior cingulate cortex with the frontal and medial
temporal cortices in the macaque monkey,” Neuroscience
Research, vol. 21, no. 1, pp. 19–39, 1994.

[54] B. A. Vogt, P. B. Crino, and L. Volicer, “Laminar alterations
in γ-aminobutyric acid(A), muscarinic, and β adrenoceptors
and neuron degeneration in cingulate cortex in Alzheimer’s
disease,” Journal of Neurochemistry, vol. 57, no. 1, pp. 282–290,
1991.

[55] C. R. Jack Jr., V. J. Lowe, S. D. Weigand et al., “Serial PIB and
MRI in normal, mild cognitive impairment and Alzheimers
disease: implications for sequence of pathological events in
Alzheimers disease,” Brain, vol. 132, no. 5, pp. 1355–1365,
2009.

[56] S. M. De la Monte, “Quantitation of cerebral atrophy in
preclinical and end-stage Alzheimer’s disease,” Annals of
Neurology, vol. 25, no. 5, pp. 450–459, 1989.

[57] L. Wang, F. C. Goldstein, E. Veledar et al., “Alterations in
cortical thickness and white matter integrity in mild cogni-
tive impairment measured by whole-brain cortical thickness
mapping and diffusion tensor imaging,” American Journal of
Neuroradiology, vol. 30, no. 5, pp. 893–899, 2009.

[58] R. Grambaite, I. Reinvang, P. Selnes et al., “Pre-dementia
memory impairment is associated with white matter tract
affection,” Journal of the International Neuropsychological
Society, vol. 17, no. 1, pp. 143–153, 2011.

[59] R. A. Sperling, P. S. Aisen, L. A. Beckett et al., “Toward defining
the preclinical stages of Alzheimer’s disease: recommendations
from the National Institute on Aging-Alzheimer’s Association
workgroups on diagnostic guidelines for Alzheimer’s disease,”
Alzheimer’s and Dementia, vol. 7, no. 3, pp. 280–292, 2011.

[60] E. H. Corder, A. M. Saunders, W. J. Strittmatter et al.,
“Gene dose of apolipoprotein E type 4 allele and the risk of
Alzheimer’s disease in late onset families,” Science, vol. 261, no.
5123, pp. 921–923, 1993.

[61] E. Genin, “APOE and Alzheimer disease: a major gene with
semi-dominant inheritance,” Molecular Psychiatry, vol. 16, no.
9, pp. 903–907, 2011.

[62] R. J. Caselli, D. Walker, L. Sue, M. Sabbagh, and T. Beach,
“Amyloid load in nondemented brains correlates with APOE
e4,” Neuroscience Letters, vol. 473, no. 3, pp. 168–171, 2010.

[63] K. E. Pike, G. Savage, V. L. Villemagne et al., “β-amyloid
imaging and memory in non-demented individuals: evidence
for preclinical Alzheimer’s disease,” Brain, vol. 130, no. 11, pp.
2837–2844, 2007.

[64] T. Grimmer, S. Tholen, B. H. Yousefi et al., “Progression of
cerebral amyloid load is associated with the apolipoprotein e
ε4 genotype in Alzheimer’s disease,” Biological Psychiatry, vol.
68, no. 10, pp. 879–884, 2010.

[65] P. M. Greenwood, T. Sunderland, C. Lambert, and R. Para-
suraman, “Effects of apolipoprotein E genotype on spatial
attention, working memory, and their interaction in healthy,
middle-aged adults: results from the National Institute of
Mental Health’s BIOCARD study,” Neuropsychology, vol. 19,
no. 2, pp. 199–211, 2005.

[66] P. Davies and A. J. F. Maloney, “Selective loss of central
cholinergic neurons in Alzheimer’s disease,” The Lancet, vol.
2, no. 8000, p. 1403, 1976.

[67] P. J. Whitehouse, D. L. Price, and R. G. Struble, “Alzheimer’s
disease and senile dementia: loss of neurons in the basal
forebrain,” Science, vol. 215, no. 4537, pp. 1237–1239, 1982.

[68] S. T. Dekosky, M. D. Ikonomovic, S. D. Styren et al., “Upreg-
ulation of choline acetyltransferase activity in hippocampus
and frontal cortex of elderly subjects with mild cognitive
impairment,” Annals of Neurology, vol. 51, no. 2, pp. 145–155,
2002.

[69] R. Lane, H. H. Feldman, J. Meyer et al., “Synergistic effect of
apolipoprotein E ε4 and butyrylcholinesterase K-variant on
progression from mild cognitive impairment to Alzheimer’s
disease,” Pharmacogenetics and Genomics, vol. 18, no. 4, pp.
289–298, 2008.

[70] T. Darreh-Shori, A. Forsberg, N. Modiri et al., “Differential
levels of apolipoprotein E and butyrylcholinesterase show
strong association with pathological signs of Alzheimer’s
disease in the brain in vivo,” Neurobiology of Aging, vol. 32,
no. 12, pp. 2320.e15–2320.e32, 2011.

[71] F. Bao, L. Wicklund, P. N. Lacor, W. L. Klein, A. Nordberg,
and A. Marutle, “Different β-amyloid oligomer assemblies
in Alzheimer brains correlate with age of disease onset and
impaired cholinergic activity,” Neurobiology of Aging, vol. 33,
no. 4, pp. 825.e1–825.e13, 2012.

[72] N. M. Wisdom, J. L. Callahan, and K. A. Hawkins, “The effects
of apolipoprotein E on non-impaired cognitive functioning: a
meta-analysis,” Neurobiology of Aging, vol. 32, no. 1, pp. 63–74,
2011.



8 International Journal of Alzheimer’s Disease

[73] R. Parasuraman, P. M. Greenwood, J. V. Haxby, and C. L.
Grady, “Visuospatial attention in dementia of the Alzheimer
type,” Brain, vol. 115, no. 3, pp. 711–733, 1992.

[74] P. M. Greenwood, T. Sunderland, J. L. Friz, and R. Para-
suraman, “Genetics and visual attention: selective deficits in
healthy adult carriers of the ε4 allele of the apolipoprotein E
gene,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 97, no. 21, pp. 11661–11666,
2000.

[75] T. Espeseth, P. M. Greenwood, I. Reinvang et al., “Interactive
effects of APOE and CHRNA4 on attention and white matter
volume in healthy middle-aged and older adults,” Cognitive,
Affective and Behavioral Neuroscience, vol. 6, no. 1, pp. 31–43,
2006.

[76] V. M. Rosen, J. L. Bergeson, K. Putnam, A. Harwell, and T.
Sunderland, “Working memory and apolipoprotein E: what’s
the connection?” Neuropsychologia, vol. 40, no. 13, pp. 2226–
2233, 2002.

[77] I. Reinvang, I. L. Winjevoll, H. Rootwelt, and T. Espeseth,
“Working memory deficits in healthy APOE epsilon 4 carri-
ers,” Neuropsychologia, vol. 48, no. 2, pp. 566–573, 2010.

[78] H. A. Wishart, A. J. Saykin, L. A. Rabin et al., “Increased brain
activation during working memory in cognitively intact adults
with the APOE ε4 allele,” American Journal of Psychiatry, vol.
163, no. 9, pp. 1603–1610, 2006.

[79] I. Reinvang, T. Espeseth, and L. Gjerstad, “Cognitive ERPs are
related to ApoE allelic variation in mildly cognitively impaired
patients,” Neuroscience Letters, vol. 382, no. 3, pp. 346–351,
2005.

[80] T. Espeseth, H. Rootwelt, and I. Reinvang, “Apolipoprotein E
modulates auditory event-related potentials in healthy aging,”
Neuroscience Letters, vol. 459, no. 2, pp. 91–95, 2009.

[81] R. Irimajiri, E. J. Golob, and A. Starr, “ApoE genotype
and abnormal auditory cortical potentials in healthy older
females,” Neurobiology of Aging, vol. 31, no. 10, pp. 1799–1804,
2010.

[82] T. Espeseth, L. T. Westlye, K. B. Walhovd et al., “Apolipopro-
tein E ε4-related thickening of the cerebral cortex modulates
selective attention,” Neurobiology of Aging, vol. 33, no. 2, pp.
304–322.e1, 2012.

[83] T. Espeseth, L. T. Westlye, A. M. Fjell, K. B. Walhovd, H.
Rootwelt, and I. Reinvang, “Accelerated age-related cortical
thinning in healthy carriers of apolipoprotein E ε4,” Neuro-
biology of Aging, vol. 29, no. 3, pp. 329–340, 2008.

[84] J. Fortea, R. Sala-Llonch, D. Bartrés-Faz et al., “Increased
cortical thickness and caudate volume precede atrophy in
psen1 mutation carriers,” Journal of Alzheimer’s Disease, vol.
22, no. 3, pp. 909–922, 2010.

[85] J. Fortea, R. Sala-Llonch, D. Bartrés-Faz et al., “Cognitively
preserved subjects with transitional cerebrospinal fluid ß-
amyloid 1-42 values have thicker cortex in Alzheimer’s disease
vulnerable areas,” Biological Psychiatry, vol. 70, no. 2, pp. 183–
190, 2011.

[86] I. Reinvang, A. J. Lundervold, H. Rootwelt, E. Wehling, and T.
Espeseth, “Individual variation in a cholinergic receptor gene
modulates attention,” Neuroscience Letters, vol. 453, no. 3, pp.
131–134, 2009.

[87] T. Espeseth, T. Endestad, H. Rootwelt, and I. Reinvang, “Nico-
tine receptor gene CHRNA4 modulates early event-related
potentials in auditory and visual oddball target detection
tasks,” Neuroscience, vol. 147, no. 4, pp. 974–985, 2007.

[88] T. Espeseth, M. H. Sneve, H. Rootwelt, and B. Laeng,
“Nicotinic receptor gene chrna4 interacts with processing load

in attention,” PLoS ONE, vol. 5, no. 12, Article ID e14407,
2010.

[89] P. M. Greenwood, J. A. Fossella, and R. Parasuraman, “Speci-
ficity of the effect of a nicotinic receptor polymorphism on
individual differences in visuospatial attention,” Journal of
Cognitive Neuroscience, vol. 17, no. 10, pp. 1611–1620, 2005.

[90] P. M. Greenwood, M. K. Lin, R. Sundararajan, K. J. Fryxell,
and R. Parasuraman, “Synergistic effects of genetic variation
in nicotinic and muscarinic receptors on visual attention but
not working memory,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 106, no. 9, pp.
3633–3638, 2009.

[91] P. M. Greenwood, R. Sundararajan, M. K. Lin, R. Kumar,
K. J. Fryxell, and R. Parasuraman, “Both a nicotinic single
nucleotide polymorphism (SNP) and a noradrenergic SNP
modulate working memory performance when attention is
manipulated,” Journal of Cognitive Neuroscience, vol. 21, no.
11, pp. 2139–2153, 2009.

[92] G. Winterer, F. Musso, A. Konrad et al., “Association of
attentional network function with exon 5 variations of the
CHRNA4 gene,” Human Molecular Genetics, vol. 16, no. 18,
pp. 2165–2174, 2007.

[93] R. Parasuraman, P. M. Greenwood, R. Kumar, and J. Fossella,
“Beyond heritability: neurotransmitter genes differentially
modulate visuospatial attention and working memory,” Psy-
chological Science, vol. 16, no. 3, pp. 200–207, 2005.

[94] A. Vogel, S. G. Hasselbalch, A. Gade, M. Ziebell, and G. Walde-
mar, “Cognitive and functional neuroimaging correlates for
anosognosia in mild cognitive impairment and Alzheimer’s
disease,” International Journal of Geriatric Psychiatry, vol. 20,
no. 3, pp. 238–246, 2005.

[95] J. K. Johnson, J. Pa, A. L. Boxer, J. H. Kramer, K. Freeman,
and K. Yaffe, “Baseline predictors of clinical progression
among patients with dysexecutive mild cognitive impairment,”
Dementia and Geriatric Cognitive Disorders, vol. 30, no. 4, pp.
344–351, 2010.

[96] C. R. Jack Jr., D. S. Knopman, W. J. Jagust et al., “Hypothetical
model of dynamic biomarkers of the Alzheimer’s pathological
cascade,” The Lancet Neurology, vol. 9, no. 1, pp. 119–128,
2010.

[97] V. Heise, N. Filippini, K. P. Ebmeier, and C. E. Mackay, “The
APOE epsilon 4 allele modulates brain white matter integrity
in healthy adults,” Molecular Psychiatry, vol. 16, no. 9, pp. 908–
916, 2010.

[98] N. Filippini et al., “Distinct patterns of brain activity in
young carriers of the APOE-epsilon4 allele,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 106, no. 17, pp. 7209–7214, 2009.

[99] C. S. Carter and D. M. Barch, “Cognitive neuroscience-based
approaches to measuring and improving treatment effects
on cognition in schizophrenia: the CNTRICS initiative,”
Schizophrenia Bulletin, vol. 33, no. 5, pp. 1131–1137, 2007.



Hindawi Publishing Corporation
International Journal of Alzheimer’s Disease
Volume 2012, Article ID 421452, 15 pages
doi:10.1155/2012/421452

Review Article

Promising Genetic Biomarkers of
Preclinical Alzheimer’s Disease: The Influence of
APOE and TOMM40 on Brain Integrity

Beata Ferencz, Sari Karlsson, and Grégoria Kalpouzos
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Finding biomarkers constitutes a crucial step for early detection of Alzheimer’s disease (AD). Brain imaging techniques have
revealed structural alterations in the brain that may be phenotypic in preclinical AD. The most prominent polymorphism that has
been associated with AD and related neural changes is the Apolipoprotein E (APOE) ε4. The translocase of outer mitochondrial
membrane 40 (TOMM40), which is in linkage disequilibrium with APOE, has received increasing attention as a promising gene in
AD. TOMM40 also impacts brain areas vulnerable in AD, by downstream apoptotic processes that forego extracellular amyloid beta
aggregation. The present paper aims to extend on the mitochondrial influence in AD pathogenesis and we propose a TOMM40-
induced disconnection of the medial temporal lobe. Finally, we discuss the possibility of mitochondrial dysfunction being the
earliest pathophysiological event in AD, which indeed is supported by recent findings.

1. Introduction

Alzheimer’s Disease (AD) is one of the leading causes of
dementia today and it poses an immense societal challenge as
the prevalence is expected to continue to rise [1]. This makes
it imperative to identify early preclinical changes in AD with
high accuracy, in order for intervention strategies to yield
effective outcome and to allow affected individuals to partake
in an active treatment plan [2–5]. AD is characterized by ear-
ly pathological changes in the brain, including senile plaques,
neurofibrillary tangles, synapse, and neuronal loss. Neurofi-
brillary tangle formation may initiate in subcortical nuclei
such as the dorsal raphe and locus coeruleus, prior to spread-
ing to transentorhinal regions [6, 7]. Findings also support
that pathological changes in AD commence in the medial
temporal lobe (MTL) [8–10], primarily in the entorhinal cor-
tex (ERC) and hippocampus (HC) [11–13], which undergo
initial gray matter (GM) loss. Recently, attention has also
been directed towards the impact of pathological mecha-
nisms on white matter (WM), as up to 50% of AD cases
present with global WM deterioration in neuropathological

examinations [14, 15]. The temporal succession of GM and
WM changes in preclinical AD remains to be determined;
so far there is support for both primary and secondary WM
changes within the MTL [16, 17].

MCI is regarded as a prodromal state of AD, where indi-
viduals present with subjective memory complaints and/or
objective memory impairment, but are still intact in daily life
and do not meet current AD diagnostic criteria [2, 18, 19].
Amnestic type MCI (aMCI), where memory impairment is
considered predominant, has been proposed as a solution for
the diagnostic heterogeneity of the overall MCI criteria. The
construct of MCI allows for the clinical assessment of prod-
romal AD, where early interventions could have a beneficial
effect [20]. While promising, this therapeutic window is
hampered by the fact that not all individuals with MCI con-
vert to AD (6–25%), and almost half return to normal cogni-
tive health within the first year of followup [2, 21]. Moreover,
caveats remain regarding MCI and its clinical usefulness, sig-
nifying that the most beneficial use of the MCI criteria is by
combination with other structural, functional, neuropsy-
chological, genetic, and pathological biomarkers [22]. These
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Figure 1: Timeline of potential biomarkers in Alzheimer’s disease.
Prior to clinical diagnosis of AD, beta-amyloid (Aβ) aggregation,
micro- and macrostructural changes are thought to take place in a
timewise fashion (adapted from [23]). ∗Recent research points to a
shift in the biomarker timeline, with mitochondrial dysfunction
being primary in the pathophysiological cascade of AD, eventually
leading to micro- and macrostructural changes in the AD brain.

biomarkers were recently placed into a hypothetic biomarker
timeline by Jack and colleagues [23], who proposed that the
pathological cascade in AD commences with amyloid and tau
pathology, followed by neural injury and dysfunction and
finally structural alterations (see Figure 1). Furthermore,
they hypothesize that β-amyloid deposition and the follow-
ing cascade occur earlier in Apolipoprotein (APOE) ε4 car-
riers. Recent findings have shown brain and cognitive chan-
ges up to 10 years prior to the diagnosis of AD, indicating that
the combination of biomarkers may provide an alternative
timeline [23–25]. A growing body of literature has empha-
sized the association between genetic and structural brain
biomarkers, with imaging quantitative traits within the MTL
being a more objective outcome than clinical diagnosis alone.
The MTL may act as a mediator between genetic polymor-
phisms and the clinical expression of AD, indicating the
advantage of combined genetic and brain integrity biomark-
ers [26, 27].

APOE is one of the primary AD polymorphisms, associ-
ated not only with risk and age of onset, but also brain integ-
rity in AD [3, 28, 29]. Due to its Linkage Disequilibrium (LD)
with APOE, Translocase of outer mitochondrial membrane
40 (TOMM40) was previously thought to have minimal in-
fluence on the risk of AD [30, 31]. Nevertheless, it is now
established that TOMM40 influences onset of AD [31–37].
The TOMM40 gene holds promising biomarker properties
due to its negative impact on downstream apoptotic pro-
cesses within the mitochondrial system via possible amyloid
beta (Aβ) interplay [30, 38, 39]. Recently the mitochondrial
cascade hypothesis has received increasing support, propos-
ing that mitochondrial dysfunction is the key pathological
mechanism in AD, influencing brain structures known to be
vulnerable in AD [40, 41]. We intend to extend these theories
by presenting the mitochondrial disconnection model, an
adapted model for mitochondrial involvement in preclinical

AD. We also suggest a timeline shift in the biomarker realm,
away from the amyloid hypothesis, towards early and prima-
ry mitochondrial involvement in the pathophysiology of AD
(see Figure 1). The implication of mitochondrial dysfunction
in AD is currently supported by genetic and neuropatholog-
ical research [30, 39, 41] and has the possibility to shed light
on the primary biological insult in the disorder, as well as to
provide a new therapeutic window for AD [42, 43].

The present paper focuses on recent advances in neuro-
imaging and genetic biomarkers for preclinical AD. After an
overview of structural brain changes in early AD, we discuss
the influence of APOE and TOMM40, in an effort to approxi-
mate the primary pathological cascade in AD. The mito-
chondrial disconnection model is an extension of previous
findings and is suggested as a workable hypothesis from
which the influential role of mitochondria on AD can be as-
sessed.

2. Structural Brain Changes in
Early Alzheimer’s Disease

The consensus in the literature is that there is a long preclin-
ical phase of AD, with cognitive as well as structural brain
changes commencing years before clinical diagnosis of the
disorder [23, 24, 44]. Indeed, significant brain atrophy can be
observed in healthy individuals who will subsequently devel-
op MCI or AD, in comparison to stable controls, within the
bilateral medial and lateral temporal lobes, orbitofrontal cor-
tex, posterior cingulate, and precuneus [24]. Interestingly,
these preclinical changes correspond to the pattern of GM al-
terations seen in diagnosed AD [15, 45], demonstrating that
early AD type pathology is present prior to clinical symptoms
[24, 46].

Both MCI and AD have characteristic influence on struc-
tures in the brain, thereby making them dissociable from
nonpathological aging [45, 47]. Imaging studies have been
able to confirm the Braak staging of neuropathology in AD
by showing early structural changes within the MTL (more
particularly the ERC and HC), prior to spreading to adjacent
cortices [10, 13, 48–50]. Looking closer at the HC, the lateral
CA1 subfield is the most vulnerable in MCI and AD while
GM loss in the subiculum is associated with nonpathological
age-related changes, denoting region-specific changes within
the HC in AD [51]. Moreover, several studies have indicated
that the rate of atrophy within the MTL is faster for those
who convert from normal aging to MCI as well as from MCI
to AD in comparison to those who remain stable [52–54].
This shows that not only atrophy, but also the rate of atrophy
in the HC over time could serve as a potential biomarker of
preclinical AD. Structural changes in mild-to-moderate AD
also occur in areas that are strongly connected to the MTL,
such as the retrosplenial cortex, posterior cingulate, pre-
cuneus, and lateral posterior parietal regions [55, 56]. These
findings have been confirmed in individuals with MCI,
where medial and lateral temporal as well as parietal atrophy
was evident in individuals who converted from MCI to AD,
in comparison with those who remained stable [57].

Although the progression of WM alterations in the brain
is still unclear, damage to WM pathways within the MTL can
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be detrimental according to the “disconnection hypothesis,”
stating that deterioration of WM tracts leads to subsequent
disconnection of the brain’s circuitry [11, 58]. Not only
might there be an overall disconnection, but a specific isola-
tion of the HC that may result from reduced WM integrity
within the MTL, mainly in the parahippocampal area, cin-
gulum, fornix, uncinate fasciculus, and perforant pathway
[59–61]. Moreover, an alteration in the WM of the precu-
neus, closely interconnected with the MTL, has also been ob-
served, resulting in the isolation of the hippocampus [59].
Researchers debate the sequential order of GM and WM de-
terioration in preclinical AD and the Wallerian degeneration
hypothesis stipulates that loss of WM integrity is secondary
to GM changes. In line with this hypothesis, research has
shown GM atrophy to be more efficient in distinguishing
between AD patients and healthy controls. More specifically
it has been observed that right-sided hippocampal GM loss
is a better predictor of diagnostic status of AD than measures
of WM integrity [8]. Recently, this hypothesis was supported
in a study where primary GM degeneration in the HC was
followed by Wallerian degeneration of WM within the inter-
ammonic commissure, a pathway connecting the left and
right hippocampi [12]. Also similarly, Villain and colleagues
found HC atrophy to be followed by loss of WM integrity
in the uncinate fasciculus and cingulum bundle, which was
corroborated by metabolic alterations in connected cortical
areas, demonstrating a significant disruption in connectivity
[61]. By contrast, WM deterioration has also been observed
in the absence of primary GM changes [60, 62]. For example,
in individuals with MCI and AD, loss of WM integrity has
been seen in the perforant pathway in absence of GM atrophy
[63]. Alteration of the perforant pathway, which connects
the ERC and the HC and constitutes a gateway to the limbic
system, may contribute to early and likely initial disconnec-
tion of the MTL in preclinical AD [60].

WM changes in small pathways of the brain, such as the
perforant pathway, are still arduous to discern with the cur-
rent available neuroimaging techniques. This is particularly
important in preclinical AD where the areas implicated are
small WM pathways within the MTL. Moreover, the lack of
longitudinal studies renders it difficult to determine the tem-
poral order of GM and WM changes in the brain. It has been
pointed out that it is disadvantageous to consider the WM
changes in the brain in a dichotomized fashion [16, 17]. In-
stead, a balanced view has been proposed where the temporal
order of structural changes in the brain is dependent on
the retrogenesis of the specific structure [16, 64]. For in-
stance, in late myelinating pathways connected to the MTL
such as the inferior longitudinal fasciculus, primary loss of
WM integrity is thought to be of major influence. In early
myelinating pathways such as the cerebral peduncles, poste-
rior limb of internal capsule, and forceps major on the other
hand, WM degeneration is considered secondary to GM loss.
However, it has been proposed that within each brain area,
depending on its retrogenetic development, there is a ratio
between primary and secondary WM degeneration, possibly
explaining why the temporal order of GM and WM changes
in early AD has been difficult to ascertain [16].

3. APOE and Preclinical Alzheimer’s Disease

While research in the genetic field has been fraught by small
effect sizes and difficulty in replicating findings, APOE has re-
mained a robustly replicated susceptibility gene for AD [42,
65, 66]. Located on chromosome 19, APOE translates into
three common allelic variations ε2, ε3, and ε4 [67], the ε4
being strongly associated with risk of developing AD [28,
68, 69]. Furthermore, the ε4 allele has been associated with
decreased memory functioning, processing speed, and loss of
GM and WM integrity [70–74]. The ε4 allele also modulates
risk of progression from MCI to AD. In effect, a recent meta-
analysis demonstrated that the presence of one or two ε4
alleles increased the risk of MCI conversion to AD up to four
times. However, APOE as a risk factor has low predictivity
and sensitivity values as a diagnostic test for AD, leading to
the conclusion that APOE genotyping has limited value as a
diagnostic tool in clinical practice [75–77].

APOE appears to play an essential role for lipid metab-
olism within the Central Nervous System (CNS) and allelic
variations of the gene are thought to modulate neural repair,
lipid homeostasis, oxidative stress, and Aβ deposition [43,
68]. As lipids are abundant in the brain and essential for mye-
lination of axons, it comes as no surprise that APOE, being
the main cholesterol transport lipoprotein, appears to play an
essential role in maintaining brain integrity [78]. Although
the mechanism behind the influence of APOE on the brain is
not fully elucidated, the protein appears to govern the effi-
ciency of cholesterol delivery to neurons. Particularly, the
presence of an ε4 allele reduces the delivery of cholesterol,
consequently disturbing lipid homeostasis within the CNS
and triggering a cascade leading to the formation of amyloid
depositions [79]. The combined amyloid cascade hypothesis
[80] and APOE lipid recycling cascade models [81] promote
a disturbance in lipid homeostasis as a source for AD pathol-
ogy [82]. While the amyloid cascade hypothesis has been
prominent throughout the last two decades, it was initially
based on studies with rare autosomal dominant variants of
AD and had pathophysiological shortcomings [83]. Indeed,
widespread amyloid deposition is present in AD, but there is
no consensus regarding the finite pathophysiological burden
of amyloid in the brain and it has been argued that amyloid
aggregation is a downstream process in AD not related to
clinical manifestation of the disorder [84]. While APOE may
influence the amyloid cascade in AD, other neuropatholog-
ical aspects of the polymorphism have been highlighted, in-
cluding influence on neuronal repair mechanisms and main-
tenance of synaptic connections [43]. One way of increasing
the predictability of the APOE polymorphisms is by combin-
ing genetic and structural brain biomarkers [27, 73].

4. APOE and Structural Integrity

Extensive research has been done on the genetic influence of
APOE polymorphisms on brain changes in preclinical AD
(Table 1). Support for the influence of APOE on AD-like
changes within the brain comes from a Genomewide Asso-
ciation Study (GWAS) on neuroimaging phenotypes in a
mixed sample of MCI and AD individuals [85]. The authors
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found APOE to be one of the top ten genetic markers to in-
fluence overall imaging phenotypes. Espeseth and colleagues
[86] demonstrated a modulatory effect of APOE polymor-
phism on cortical thickness in healthy middle-aged adults.
Carriers of an ε4 allele showed accelerated cortical thinning
in specific regions known to structurally deteriorate in nor-
mal aging but also in AD such as prefrontal regions, para-
hippocampal cortex, and adjacent occipitotemporal areas
(fusiform and lingual gyri), but not the HC. Others have
found more region-specific influence of APOE on MTL areas
[29, 87, 88]. This effect appears to be left lateralized with
the ε4 influence on HC volume [89]. The majority of find-
ings converge towards a significant impact of APOE poly-
morphism on GM integrity within the MTL, mainly the
HC.

Further, evidence for the influence of APOE on the MTL
comes from longitudinal studies on MCI and conversion to
AD (see Table 1). These have found that there is a genetic in-
fluence of APOE not only on hippocampal GM loss, but also
on the rate of atrophy of the HC [88, 94]. Support for the
specific influence of APOE ε4 in MCI has been shown, as
aMCI individuals have been found more likely to have small-
er hippocampi and be carriers of at least one ε4 allele than
nonamnestic MCI individuals [94]. Also, MCI APOE ε4 car-
riers express AD-type structural alterations such as atrophy
in MTL regions (ERC and HC). Those with MCI and an ε4
allele who convert to AD also show atrophy in frontal and
parietal cortices [48, 95]. Progressive MCI ε4 carriers show
global AD-type structural changes years before clinical diag-
nosis of AD [95]. However, APOE ε4 does not predict conver-
sion from MCI to AD, while ERC volume reduction at base-
line does [48]. Hence, it appears that while APOE may influ-
ence structural integrity in areas that are vulnerable in the
preclinical stages in AD, APOE polymorphism has limited
predictive value on the conversion to AD. The latter finding
may, however, be biased by limited sample sizes. Thus, future
studies combining structural, genetic and cognitive biomark-
ers in larger samples may show enhanced predictability.

Given its hypothesized role as the brain’s main lipid
transporter [79], APOE impacts WM integrity in preclinical
AD [99]. Several studies have confirmed both widespread
and localized WM changes throughout the brain in relation
to APOE polymorphism in healthy samples (see Table 1).
Persson and colleagues [97], for instance, demonstrated an
impact of APOE ε4 on the WM integrity of the posterior cor-
pus callosum and HC in healthy younger and older individu-
als, possibly reflecting preclinical signs of AD. Their findings
are supported by recently published data showing that the
presence of an ε4 allele exacerbates age-related WM changes
[73]. Moreover, it seems that late myelinating regions are
more susceptible to age-related loss of integrity in ε4 carriers,
leading to progressive disconnection of the brain in APOE ε4
carriers [96].

In conclusion, influence of APOE on GM structural in-
tegrity has been consistently demonstrated in areas associ-
ated with preclinical AD. By contrast, little is known about
the genetic influence of APOE on WM changes in AD and
whether these changes are occurring sequentially or in a bal-
anced retrogenetic fashion.

5. TOMM40 and Preclinical
Alzheimer’s Disease

Missing heritability is increasingly debated in the literature,
as current genetic findings are not able to explain the full
extent of the genetic contribution to complex diseases such
as AD [65, 100, 101]. While larger sample sizes in GWAS are
suggested as a remedy for missing heritability, others suggest
that the answer resides in genetic polymorphisms that are
in LD with current known ones [65, 102–104]. TOMM40 is
becoming increasingly acknowledged as a prominent AD
gene [31–37]. In LD with APOE, TOMM40 could hold part
of the missing heritability that we are searching for in our
efforts to map the genetic influences in AD. Moreover, taking
TOMM40 into consideration may contribute to a better un-
derstanding of the early and primary pathophysiological
cascade that takes place in the preclinical phases of the dis-
order. This hypothesis is supported by the fact that TOMM40
asserts its influence on mitochondrial survival, a process in-
creasingly highlighted in the pathogenesis of AD [31, 105,
106]. Mitochondrial dysfunction has been associated with
several pathological processes in AD, including brain hy-
pometabolism, synaptic pathology, accumulation of Amy-
loid Precursor Proteins (APP), and Aβ influx to the cell
[38, 39, 41]. Mitochondria have recently been implicated in
more complex signaling cascades, oxidative stress, and apop-
totic processes, indicating that mitochondria are not merely
a powerhouse of the cell, rather they appear to govern cell
death [107]. The notion of mitochondrial dysfunction in
aging and neurodegeneration is not new. In fact, malfunc-
tioning mitochondrial systems have been observed in prema-
ture aging [105, 108] as well as neurodegenerative disorders
such as AD [40, 109, 110], Parkinson’s and Huntington’s dis-
ease [105] and appear to have an early and causal influence
on pathological processes in the brain. Damage in mitochon-
dria may exert a specific influence on the pathophysiology of
AD through interplay with Aβ and its precursor, the APP
[111].

Mitochondria play an essential role in providing energy
to cells and are abundant in the neurons and synapses of the
CNS. Containing an outer and inner membrane, the organ-
elle is essential for the production of adenosine triphosphate
(ATP), which is the energy source of all cells [112]. The
outer mitochondrial membrane contains the translocase of
outer mitochondrial membrane pore subunit (Tom40). The
Tom40 channel forming subunit is one of the primary pores
via which proteins can readily enter the mitochondria. The
pore is governed by the TOMM40 gene and is essential for
mitochondrial survival as the majority of proteins that
enter the mitochondria pass through here [107, 113]. In
AD specifically, it has been hypothesized that mitochondria
exert neurotoxic influence by allowing the influx of Aβ to
the cell via the Tom40 import pore. Passage of Aβ through
the Tom40 import pore increases Reactive Oxygen Species
(ROS) within the organelle. This increase is detrimental for
mitochondrial survival and energy production (ATP), ulti-
mately resulting in apoptotic processes of the cell [38, 111,
114]. Further ROS precipitating events include the ac-
cumulation of APP in mitochondrial import pores. This
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Table 1: Genetic influence of APOE and TOMM40 on cerebral structural integrity.

Author Population Method Structural integrity Conclusion

Alzheimer’s Disease

APOE

Pievani et al.
2011 [29]

Across APOE
(ε4) n = 28

Volumetry
region based

Smaller HC in APOE ε4+
ε4+ carriers have greater atrophy in the
HC.

Bendlin et al.
2010 [90]

Across
APOE(ε4) &
family history of
AD
n = 136

DTI
whole brain

Parental history of AD
Reduced FA in cingulum, tapetum,
uncinate fasciculus, HC, and adjacent
WM
No main effect of APOE on WM, but
interaction with family history where
family history and ε4+ induced
reduced FA

While no main effect of APOE was
observed onDTI measures, parental
history of AD was associated with reduced
WM integrity in brain areas deteriorated
in AD, which in turn interacted with
APOE.

Pievani et al.
2009 [91]

Across APOE
(ε4) n = 29

Volumetry
whole brain

APOE ε4+
Significant atrophy in Bil temporal
lobes, occipital lobes, retrosplenial,
and posterior cingulate
Highest GM reduction >20%:
entorhinal cortex, anterior temporal
pole, superior and middle temporal
gyrus, ventral, and dorsal occipital
cortex
APOE ε4+ versus ε4−
Global GM reduction comparable
(RH: 14 versus 15%; LH: 16 versus
17%) ε4+ more atrophy in medial and
lateral temporal lobes, and right
occipital pole

After assessing the whole cortical mantle,
greater susceptibility of the MTL area was
found in APOE ε4 carriers.

Filippini et al.
2009 [92]

Across APOE
ε4 n = 100

Volumetry
whole brain

Additive model
GM reduction in Bil MTL (HC,
amygdala, parahippocampal gyrus),
fusiform cortex, and orbitofrontal
cortex
Genotypic model
Partially overlapping with additive,
extending from posterior MTL to
inferior lateral temporal cortex

Dose-dependent decrease in medial and
anterior temporal lobe volume per allelic
(ε4) load. Variable regional association
indicating that APOE works differently on
mechanisms of disease expression.

Barber et al.
1999 [93]

AD across
APOE ε4
n = 25

Visual scoring
MTL atrophy
WM HI

No significant differences between ε4+
and ε4− on MTL atrophy, WM HI

APOE does not modulate white and gray
matter in AD. While APOE influences risk
of AD it appears not to modulate
pathological processes after diagnosis.

TOMM40

Potkin et al.
2009 [27]

AD (n = 229)
Healthy
Controls
(n = 194)

Volumetry
region-based
GWAS on HC QT

Case-control analysis identified APOE
and a new risk gene TOMM40 at 10−6

(10−11 at a haplotype level between
APOE & TOMM40 rs11556505)
25 SNPs were associated with QT HC,
including APOE

APOE has an effect on brain atrophy
independent from overrepresentation in
AD. A novel risk gene, TOMM40, was
found to be associated with AD.

Mild Cognitive Impairment

APOE

Spampinato et
al. 2011 [88]

Stable versus
Progressive MCI
(n = 55) across
APOE (ε4)

Volumetry
whole brain
Longitudinal

Progressive APOEε4+
1 year prior to diagnosis: GM atrophy
in right temporal lobe, HC, insula
1 year FU: GM atrophy Bil HC,
parietal, insula, caudate Stable
APOEε4+
1 year FU GM atrophy Bil insula,
temporal lobe

APOEε4+ converters show early GM loss 1
year prior to diagnosis, and atrophy
progresses in ε4+ converters to AD.
However, some MTL atrophy is present in

APOE ε4+ nonconverters, reflecting
nonlinear effects of APOE ε4.
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Table 1: Continued.

Author Population Method Structural integrity Conclusion

He et al. 2009
[94]

MCI across
APOE n = 153

Volumetry
region based
Cross-sectional

Amnestic MCI
Significantly reduced HC volume

Amnestic MCI individuals are more likely
to have MTL atrophy and to be carriers of
an APOE ε4 allele.

Tapiola et al.
2008 [48]

Stable versus
Progressive MCI
across APOE
n = 60

Volumetry
region based
Longitudinal

Progressive APOE ε4+
Reduced HC and ERC volume

While significant atrophy was seen within
the MTL in APOE ε4+ carriers with
progressive MCI, the presence of an ε4
allele did not predict conversion to AD.

Hamalainen et
al. 2008 [95]

Stable versus
Progressive MCI
(n = 56) across
APOE (ε4)

Volumetry
whole brain
Longitudinal

Progressive APOE ε4+
Atrophy left inferior frontal gyrus,
intraparietal sulcus
Stable APOE ε4+
Atrophy right amygdala, anterior HC

APOE ε4+ converters display global
AD-like atrophy in frontal and parietal
cortices in comparison to ε4−, 2.5 years
prior to diagnosis of MCI.

APOE & TOMM40

Shen et al. 2010
[85]

APOE
n = 818

Volumetry
whole brain GWAS
Freesurfer QT: 56
areas VBM QT: 86
areas

APOE rs 429358 (ε4 dependence)
associated with whole brain Freesurfer
(15 regions) and VBM (4) phenotypes
at 10.6 significance
TOMM40 rs2075650 associated with
Freesurfer (5) at 10−7 significance
Freesurfer phenotypes
APOE associated with widespread
phenotypes
TOMM40 specifically associated with
left and right hippocampi and left
amygdala

While APOE is associated with widespread
cortical AD-like changes, TOMM40
appears to be associated mainly with MTL
phenotypes. Both APOE and TOMM40
were found among the top 5 SNPs in the
GWAS.

Normal Aging (only cross sectional)

APOE

Ryan et al. 2011
[73]

APOE
n = 126
Age range
52–92

DTI
region based

Significant differences in ADC and FA
with increasing age in frontal WM,
lateral parietal WM, centrum
semiovale, genu and splenium of CC,
temporal stem WM
These age-related differences in WM
integrity were more prominent in ε4+

APOE ε4 exacerbates age-related WM
changes.

Zhang et al.
2011 [89]

APOE
n = 409
Age range
70–90

Volumetry
whole brain/region
based

Reduced GM volume in left HC in
APOE ε4+
No significant differences in basal
forebrain

Only left hippocampal volume was
significantly reduced in APOE ε4 carriers
and no differences were observed in the
basal forebrain area.

Espeseth et al.
2008 [86] APOE ε4+

(n = 37)
ε4− (n = 59)
Age range 48–75

Volumetry
whole brain

No group differences in total brain
volume, GM volume, WM volume
Cortical thickness ε4+
Thicker cortex in bilateral occipital
and occipito temporal areas, right
parahippocampal gyrus and frontal
areas

Thicker cortex in APOE ε4+ was found in
regions adjacent to those that show
accelerated age-related decline, indicating
that although well preserved now they may
eventually show cortical thinning.

Age related cortical thickness ε4+
Both ε4+ and ε4− have age-related
thinning in occipital and insula, but
ε4+ also show thinning of MTL

APOE ε4 may accelerate thinning in areas
that decline with aging (medial prefrontal,
pericentral cortex) as well as areas
susceptible to Aβ aggregation
(occipitotemporal, temporal cortex).

Bartzokis et al.
2006 [96]

APOE
n = 104
Age range 55–75

DTI
region based

APOE ε4+ showed steeper age-related
decline in radial diffusivity in late
myelinated regions frontal lobe and
genu of the CC

Late myelinated frontal regions appear
more susceptible to age-related breakdown
in APOE ε4+ carriers. This leads to
progressive disconnection of cerebral
networks in ε4 carriers and is supportive
of an anterior-posterior WM degeneration
gradient.
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Table 1: Continued.

Author Population Method Structural integrity Conclusion

Persson et al.
2006 [97]

APOE
n = 60
Age range 49–79

DTI
region based

APOE ε4+ show reduced FA in
posterior CC, frontal fasciculus and
HC

Supportive of previous findings of reduced
FA in posterior CC, an area thought to be
associated with AD pathology.

TOMM40

Johnson et al.
2010 [98]

TOMM40 across
APOE ε3
n = 117 Age
range 40–65

Volumetry
whole brain

Dose-dependent increase in TOMM40
poly-T length associated with reduced
GM volume in ventral posterior
cingulate and medial ventral
precuneus

A subgroup of APOE ε3 carriers with long
poly-T length of the TOMM40 gene show
brain changes in areas associated with AD.
This indicates independent influence of
TOMM40.

ADC: Apparent diffusion coefficient; APOE: Apolipoprotein E; Bil: Bilateral; CC: Corpus Callosum; DTI: Diffusion Tensor Imaging; ERC: Entorhinal cortex;
FA: Fractional Anisotropy; FU; Follow up; GWAS: Genome Wide Association Studies; GM: Gray matter; HC: Hippocampus; HI: Hyperintensities: LH: Left
Hemisphere; MD: Mean Diffusivity; MTL: Medial Temporal Lobe; QT: Quantitative Trait; RH: Right hemisphere; SNP: Single Nucleotide Polymorphism
(denoted rs); TOMM40: Translocase of outer mitochondrial membrane 40; WM: White matter.

accumulation of APP in import pores has been found in AD
brains, mainly in the frontal cortex, HC, and amygdala and
seen to vary with disease severity. Intriguingly, APOE ε3/ε4
carriers endorse the highest amount of mitochondrial APP,
suggestive of a synergetic effect of mitochondrial dysfunction
in the presence of APOE [39]. Furthermore, it has been
shown that mitochondria have high intracellular Aβ accu-
mulation in AD [114]. It has been pointed out that Aβ accu-
mulation in mitochondria precedes extracellular Aβ deposi-
tion, which supports the role of mitochondria in the patho-
genesis of AD [38]. Moreover, TOMM40 has recently been
associated with CSF biomarkers including Aβ1−42, t-tau, and
p-tau [115]. To this end, the mitochondrial cascade hypoth-
esis is receiving increasing support throughout the literature,
thereby demonstrating the implications of mitochondrial
dynamics in the early pathophysiology of AD. The hypothesis
postulates that mitochondrial dysfunction precedes amyloid
insult to the brain and that mitochondrial injury is the pri-
mary source of pathology in AD [40, 116].

A recent neuropathological study, investigating the mor-
phology of mitochondria in AD brains, confirmed the pres-
ence of mitochondrial pathology in brain areas typically
associated with AD-type pathology [41]. Here mitochondrial
alterations of shape and size were observed in AD, in com-
parison to healthy controls, in the neurons of the HC, neo-
cortex, cerebellum, thalamus, pallidum, red nucleus, and lo-
cus coeruleus. As these assessments were conducted in post-
mortem AD brains, they more likely represent late patho-
physiological changes in AD. However, these findings are
suggestive of morphological changes in mitochondria, pos-
sibly acting causally in the pathogenesis of AD. While mito-
chondrial morphological changes were not limited to the HC
[41], one would expect to see preclinical morphological
changes in the MTL, based on previous findings of mito-
chondrial- induced oxidative stress in preclinical dementia
[110] as well as findings of Aβ and mitochondrial interplay
[114].

Further support for mitochondrial involvement in AD
comes from genetic studies involving the TOMM40 gene.
Primarily Roses, and colleagues, the same group that dis-
covered the influence of APOE on AD [28], have been able

to demonstrate an association between a long poly-T repeat
of the TOMM40 gene with earlier age of onset of AD in
APOE ε3 carriers [30]. The TOMM40 poly-T length acts
either dependently or independently of APOE in the patho-
physiology of AD [117]. Moreover, studies focusing on Sin-
gle-Nucleotide Polymorphisms (SNPs) have found an associ-
ation between TOMM40 and AD. A recent case-control
study, comparing individuals with or without AD, showed
a highly significant relationship between a TOMM40 SNP
(rs2075650) and AD. Interestingly, a haplotype of TOMM40
rs2075650, rs11556505, and APOE rs429358 held a stronger
association with AD than TOMM40 rs2075650 alone [85],
supporting Roses and colleagues findings of a synergetic ef-
fect of TOMM40 and APOE [30]. Moreover, a recent genet-
ic association study suggested that protein transport across
the mitochondrial membrane was implicated in the patho-
physiology of AD, and that TOMM40 is a likely contributor
to this detrimental transmembrane process within the mito-
chondria [118].

Although genetic studies on mitochondrial involvement
in AD are in their initial stages and replications are warrant-
ed, findings are supportive of previous postmortem, animal,
and pathological studies in AD suggesting a significant in-
volvement of mitochondrial dysfunction in AD.

6. TOMM40 and Structural Integrity

Postmortem studies on mitochondrial morphology in the
HC [41] and the presence of APP in mitochondrial import
pores in the HC of AD patients [39] suggest that mitochon-
drial dysfunction may follow Braak staging of neuropathol-
ogy [8], with degeneration commencing in the MTL. By as-
sessing the mitochondrial influence on brain integrity in AD,
this temporal association can be further evaluated. Current
cross-sectional studies, focusing on the differential influence
of TOMM40 polymorphisms on the brain, offer promising
insight to this link between genes and neuropathology in AD.

Johnson and colleagues [98] assessed the influence of
TOMM40 poly-T length on structural brain integrity and
cognition among APOE ε3 carriers. Analyses were restricted
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to areas known to be vulnerable in AD including the amyg-
dala, HC, parahippocampal gyrus, posterior cingulated, and
precuneus. APOE ε3 carriers were divided according to
length variations of the TOMM40 polymorphisms, homozy-
gous short (SS), homozygous very long (VL), and heter-
ozygotes (S/VL). TOMM40 length variation was found to in-
fluence episodic memory, which strongly depends on HC
integrity, exemplifying the genetic involvement of TOMM40
on AD-type cognitive deficits. On the brain level, the poly-T
length seems to influence the integrity of the medial ventral
precuneus and posterior cingulate [98], which have been
shown to be the site of early amyloid burden in AD [55]. This
confirms previous findings, where the influence of TOMM40
poly-T length on AD onset has been shown [31] and sup-
ports the notion of mitochondrial influence in areas of the
brain that are vulnerable to AD. Hence, it appears that
healthy middle-aged individuals, who are APOE ε3 homozy-
gotes with a long poly-T of the TOMM40 gene, show an AD-
like profile with regards to cognitive performance as well as
structural brain changes.

GWAS with HC volume as the phenotype supported
the influence of the TOMM40 gene on structural integrity
of areas implicated in AD. The authors found that three
TOMM40 risk alleles (rs157580, rs2075650, and rs11556505)
were overrepresented in the AD population as assessed by
case-control analysis [27]. Shortcomings of focusing on one
region in the brain were overturned, and a recent GWAS used
whole brain imaging phenotypes in an attempt to under-
stand the association between TOMM40 and structural in-
tegrity [85]. Notably, this analysis resulted in a significant
association of the TOMM40 gene (rs2075650) with left
amygdala and bilateral HC volume. Furthermore, compari-
son of healthy versus AD individuals revealed that TOMM40
was among the top 5 SNPs associated with whole brain
imaging phenotypes. This points to the selective influence of
TOMM40 on structural integrity in brain areas vulnerable
to AD and supports previous findings of high APP burden
in mitochondrial import pores in the HC and amygdala
[85].

In an effort to examine the influence of TOMM40 in an
independent cohort, we used data from nondemented indi-
viduals (age range: 60–90 years), from the Swedish National
study on Aging and Care in Kungsholmen (SNAC-K) [119].
We assessed the genetic influence of the TOMM40
(rs2075650) gene on GM volume of the HC and episodic
memory performance [120]. We expected to observe an
APOE-independent negative influence of TOMM40 G (risk
allele) on both cognitive performance and volume. Based on
previous studies where APOE-independent TOMM40 influ-
ence was assessed [117], we stratified our TOMM40 sample
across APOE. While we found no independent effect of
TOMM40 on HC or ERC volume per se, we did observe that
the positive association between HC volume and episodic
memory was driven by the presence of at least one TOMM40
G allele in APOE ε4 carriers. This finding indicates that
carriers of a TOMM40 G allele may be more dependent on
HC volume for accurate episodic memory performance. This
study suggests alterations within the mitochondrial system
in TOMM40 G allele carriers, perhaps resulting in early

morphometric alterations in mitochondrial shape and size.
These alterations are not influencing structure, but rather
the function of the HC, as assessed by episodic memory
performance. It is possible that we are observing functional
alterations at an early stage that are not yet accompanied by
significant volumetric changes in aging. As the timeline shifts
to neurodegeneration, these functional changes may result
in substantial structural changes, supported by postmortem
findings of morphometric alterations in the mitochondria of
the HC in AD [41]. Further support is provided by TOMM40
influence on brain integrity and cognition that are vulnerable
in MCI and AD, as well as the overrepresentation of
TOMM40 risk alleles in AD population [27, 98]. Functional
changes within the HC might therefore be a primary sign of
mitochondrial degeneration in preclinical AD.

Overall, the studies that are available today point to a
selective influence of TOMM40 polymorphisms on structur-
al changes in AD vulnerable areas such as the HC, precuneus
and posterior cingulate cortex. To our knowledge, no studies
have been conducted on the genetic influence of TOMM40
on WM changes in the brain. While the majority of findings
concerning TOMM40 implicate GM changes, recent findings
from our laboratory suggest that mitochondrial dysfunction
might influence hippocampal functioning as well, as assessed
using cognitive testing. These findings are supportive of a
prominent mitochondrial dysfunction in AD and are prom-
ising for the utilization of mitochondrial biomarkers for the
accuracy of early detection of preclinical AD.

7. The Mitochondrial Disconnection Model

As an attempt to recapitulate and expand on findings in the
field, we propose the mitochondrial disconnection model
(see Figure 2). This model is an adapted representation of the
mitochondrial cascade in AD, and its downstream influence
on structural brain changes. We propose that this cascade has
a primary influence on GM structural integrity of regions of
the MTL, leading to disconnection and isolation of the MTL
as a result of deterioration of connecting WM tracts.

In the adapted mitochondrial disconnection model
TOMM40 acts via APOE-independent and -dependent path-
ways [31, 117]. Via APOE-independent pathways, TOMM40
regulates Aβ influx to the mitochondria via the Tom40 outer
membrane pore. This notion is in line with postmortem
studies that have found APP lodged in the Tom40 channels
[39] as well as genetic studies suggesting that protein trans-
port across the mitochondrial membrane, that is governed
by the TOMM40 gene, is implicated in the pathophysiology
of AD [118]. Via APOE-dependent pathways, there may be
an interaction between APOE and TOMM40, which in turn
may influence the Aβ influx. APOE is essential in the clear-
ance and deposition of Aβ [79, 121–123] and has also been
shown to increase extracellular Aβ availability [39, 43]. This
increase in APOE-induced Aβ availability may allow for
a larger proportion of Aβ to flow into the mitochondria
via Tom40 import pores [117]. APOE ε3/ε4 carriers have the
highest amount of mitochondrial APP, resulting in impaired
mitochondrial functioning, suggestive of the importance of
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Mitochondrial disconnection model
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Figure 2: The mitochondrial disconnection model is an extension of the TOMM40-induced mitochondrial cascade in Alzheimer’s disease
(adapted from [31, 117]). TOMM40 governs the Tom40 complex on the outer mitochondrial membrane, allowing the influx of amyloid
beta (Aβ) into the organelle. TOMM40 influence occurs either independently or dependently of APOE. Nevertheless, TOMM40-induced
influx of Aβ to the cell starts downstream apoptotic processes via Reactive Oxygen Species (ROS), inducing cell death. We hypothesize that
this results in early functional and structural alterations within the Medial Temporal Lobe (MTL), primarily in the hippocampus (yellow).
Subsequent disconnection of the MTL, via deterioration of White Matter pathways such as the cingulum (green), fornix (red), and uncinate
fasciculus (blue) follow. Disconnection of the MTL may induce secondary functional and structural alteration in distal areas possibly as a
result of primary mitochondrial-induced cell death. (Brain graphic: courtesy of Michel Thiebaut de Schotten from the Natbrainlab, King’s
College, London, UK.).

mitochondrial dynamics, even in APOE ε3/ε4 carriers [39].
There is support in the literature for both APOE-inde-
pendent and -dependent pathways. Moreover, the TOMM40-
induced mitochondrial cascade is unlikely to be autonomous
of APOE, considering that APOE and TOMM40 are genet-
ically linked via LD. Nevertheless, we propose that even in
the APOE-dependent pathway, the role of TOMM40 is pri-
mary, as it influences mitochondrial protein transport via the
Tom40 import pore.

Irrespective of the pathway through which the mitochon-
drial cascade commences, the flow of Aβ into the organelle
induces apoptotic processes. The latter functions by increas-
ing ROS within the mitochondria and has detrimental ef-
fects on cell survival within the MTL. As neurons contain
hundreds of mitochondria, apoptotic processes may occur in
a gradient fashion and might not influence neuronal struc-
ture initially. Morphometric changes have been seen in the
mitochondria of the HC in AD, but these take place in the

later stages of the disorder [41]. It is possible that early
TOMM40-induced mitochondrial changes likely influence
HC function, rather than its volume, evidenced by the triad
between TOMM40, HC volume, and episodic memory in
our aforementioned ongoing study [120]. This points to the
importance of combining genetic, structural, and cognitive
biomarkers to assess preclinical AD, as structural brain chan-
ges alone might not be sufficient for early and accurate pre-
diction of preclinical mitochondrial alterations in AD. We
suggest that functional changes in the HC, as a result of early
mitochondrial alterations, could be utilized as an additional
biomarker for preclinical AD. A timeline of mitochondrial
degeneration commencing with early functional changes
followed by structural changes within the brain can be hy-
pothesized.

Nevertheless, initial TOMM40-governed mitochondrial
insult has been found to take place in the HC [85]. Based on
previous findings that disconnection and isolation of the HC
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plays an important role in the early pathophysiology of AD
[59–61], we hypothesize that WM changes of directly HC-
connected WM tracts including the fornix, cingulum, and
uncinate fasciculus follow in the mitochondrial cascade (see
Figure 2). Whether this occurs via primary Wallerian degen-
eration or balanced retrogenesis remains to be elucidated.
WM changes have been shown to be both primary and sec-
ondary to GM alterations in AD. The balance between pri-
mary or secondary WM degeneration within a certain region
may be dependent on the gradient of mitochondrial dysfunc-
tion within that area. This balance might not be the same
throughout the brain, as mitochondrial dysfunction has been
primarily observed in MTL structures such as the HC and
amygdala [39]. Future longitudinal studies will have to dis-
cern the temporal order of events and whether WM changes
in preclinical AD are dependent on mitochondrial dysfunc-
tion in the GM. Overall, a succession of mitochondrial dys-
functional events in the pathophysiology of AD is supported
not only by our ongoing study, but also by studies showing
mitochondrial damage in normal aging [124, 125]. The de-
gree of how widespread mitochondrial injury is in the brain
may be determined by the neurodegenerative status of the
individual and may follow Braak staging of pathology. That
would explain why we observe TOMM40-induced influence
on structural integrity of areas implicated in the early stag-
es of AD. Based on these findings, we propose that wide-
spread GM atrophy, seen in the later stages of AD, results
from mitochondria-induced MTL disconnection via cortico-
limbic pathways. Disconnection of the MTL may induce
secondary functional and structural alteration in distal areas
[61].

The proposed model is a representation of mitochondria-
induced disconnection as an early and accurate biomarker
for preclinical AD (see Figure 1). By this we expand on Jack
and colleagues [23] dynamic biomarker timeline and pro-
pose that mitochondrial dysfunction initiates the pathophys-
iological cascade in AD. Findings in support of this timeline
include the selective influence of TOMM40 on AD onset,
HC volume, and cognition over and beyond that of APOE
alone [27, 31, 85]. Moreover, mitochondrial Aβ aggregation
precedes extracellular Aβ aggregation [38] supporting the
mitochondrial cascade hypothesis rather than the amyloid
cascade hypothesis, as the primary event in the biomarker
timeline of AD. However, Jack and colleagues [23] pointed
out that Aβ depositions are also observed in asymptomatic
individuals, suggesting that the amyloid pathological process
might be part of the process of aging. While amyloid depo-
sitions precede the clinical outcome of AD, the high presence
of Aβ in healthy individuals suggests that other factors are
at play. Moreover, the amyloid cascade does not fall into line
with the Braak staging of pathology, where tau pathology was
proposed to precede amyloid aggregation and commence
within more basal midbrain structures [6, 7]. It has been
shown that both tau and amyloid have synergic effects on
mitochondrial dysfunction [126], suggesting that a biomark-
er timeline based on mitochondrial pathology might be more
accurate in AD and would reconcile with Braak staging of
pathology that has been well supported by neuroimaging
studies.

8. Conclusion

There is increasing evidence for a primary mitochondrial
involvement in the pathophysiology of AD, as mitochondria
have been found to regulate cell death. Several studies have
highlighted the importance of altered mitochondrial dynam-
ics in the preclinical stages of AD, as well as mitochondri-
al involvement in structural brain changes within the MTL.
Perhaps more importantly, mitochondrial dysfunction ap-
pears to be primary to extracellular Aβ aggregation. These
findings demonstrate the necessity to direct attention away
from the amyloid cascade hypothesis towards the mitochon-
drial cascade hypothesis. Moreover TOMM40 should be con-
sidered as a possible genetic modifier of the biomarker time-
line in AD. The distinction between amyloid and mitochon-
drial cascades is not arbitrary with consideration to potential
biomarkers and treatments of AD. While “mitochondrial
protectors” as a potential treatment for AD are currently
under investigation [116], further studies are needed in order
to assess mitochondrial dynamics in preclinical AD. Genetic
polymorphisms such as TOMM40 have the potential not
only to assess individuals at risk, but also to serve as biomark-
ers in combination with current known structural and
cognitive ones. We propose the mitochondrial disconnection
model as a means by which the mitochondrial dynamics can
be assessed in preclinical AD.

Glossary

Allele: One of two versions of a gene, an allele is
a DNA coding that occupies a position on
a given chromosome.

Amyloid
cascade
hypothesis:

Proposes that the primary pathogenic
event in AD is alterations in Amyloid
Precursor Protein (APP) leading to the
aggregation of the amyloid beta (Aβ)
peptide.

Diffusion
tensor imaging
(DTI):

Imaging acquisition that generates
three-dimensional representation of the
degree and direction of water diffusion
(Brownian motion) in each voxel
(tensor). Images are derived from
computing 3 eigenvalues (λ1, λ2, λ3)
within each tensor.

Fractional
anisotropy
(FA):

DTI measure derived from the ratio of
eigenvalues in each voxel, providing
information about the directionality of
diffusion along a scale of 0 (isotropic
diffusion) to 1 (anisotropic diffusion)
where 0 represents completely random
diffusion indicative of damaged along
white matter fibers.

Freesurfer: Software allowing assessment of
volumetric and cortical thickness
measures of the brain.

Genomewide
association
study
(GWAS):

Study by which the whole genome within
a population is assessed in an attempt to
identify common genetic associations
with diseases such as AD.
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Linkage
disequilibrium
(LD):

Defines a genetic region that has had min-
imal recombination through ancestral
history, making genes within such regions
linked and dependent of each other.

Mean Diffusiv-
ity (MD):

A DTI measure derived from the mean of
the three eigenvalues that reflects mag-
nitude of water diffusion within a voxel,
without providing directionality. In-
creased MD is an indicator of tissue
degeneration.

Missing
heritability:

The notion that a large proportion of the
heritability of complex diseases such as
AD remains unknown. Current GWAS
have been able to identify genes with
small effect sizes, leading us to ask where
in the genome the remaining heritability
is contained and why we cannot observe
them with current techniques.

Mitochondria: Are often referred to as the powerhouse of
the cells, as they produce adenosine tri-
phosphate (ATP), the main energy source
of the cell. Mitochondria have an outer
and inner membrane, with the outer be-
ing permeable via active import channels
allowing the passage of proteins that
are essential for ATP. Mitochondria are
mainly independent organelles, as they
contain their own DNA. While they are
the major energy provider to the cells,
they are also critical for cell survival, cell
division, and neuronal death.

Mitochondrial
cascade
hypothesis:

Proposes that mitochondria are the pri-
mary source of pathology in AD, driving
Aβ plaque and neurofibrillary tangle for-
mation.

Radial
diffusion:

Radial diffusivity (λ2 + λ3) represents
perpendicular diffusion across fiber path-
ways. Reduced radial diffusion has been
associated with myelin damage.

Reactive
oxygen species
(ROS):

A term that describes a variety of byprod-
ucts that are formed during the metabo-
lism of oxygen, otherwise known as free
radicals. In mitochondria they are formed
as a result of respiration, and a disruption
in this balance by increased ROS within
mitochondria negatively influences cell
survival.

Region of
interest (ROI):

Imaging procedure that involves manual
outlining of an a priori brain region for
volumetric analysis.

Retrogenesis: The hypothesis that brain areas that were
early to develop are also the first to show
AD-type pathology.

Single
nucleotide
polymorphism
(SNP):

Stands for a difference in DNA sequence,
occurring at a single nucleotide (A, T, C,
or G) on a paired chromosome in an indi-
vidual and denoted by RS (related se-
quence).

Translocase
of outer mi-
tochondrial
membrane
(TOM):

A major import channel on the outer mito-
chondrial membrane that allows for the
influx of proteins to the intermembrane
space of the organelle. Tom40 is the main
component of this channel serving as the
only channel by which proteins enter mito-
chondria.

Voxel Based
Morphometry
(VBM):

Automatic procedure that allows whole-
brain voxelwise analysis of tissue density
and volume.

Wallerian
Degeneration:

Is a model for axonal degeneration. Initial
neuronal damage is hypothesized to result
in distal axonal degeneration.
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Dementia is one of the most disabling conditions. Alzheimer’s disease and vascular dementia (VaD) are the most frequent
causes. Subcortical VaD is consequent to deep-brain small vessel disease (SVD) and is the most frequent form of VaD. Its
pathological hallmarks are ischemic white matter changes and lacunar infarcts. Degenerative and vascular changes often coexist,
but mechanisms of interaction are incompletely understood. The term mild cognitive impairment defines a transitional state
between normal ageing and dementia. Pre-dementia stages of VaD are also acknowledged (vascular mild cognitive impairment,
VMCI). Progression relates mostly to the subcortical VaD type, but determinants of such transition are unknown. Variability
of phenotypic expression is not fully explained by severity grade of lesions, as depicted by conventional MRI that is not
sensitive to microstructural and metabolic alterations. Advanced neuroimaging techniques seem able to achieve this. Beside
hypoperfusion, blood-brain-barrier dysfunction has been also demonstrated in subcortical VaD. The aim of the Vascular Mild
Cognitive Impairment Tuscany Study is to expand knowledge about determinants of transition from mild cognitive impairment
to dementia in patients with cerebral SVD. This paper summarizes the main aims and methodological aspects of this multicenter,
ongoing, observational study enrolling patients affected by VMCI with SVD.

1. Introduction

Dementia is one of the most disabling conditions affecting
older people. The most frequent cause is Alzheimer’s disease
(AD) which is attributed to brain cortex degeneration.
In Italy one-third of dementia cases are due to vascular
dementia (VaD), a term that encompasses a few subtypes,

among which subcortical VaD consequent to deep brain
small vessel disease (SVD) is the most frequent [1]. Its
pathological hallmarks are ischemic white matter changes,
caused by hypoperfusion and lacunar infarcts [2]. These
changes can progress over time silently, a profile similar to
that occurring in AD. In the old brain degenerative and
vascular changes may often coexist and possibly interact.
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However, the exact mechanisms of such interaction are still
incompletely understood [3]. Data suggest that vascular
factors play a role also in AD [4]. How they contribute to
both dementia types is a relevant issue, as they can be treated,
favorably altering the progression of cognitive decline. In
the neurovascular unit, vessels and cells, including neurons,
closely interact, pointing to endothelial dysfunction as a
key element for explaining neuronal damage associated with
both subcortical VaD and AD.

The term mild cognitive impairment (MCI) defines
a transitional state between normal ageing and dementia
and is thought to anticipate dementia [5]. Subjects with
MCI, compared to those without, progress to AD at a rate
ten times greater [6]. Pre-dementia stages of VaD are also
acknowledged: this condition is referred to as vascular mild
cognitive impairment (VMCI) [7]. In the Canadian Health
and Aging Study 46% of patients with VMCI developed
dementia after 5 years [8]. Progression relates mostly to the
subcortical VaD type. The determinants of this transition are
not fully elucidated: it is not clear whether it is mainly driven
by vascular, degenerative processes, or by their interaction.
The increase in white matter changes and the accumulation
of small infarcts proved to be associated with the cognitive
decline [7]. Data show that brain atrophy is also associated
with cognitive deterioration [9].

Phenotypic expression of subcortical VaD is variable.
Variability is not fully explained by severity grade of
lesions, as depicted by conventional MRI. This seems not
enough sensitive in differentiating axonal loss and glia
damage from intact structures. Furthermore, it does not
provide pathophysiological details about changes ongoing
in both parenchyma and vessels. Advanced techniques such
as magnetization transfer, diffusion, and spectroscopy seem
able to yield more in-depth information about the extent of
tissue damage, its microstructural nature, and the underlying
metabolic alterations [10]. Beside hypoperfusion, blood
brain-barrier dysfunction has been also demonstrated in
subcortical VaD [11, 12]. Since many factors associated
with subcortical VaD are treatable, it seems of the utmost
importance to expand the knowledge about determinants
and mechanisms underlying the transition from VMCI to
dementia. Estimating the relative weight of the predictive
effect for each significant determinant (among the clinical,
functional, imaging, and biological potential markers) of
the transition may allow to evaluate the risk of dementia
and to describe the risk-factor profile in individual patients
with subcortical MCI, thus favoring tailored and appropriate
preventive strategies.

During the last 10 years many clinical and functional out-
comes in elderly patients with subcortical vascular changes
have been investigated through a European multicenter
collaboration called LADIS (leukoaraiosis and disability)
Study [13]. The LADIS study, supported by the European
Union, has been carried out in 11 European high-quality
centers, coordinated by the Department of Neurological
and Psychiatric Sciences of the University of Florence.
Concerning the main study outcome, that is, transition to
disability, results have shown that the risk of transition or
death was more than twofold higher in patients with severe

white matter changes compared to those with mild degrees
[14]. Some vascular risk factors also predicted the transition.
A review summarizing the LADIS main results has recently
been published [15]. White matter changes also had an effect
on cognitive decline and dementia. Cross-sectional baseline
data analysis indicated that white matter changes and medial
temporal lobe atrophy were independently associated with
cognitive impairment [9]. At multivariable analysis, risk
factors and the conventional MRI features were able to
explain only part of the prediction of either disability or
dementia [16]. It was thus decided to perform a new
study, the VMCI-Tuscany Study, with the main aims of:
(1) estimating the net and multivariable effect in predicting
the transition from VMCI to dementia studying a large set
of both conventional and nonconventional clinical, neuro-
imaging, and biological markers of SVD; (2) assessing the
vascular and degenerative components in the determination
of such transition, that is, their relative contribution and
their possible interaction; (3) generating from the results of
the multivariable predictive model a diagnostic algorithm
able to determine the risk of transition in individual patients
with VMCI with SVD.

2. Methods

The VMCI-Tuscany Study foresees the collaboration of the
three university hospital centers in Tuscany: Florence, Pisa,
and Siena (Department of Neurological and Psychiatric
Sciences, University of Florence, Unit of Neurology and
Neurophysiopathology, Azienda Ospedaliero-Universitaria
Pisana, and Unit of Neurology and Neurometabolic Diseases,
Azienda Universitaria Ospedaliera Senese) where the enrol-
ment and assessment of patients with VMCI and SVD is
actually ongoing. In order to reach the prespecified number
of patients in the foreseen time period, the project has been
promoted at all the regional, both neurological and geriatric,
hospital units (Figure 2).

2.1. Inclusion Criteria. To be included, patients have to be
classified as affected by VMCI with SVD according to the
following criteria: (1) MCI defined according to Winblad
et al. criteria [17], and (2) evidence on MRI of subcortical
vascular lesions of moderate to severe degrees of white matter
changes (WMC), according to the modified version of the
Fazekas scale [13] (Figure 1). Each patient gives a written
informed consent, and the study has been approved by local
ethical committees.

2.2. Exclusion Criteria. Exclusion criteria are inability or
refusal to undergo cerebral MRI, and inability to give an
informed consent.

Sample size was estimated based on data about transition
to dementia obtained in the LADIS Study. In the LADIS sam-
ple, patients with baseline mild cognitive impairment and
moderate to severe WMC, had an annual rate of transition
to dementia of 10%. Three hundred patients were considered
the minimal number necessary to carry out multivariate
analyses of potential predictors of transition to dementia.
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Figure 1: Cerebral white matter changes: examples of mild, moderate, and severe groups according to the modified Fazekas’ scale. Only
patients with moderate or severe degrees were included in the study.

2.2.1. Baseline Assessment. According to the study protocol,
each patient enrolled undergoes an extensive clinical assess-
ment and an MRI examination and permits the collection of
blood samples for the determination of plasma biomarkers.
Tables 1, 2, and 3 summarize main objectives and instru-
ments for the clinical, neuroimaging, and laboratory assess-
ments, respectively.

2.3. Clinical Assessment (Table 1). Social background and
medical history are collected according to a structured and
comprehensive questionnaire administered to the patient
by trained personnel. This includes information on demo-
graphic characteristics, education (expressed as years of
schooling), occupational status, longest job in life, marital
status, living conditions, lifestyle habits (alcohol consump-
tion, smoking, physical activity), and vascular risk factors.
Furthermore, patients are specifically asked if they experi-
ence gait, memory, visual, or hearing problems, or bladder
disturbances. Several other age-related comorbidities are
assessed with the aim of controlling for their effect on the
main study outcome. All possible medical information and
records were collected and reviewed during the interview
in order to reach or confirm the diagnosis of the diseases

under investigation. If needed, contact with the family
doctor can also be undertaken. All conditions were defined
according to the currently most widely accepted criteria,
selected after a systematic literature search. The whole set of
criteria is reported in a specifically developed manual and
distributed to all participating centers. Information is also
collected about thyroid diseases, head injuries, falls in the
last year. Data on family history of migraine, epilepsy, psy-
chiatric disturbances, stroke, dementia, venous thrombosis,
diabetes mellitus, hypertension, and hyperlipidemias are also
recorded. Currently used drugs are registered in a structured
way.

Blood pressure, weight, and height measurements are
recorded, and a standard neurological examination is per-
formed. The absence or presence of the following neurologi-
cal examination abnormalities is assessed: upper motor neu-
ron signs, extrapyramidal signs, cerebellar signs, cortical
signs (language deficits and/or visual field abnormalities),
pseudobulbar signs (hypophonia and/or dysphagia and/or
dysarthria), and primitive reflexes (one or more of the fol-
lowing: grasp reflex, palmomental reflex, forced laughing and
crying, snout reflex, glabellar tapping). Speed of finger taps
(patient taps thumb with index finger in rapid succession
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Vascular mild cognitive 
impairment in Tuscany

VMCI-Tuscany

http://www.vmci-tuscany.it/

Figure 2: List of participating centers and personnel in the VMCI-
Tuscany. University of Florence: (Coordinating Center): Domenico
Inzitari (study coordinator), Rosanna Abbate, Manuela Bandinelli,
Maria Boddi, Francesca Cesari, Laura Ciolli, Mirella Coppo,
Alessandra Del Bene, Stefano Diciotti, Andrea Ginestroni, Betti
Giusti, Anna Maria Gori, Mario Mascalchi, Serena Nannucci,
Leonardo Pantoni, Marco Pasi, Francesca Pescini, Anna Poggesi,
Giovanni Pracucci, Emilia Salvadori, Raffaella Valenti. University
of Pisa: Luigi Murri, Ubaldo Bonucelli, Paolo Cecchi, Alberto
Chiti, Mirco Cosottini, Giovanni Orlandi, Cristina Pagni, Gabriele
Siciliano, Gloria Tognoni. University of Siena: Antonio Federico,
Nicola De Stefano, Maria Teresa Dotti, Patrizia Formichi, Claudia
Gambetti, Antonio Giorgio, Francesca Rossi, Laura Stromillo, Enza
Zicari. Tuscany region: Arezzo (Paolo Zolo, Alessandro Tiezzi);
Empoli (Elisabetta Bertini, Stefania Brotini, Leonello Guidi, Maria
Lombardi, Stefania Mugnai, Antonella Notarelli); Florence (Laura
Bracco, Massimo Cadelo, Renzo Cisbani, Luciano Gabbani, Guido
Gori, Lorella Lambertucci, Luca Massacesi, Enrico Mossello, Marco
Paganini, Maristella Piccininni, Francesco Pinto, Claudia Pozzi,
Sandro Sorbi, Gaetano Zaccara); Grosseto (Tiziano Borgogni, Mario
Mancuso, Roberto Marconi); Lucca (Monica Mazzoni, Marco
Vista); Livorno (Giuseppe Meucci, Giovanna Bellini); Massa Carrara
(Luciano Gabrielli); Pisa (Cristina Frittelli, Renato Galli, Gianna
Gambaccini); Pistoia (Stefano Bartolini, Carlo Biagini, Veronica
Caleri, Paola Vanni); Prato (Donatella Calvani, Carla Giorgi, Stefano
Magnolfi, Pasquale Palumbo, Carlo Valente); Siena (Alessandro
Rossi, Rossana Tassi, Stefania Boschi); Viareggio (Filippo Baldacci;
Ubaldo Bonuccelli).

with widest amplitude possible) is assessed for each hand
separately and scored as normal, mild slowing, moderately
impaired, severely impaired, or barely able to perform the
task (range 1 to 5). Gait and stance are coded as normal
or abnormal. Concerning motor function, a standardized
assessment is performed by means of the short physical
performance battery (SPPB), and two additional simple
measures of gait and balance, that is, gait velocity and single
leg stance time, as already used in the LADIS study [18–
20, 34].

Each patient is assessed by means of an extensive
neuropsychological evaluation according to the specifically

Table 1: Instruments for patients’ assessment in the VMCI-Tuscany
study protocol.

Instruments/methods References

Clinical assessment

Social background and
medical history according to
structured protocol

—

Standard cardiovascular and
neurological examination
according to structured
protocol

—

Motor performances

Short physical performance
battery (SPPB)

[18]

Single leg stance [19]

Gait velocity [20]

Cognitive
performances

Mini mental state
examination (MMSE)

[21]

Montreal cognitive assessment
battery (MoCA)

[22]

Rey auditory-verbal learning
test

[23]

Trail making test (A and B) [24]

Color word stroop test [25]

Symbol digit modalities test [26]

Visual search [27]

Phonemic and semantic
fluency

[28]

Rey-Osterrieth complex figure [29]

Short story recall test [30]

Mood
Geriatric depression scale
(GDS-15)

[31]

Global functioning

Activities of daily living (ADL)
scale
Instrumental activities of daily
living (IADL) scale

[32]
[33]

developed test battery. How the neuropsychological test
battery was developed and the way it allows automation and
standardization of the scoring procedures will be reported in
a separate paper. In brief, the cognitive functions assessed
include global mental functioning, orientation, memory,
attention, executive functions, language, speed and motor
control. The tests used are reported in Table 1 [21–30]. The
geriatric depression scale (GDS) is used for the assessment
of mood [31]. Functional status is measured by means of the
activities of daily living scale and the instrumental activities
of daily living scale [32, 33]: these 2 scales are addressed to
the patient’s caregiver, given the longitudinal design of the
study and the possible transition to dementia of the patient.

In order to increase consistency and homogeneity in
the assessments, all investigators participated to at least one
training session and were provided with a specifically devel-
oped handbook with guidelines for the correct use of criteria
and tools.

2.4. MRI Examination (Table 2). Patients are examined on
clinical 1.5 T system (Intera, Philips Medical System, Best,
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Table 2: MRI protocol in the VMCI-Tuscany Study.

Sequences

(i) Axial high-resolution contiguous 3D T1-weighted
images with isotropic voxels (MPRAGE sequence)

(ii) Axial T2-weighted images (FLAIR sequence)

(iii) Diffusion tensor imaging (DTI)

(iv) Functional MRI (motor or cognitive tasks)

(v) T2∗-sensitive echo-planar imaging (EPI) sequence

Table 3: Plasma biomarkers under investigation in the VMCI-
Tuscany Study.

Markers of endothelial
function

von Willebrand factor, tissue factor,
tissue factor pathway inhibitor,
intercellular adhesion molecule-1 and
count of the number of circulating
endothelial progenitor cells by
cytofluorimetric method using
monoclonal antibodies anti-staminal
cells markers (CD34 and AC133) and
anti-endothelial cell markers
(VEGFR2)

Polymorphisms associated
with cerebral small vessels
disease

Genes coding metalloproteases and
their inhibitors, renin-angiotensin
system components, genes coding
endothelial nitroxide synthase

Pro- and anti-inflammatory
molecules

interleukin-6, interleukin-1-RA,
interleukin-8, interleukin-10,
interleukin-18, and C-reactive protein

The Netherlands) with 33 mT/m gradients capability and a
head coil with SENSE technology. After scout, the examina-
tion protocol includes a sagittal T1 weighted 3D T1-weighted
turbo gradient echo sequence (repetition time (TR) = 8.1 ms,
echo time (TE) = 3.7 ms, flip angle = 8◦, inversion time (TI)
= 764 ms, field of view (FOV) = 256 mm, matrix size = 256
× 256, 160 contiguous slices, slice thickness = 1 mm) axial
FLAIR sequence (TR = 11000 ms, TE = 140 ms, inversion
time (TI) = 2800 ms, FOV = 230 mm, matrix size = 320 ×
216, contiguous slices, slice thickness = 5 mm), and axial
single-shot echo planar imaging sequence (TR = 9394 ms, TE
= 89 ms, FOV = 256 mm, matrix size = 128 × 128, 50 slices,
slice thickness = 3 mm, no gap, NEX = 3; diffusion sensitizing
gradients applied along 15 non-collinear directions using
b value of 0 (b0 image) and 1000 s/mm2) for DTI. A T2∗

weighted echo planar imaging sequence is used for the
functional MRI. Details of such experiments are reported
elsewhere.

2.5. Laboratory Analyses (Table 3). Tests for plasma biomark-
ers will be performed centrally, in Florence, Center for
Thrombosis, after the collection of blood samples of all
recruited patients will be completed. Laboratory investiga-
tions will then include the determination of those plasma
biomarkers which, according to literature review, have been
found to be associated with white matter changes. At the
moment, the possible set of plasma biomarkers is composed

of markers of endothelial function, polymorphisms associ-
ated with cerebral small vessels disease, and pro- and anti-
inflammatory molecules (see Table 3 for details).

2.5.1. Follow-Up Assessment. The longitudinal design of the
VMCI-Tuscany study encompass a clinical, functional, and
neuropsychological assessment, according to the main study
protocol already used at baseline, performed yearly after
enrollment, for two years consecutively. The MRI assessment
is performed at baseline and then repeated after two years,
at the end of the study. This second MRI is planned with
the aim of evaluating possible progression of both vascular
and nonvascular lesions and of studying this progression in
correlation with the evolution of clinical/functional deficits
and the onset of dementia.

2.6. Outcome Measures. The main study outcomes will be
the diagnosis of dementia and the occurrence of cognitive
decline. Dementia diagnosis will be made according to DSM-
IV criteria [35]. The diagnosis of vascular dementia will be
made according to specific criteria [36]; the diagnosis of the
main subtypes of vascular dementia will be performed for
consensus according to clinical and neuroimaging charac-
teristics. AD diagnosis will be performed according to the
clinical research criteria [37]. Staging of dementia severity
will be performed according to clinical dementia rating scale
[38]. Cognitive decline will be evaluated as a decrease in the
compound scores for each cognitive domain.

2.7. Data Management. Data collected in each center is
entered into an electronic database on a specifically devel-
oped website (http://www.vmci-tuscany.it/). This allows the
systematic and rapid control of completeness and online
quality of data in real time.

3. Results

The study began on October 15, 2010. The first four months
of the study have been dedicated to the preparation of
all the study instruments and training of the participating
personnel. During this first phase, the definitive project
protocol has been established and shared by all the inves-
tigators, and the homogeneity of the clinical-functional
and MRI sequences parameters have been tested across
the three centres and investigators. The dedicated website
for communications, storage of study instruments, and
database for data collection has been created and is operative
(http://www.vmci-tuscany.it/).

On February 15, 2011, the enrollment of patients was
started. Up to now, eight months after the beginning of
the study, 76 patients with moderate to severe WMC have
been evaluated according to the entire study protocol. Mean
age is 75.2 ± 7.4, 47 (62%) are males, and mean education,
expressed as years of schooling, is 7.5 ± 3.9. Mean MMSE
score is 26.6± 2.7, and mean MoCA score is 19.6± 5.0.

The end of the enrollment is scheduled for the end of
2012.
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4. Discussion

The VMCI-Tuscany Study is one of the first longitudinal
studies assessing determinants of the transition from a stage
of mild cognitive impairment to dementia. For the first time
the study will focus on a particular form of cerebrovascular
disease as a cause of cognitive decline, that is, cerebral small
vessel disease. Up to now, the study protocol showed a
good feasibility and applicability in patients with VMCI and
SVD. The first aim of the study is to investigate a large set
clinical, neuroimaging, and biological markers of cerebral
small vessel disease in predicting the transition from a stage
of mild cognitive impairment to dementia. Secondly, the
study will permit the assessment of the relative contribution,
and possible interaction, of vascular and degenerative com-
ponents in the determination of such transition. Last, but
not least, final results of the multivariable predictive model
will enable the generation a diagnostic algorithm able to
determine the risk of transition to dementia in individual
patients with VMCI and SVD.

Data from the literature show that the clinical and
functional status in subjects with the same grade of WMC
may be variable, suggesting the presence of “hidden” factors
in determining the clinical picture [39]. Despite the known
role of SVD in the determination of cognitive impairment,
its net weight remains to be appreciated. For example it is
known that some patients with similar visible SVD burden
have different clinical outcomes, hinting at the presence
of additional, uncovered aspects that may contribute to
this transition. This uncovered aspect may relate to the
same pathogenic process (SVD) but be undetected under
routine assessment (e.g., conventional MRI) and instead
be detected by new techniques [39]. The morphological
alterations identified on conventional neuroimaging do not
appear sufficient to explain the clinical-functional phenotype
which is frequently variable for typology and severity also in
presence of overlapping neuroimaging findings. A number
of studies have investigated the association between white
matter lesions extension, evaluated by means of visual
scales or volume measurements, and functional, cognitive
or motor disturbances, sometimes with inconsistent results.
A limitation of these studies is that the signal alterations
on conventional neuroimaging may be due to different
degrees of parenchymal damage, from more or less severe
axonal loss to a glia damage with intact nervous fibers.
Conventional morphological neuroimaging is not able to
provide details about pathophysiological processes within
the cerebral parenchyma and vessels. Preliminary studies
using advanced neuroimaging techniques such as magneti-
zation transfer, diffusion, and spectroscopy have suggested
the possibility to acquire more in-depth information about
the microstructural tissue damage and underlying metabolic
alterations and the association with the cognitive perfor-
mances evaluating both white matter lesions revealed by
conventional neuroimaging and normal-appearing white
matter. However, such data have been obtained from small
cross-sectional studies and without considering the influence
of other frequently coexisting lesions such as lacunar infarcts
and cortical atrophy.

Knowledge about determinants of the transition to
dementia in patients with VMCI and SVD is essential to the
identification of potential preventive and therapeutic targets,
contributing to reduce the burden (on both the ethical
and economical grounds) of disability in the elderly. This
represents one of the greatest challenges for social and health
systems in our ageing society. Moreover, results from the
project may provide both health systems and professionals
with a validated instrument (i.e., a diagnostic algorithm
generated from the multivariable prediction models) for
estimating the risk of transition to dementia in individual
patients tailoring the appropriate preventive and therapeutic
strategy. Finally, the multivariable prediction of the risk of
cognitive decline and dementia in this population may rep-
resent an essential methodological background for designing
and sample-sizing-controlled clinical trials in the selective
clinical setting.
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Mild cognitive impairment (MCI) refers to the clinical state between normal cognition and probable Alzheimer’s disease (AD), but
persons diagnosed with MCI may progress to non-AD forms of dementia, remain MCI until death, or recover to normal cognition.
Risk factors for these various clinical changes, which we term “transitions,” may provide targets for therapeutic interventions.
Therefore, it is useful to develop new approaches to assess risk factors for these transitions. Markov models have been used to
investigate the transient nature of MCI represented by amnestic single-domain and mixed MCI states, where mixed MCI comprised
all other MCI subtypes based on cognitive assessments. The purpose of this study is to expand this risk model by including a
clinically determined MCI state as an outcome. Analyses show that several common risk factors play different roles in affecting
transitions to MCI and dementia. Notably, APOE-4 increases the risk of transition to clinical MCI but does not affect the risk for
a final transition to dementia, and baseline hypertension decreases the risk of transition to dementia from clinical MCI.

1. Introduction

Mild cognitive impairment (MCI) often refers to the clin-
ical condition between normal cognition and probable
Alzheimer’s disease (AD). However, persons diagnosed with
MCI may progress to non-AD forms of dementia, remain
MCI until death, and in some instances recover to a normal
cognitive state [1–3]. There has been considerable effort to
refine diagnostic criteria, separate MCI into amnestic and
nonamnestic subtypes, and identify the underlying etiologies
of MCI [1, 4, 5]. However, whether MCI is a true precursor
to dementia remains controversial [6–9] despite evidence of
AD neuropathology in amnestic MCI [10, 11]. This is due in
part to the description of “back transitions” (i.e., recovery to
normal cognition) that have been reported in longitudinal

studies [3, 9, 12, 13]. Although the long-term prognosis
for such cases is unclear, patients with a Clinical Dementia
Rating (CDR) global score of 0.5 often have AD pathology at
autopsy regardless of back transitions to CDR global scores
of 0 [14]. Back transitions are likely heterogeneous in origin
and may be explained by misclassification of either the MCI
or normal state, interclinician differences in application of
diagnostic criteria, within-patient variability due to medical
illness or psychosocial factors, or resistance to cognitive
decline due to cognitive reserve [15–18].

In a previous study we investigated MCI as defined by
cognitive test performance alone. Here, we have added a
clinical consensus-based MCI state as defined by the Second
International Working Group on MCI [1] and opera-
tionalized by the National Alzheimer’s Coordinating Center
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(NACC) and the Alzheimer’s Disease Neuroimaging Ini-
tiative (ADNI) [19, 20]. We now have sufficient data on
this MCI state to assess it as risk factor for dementia. The
purpose of this study is to describe our statistical model
of longitudinal data in the context of studying MCI risks
and to update our prior research with additional cognitive
assessments and clinical diagnoses from a large longitudinal
sample. Over 54% of the sample subjects now have a
terminating event (i.e., we have 35 additional dementias and
69 additional deaths) compared to the 36% in the previous
study. These additional events provide increased power to
detect potential risks for transition including age, gender,
education, APOE-4, family history of dementing illness, and
baseline hypertension.

2. Methods

2.1. Subjects. Subjects in the current study are from the Bio-
logically Resilient Adults in Neurological Studies (BRAiNS)
at the University of Kentucky’s Alzheimer’s Disease Center
(UK ADC), a longitudinal cohort of 1,030 individuals with
ongoing recruitment established in 1989 [21]. Participants
consent to extensive annual cognitive and clinical exami-
nations as well as brain donation upon death. Exclusion
criteria include age less than 60 years, active infectious dis-
eases, neurological disorders, psychiatric disorders, disabling
medical disorders, and dementing illness. Subjects included
in the current study (n = 554) comprise those included
in the previous report [22]. All subjects were cognitively
intact at study entry. All research activities were approved by
the University of Kentucky Institutional Review Board. Each
participant gave written informed consent.

2.2. Cognitive Assessments. Annual cognitive test-based as-
sessments taken on a cohort of initially cognitively normal
subjects participating in the BRAiNS project are used to
classify subjects into one of three states: normal, test-
based amnestic MCI (aMCITB), or test-based mixed MCI
(mMCITB) (Table 1). Classification of aMCITB and mMCITB

has been described previously [22, 23]. Briefly, a classifi-
cation of aMCITB results from a poor score (as defined
below) on at least one measure of episodic memory measure
(Table 1). A classification of mMCITB requires a poor score
on at least one measure of language or executive function
(Table 1) regardless of the aMCITB classification status. A
poor score is defined as at least 1.5 standard deviations (SD)
below the age-adjusted mean, which is consistent with the
Second International Working Group on MCI criteria [1];
normative values were derived from the baseline evaluations
of the entire normal cohort.

Classification into clinical consensus-based MCI
(MCICC) results from a diagnosis of MCI, which is deter-
mined according to the consensus guidelines on MCI devel-
oped by the Second International Working Group on MCI
[1]. A diagnosis of MCI requires

(1) a cognitive complaint by the subject or informant,
or evidence for longitudinal decline on cognitive test
performance (at least 1.5 SD decline);

(2) generally intact global cognition;

(3) no or minimal functional impairment;

(4) not demented by DSM-IV criteria.

Additionally, MCICC is restricted to those individuals
for whom a neurodegenerative etiology is suspected. The
NACC diagnostic criteria designate patients with cognitive
impairments but without a presumed degenerative etiol-
ogy as “cognitive impairment, not MCI” [19]. Diagnosis
of MCICC is based on a consensus team review by the
examining physician, neuropsychologist, and the clinical
research assistant administering the protocol [13]. This
MCICC designation is equivalent in most respects to the
new “MCI-Core Clinical Criteria” as defined by the National
Institute on Aging-Alzheimer’s Association Workgroup on
Diagnostic Guidelines for Alzheimer’s Disease [24]. The
primary difference is that the new criteria allow the cognitive
complaint in number one above to come from a skilled
clinician rather than only the patient or informant. A
dementia classification also results from a clinical consensus
diagnosis of dementia (most often AD), which may be based
on the dementia criteria of Diagnostic and Statistical Manual
of Mental Disorders Fourth Edition (DSM-IV) [25], criteria
of the Joint Working Group of the National Institute of the
Neurologic and Communication Disorders and Stroke-AD
and Related Disorders (NINCDS-ADRDA) [26], NINDS-
AIREN criteria for vascular dementia [27], and the 2005
Dementia with Lewy bodies (DLB) Consortium revised
criteria [28]. A diagnosis of MCICC or dementia supersedes
a classification of normal cognition, aMCITB or mMCITB in
our model.

Between their annual assessments, subjects may die or
become demented, and these states are treated as completely
absorbing competing states. MCICC is treated as a quasi-
absorbing state, as subjects do not move backward to a
transient state (i.e., normal cognition, aMCITB, or mMCITB),
but they may become demented or die.

For 19 subjects, review of the longitudinal record
revealed apparent back transitions from MCICC to normal:
nine subjects were diagnosed with MCICC, reverted to
normal, and then reconverted to MCICC, three of whom
eventually became demented; six subjects had a single
diagnosis of MCICC between several diagnoses of normal
cognition on either side; and four subjects had a single
diagnosis of MCICC at their initial evaluation following the
UK ADC’s implementation of the NACC Uniform Data Set
(UDS) cognitive and clinical testing protocol [19, 29] with
all subsequent evaluations classified as normal. Review of
each subject’s complete study history revealed in all cases that
the apparent back transitions were the result of underlying
medical conditions, conflicting data from informants, or
misclassification. Given that there are differences in the
medical comorbidities (e.g., hypothyroidism, B12 deficiency)
that can mimic MCICC in both research and general clinic
settings (cf., [13]), “treatable” cases of MCICC were not con-
sidered to reflect neurodegenerative conditions. Similarly, a
single diagnosis of “normal” in the midst of many years of
MCICC diagnoses appears to reflect a temporary resolution
of a neurodegenerative condition and so strains credulity.
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Table 1: Criteria for state classification.

State Definition

Normal cognition
No cognitive test score more than 1.5 standard deviations (SD) below the age-adjusted
mean; absence of MCICC or Dementia (see below)

Test-based amnestic
MCI (aMCITB)

At least one score more than 1.5 SD below the age-adjusted mean on the following
measures of episodic memory: Wechsler Logical Memory, Benton Visual Retention Test
(number correct or number of errors), a word list (Consortium to Establish a Registry
in Alzheimer’s Disease word list or California Verbal Learning Test ) total learning score,
delayed recall score, savings score, and the maximum recalled minus delayed recall score

Test-based mixed
MCI (mMCITB)

At least one score more than 1.5 SD below the age-adjusted mean on the following
measures of language and executive function: phonemic or category verbal fluency, Boston
Naming Test (15-item), and Trail Making Tests A or B

Clinical
consensus-based MCI
(MCICC)

A cognitive complaint by the subject or informant, or evidence for longitudinal decline on
cognitive test performance (at least 1.5 SD decline); generally intact global cognition; no
or minimal functional impairment; not demented by DSM-IV criteria; neurodegenerative
etiology suspected

Dementia
Meeting DSM-IV criteria for dementia, or NINCDS/ARDRA criteria for possible or
probable AD, or NINDS-AIREN criteria for possible or probable vascular dementia, or
DLB Consortium criteria for Lewy body disease

Normal 

cognition

Amnestic 

Clinical 

consensus  

MCI

Dementia

MCITB

Mixed 

MCITB

Death

Figure 1: Flow diagram of transitions possible between subject visits. Normal cognition is the base state for transitions made from normal
cognition, test-based amnestic MCI, and test-based mixed MCI; clinical consensus MCI is the base state otherwise.

Therefore, in light of the available evidence, the six normal
to MCICC to normal cases and the four MCICC to normal
cases were reclassified as never having MCICC, though they
still might be classified aMCITB or mMCITB, and the nine
MCICC to normal to MCICC were reclassified as MCICC at
every assessment after the first diagnosis of MCICC.

2.3. Statistical Analysis. The conditional distribution of the
cognitive status at any assessment given the status at the
prior assessment is assumed to have the Markov property.
That is, the status at the current assessment depends only
on the status at the prior assessment [30] and possibly
other risk factors. A multistate Markov chain with three
transient states (normal cognition, aMCITB, and mMCITB),
one quasi-absorbing state (MCICC), and two absorbing states
(death and dementia) was used to model the probability of
maintaining the current state or moving to a different state at

the next assessment (Figure 1). The Markov chain models the
log-odds of transition between any two temporally adjacent
assessments, here called the “prior state” and the “current
state”, versus remaining in or returning to a “base state” with
a series of four random effects polytomous logistic regression
models (i.e., one model for each transient state and one
model for the quasi-absorbing state, MCICC).

The base state is normal cognition while a participant’s
prior state is normal cognition, aMCITB, or mMCITB; once
a participant has moved into MCICC, the base state then
becomes MCICC. The model is additive, which means
in practice that although we assume the risk factors are
independent of the prior state (i.e., the effect of sex, e.g., is the
same whether the prior state is normal cognition, aMCITB,
or mMCITB; there is no interaction between the covariates
and the prior state), the estimated risk factor beta coefficients
may depend on the base state. That is, the effect of sex, for
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example, may vary with respect to a base state of normal
cognition versus a base state of MCICC. To account for
within-subject correlations, a normally distributed shared
random effect due to Salazar et al. [31] was included in the
model using PROC NLMIXED in SAS 9.2 (SAS Institute
Inc, Cary, NC). The Quasi-Newton method is used to
maximize the likelihood function, which due to the presence
of the shared random effect is an integral approximated
by an adaptive Gaussian quadrature with one quadrature
point [32, 33]. Transitions to MCICC and dementia states
are assumed to have occurred on the date of assessment
as modeling assumptions do not permit the inclusion of
interval censoring-type approaches. The model ignores any
transitions among the transient states between regularly
scheduled assessments. Statistical significance was set at α =
0.05.

2.4. Covariates. Covariates of interest include age at assess-
ment (centered at 78, the sample median), sex (1 = female,
0 = male), education (two levels: ≤12 years, >12 years),
presence (1) or absence (0) of any copies of the APOE-
4 allele, presence (1) or absence (0) of family history of
dementing illness among first degree relatives, and presence
(1) or absence (0) of hypertension at study entry. Hyperten-
sion status at entry was derived from participant responses
to the question “have you ever been told by a doctor or nurse
that you have high blood pressure?” Use of medications was
also recorded; however, reported use of an antihypertensive
medication did not supersede a participant’s response of
“no” since anti-hypertensives are used to treat other illnesses.
Also included as covariates (when the base state is normal
cognition) are two indicator variables for (1 = yes, 0 = no)
aMCITB and mMCITB; normal cognition is the reference
category. Race was not included as a covariate because almost
all of the included subjects (99%) are Caucasian.

3. Results

Study participants contribute an average of 10.8 annual
assessments (median = 10 assessments, mode = 10 assess-
ments) with the average time between assessments at approx-
imately 13 months (Table 2). Approximately 87% of subjects
who reported hypertension at baseline also reported taking
at least one anti-hypertensive medication, whereas 15% of
those who reported no history of hypertension reported
taking at least one anti-hypertensive medication.

3.1. One-Step Transitions. Table 3 enumerates the one-step
transitions associated with each arrow in Figure 1. The
majority of transitions from aMCITB, which requires a poor
score on a test of episodic memory, are back to normal
cognition at the next visit (59.3%), and only 4.4% are
transitions to MCICC or dementia. Mixed MCI (mMCITB),
which requires a poor score on a test of executive function or
language, appears more predictive of underlying impairment
with 43.8% remaining mMCITB and 7.1% transitioning to
MCICC or dementia at the next visit. Entry into MCICC

is a clear risk factor for transition to dementia since the

Table 2: Subject characteristics (n = 554).

Characteristic Summary

Age at entry, y (mean ± SD) 72.7± 7.8

Female, % 64.3

Family history of dementia, % 41.3

At least one APOE-4 allele, % 30.0

>12 years of education, % 88.1

History of hypertension at entry, % 36.6

Hypertension treated with medication, % 86.5

Number of assessments (mean ± SD) 10.8± 4.5

Time between assessments, y (mean ± SD) 1.1± 0.4

majority of the transitions into the dementia state come
from MCICC when compared to transitions into dementia
from the other states. As previously stated, recovery from
MCICC does not occur. We note that 13 of the 16 subjects
who were MCICC and died without a dementia diagnosis
have been autopsied. Of these, five had AD-type pathology
insufficient for an AD diagnosis, two had mixed AD and
vascular pathology, two had mixed vascular pathology (one
with Lewy bodies and one with hippocampal sclerosis), two
had hippocampal sclerosis, one had Parkinson’s disease, and
one had no histopathologic substrate for dementia (see also
Reference [34]).

3.2. Risk Factors. A number of risk factors alter the prob-
ability of transition to an MCI state (Table 4). Older age
increases the risk of movement into aMCITB (P = 0.0006)
and mMCITB (P < 0.0001). In addition, 12 (or fewer years)
of education predicts transition to mMCITB (P = 0.0001) but
not aMCITB. Family history of dementia “protects” against
transitions to mMCITB (P = 0.011), and female sex is
protective against entry into aMCITB (P = 0.013). Classi-
fication as mMCITB at the prior assessment is predictive of
remaining mMCITB rather than returning to normal at the
next assessment (P < 0.0001).

Demographic risk factors for transition to the MCICC

state (versus remaining in or returning to a normal state) are
older age (P < 0.0001), presence of at least one APOE-4 allele
(P = 0.0053), and high school education (12 years) or less
(P = 0.007). Classification as either aMCITB or mMCITB at
the prior assessment also increases the risk of transition to
MCICC (P = 0.0041 for aMCITB, P < 0.0001 for mMCITB).

In the absence of MCICC, risk factors for dementia
include older age (P < 0.0001) and the presence of at least
one APOE-4 allele (P = 0.0057) (Table 4). A classification
as mMCITB (P < 0.0001) but not aMCITB at the prior
assessment also increases the risk of transition to dementia
at the next visit. Risk factors for transition to death without
dementia include older age (P < 0.0001) and self-reported
hypertension at study entry (P = 0.018).

Participants in this sample who transitioned from MCICC

to dementia (n = 34) did so in an average of 2.5 ± 1.5
years (median = 2.2 years), and those who transitioned from
MCICC to death without an intervening dementia (n = 16)
did so in an average of 2.7 ± 1.7 years (median = 3.4 years).
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Table 3: One-step transition matrix (number of assessments [% of prior visit state]).

Prior visit
Current visit

Normal Amnestic MCITB Mixed MCITB Clinical Consensus MCI Dementia Death

Normal 2192 (68.3) 478 (14.9) 385 (12.0) 34 (1.1) 19 (0.6) 100 (3.1)

Amnestic MCITB 448 (59.3) 148 (19.6) 108 (14.3) 23 (3.1) 10 (1.3) 18 (2.4)

Mixed MCITB 341 (33.0) 88 (8.5) 453 (43.8) 47 (4.5) 27 (2.6) 79 (7.6)

Clinical Consensus MCI 101 (66.9) 34 (22.5) 16 (10.6)

Table 4: Estimated relative risks and 95% confidence intervals for one-step transitions to test-based amnestic MCI (aMCITB), test-
based mixed MCI (mMCITB), or clinical consensus MCI (MCICC) versus the base state of normal cognition (bolding denotes statistical
significance).

Risk factor∗ aMCITB versus Normal mMCITB versus Normal MCICC versus Normal

Age 1.02 (1.01–1.04) 1.07 (1.05–1.08) 1.12 (1.09–1.15)

Female sex (versus male) 0.77 (0.62–0.95) 1.01 (0.82–1.24) 0.71 (0.46–1.09)

Family history of dementia (yes versus no) 0.81 (0.65–1.00) 0.76 (0.62–0.94) 1.04 (0.66–1.64)

≥one APOE-4 allele (versus none) 1.04 (0.83–1.31) 1.12 (0.89–1.40) 1.89 (1.21–2.95)

≤12 years of education (versus >12 years) 1.24 (0.89–1.74) 1.79 (1.33–2.42) 2.20 (1.24–3.91)

History of hypertension (yes versus no) 0.95 (0.76–1.18) 1.04 (0.84–1.28) 0.79 (0.42–1.49)

aMCITB at prior assessment (versus normal) 1.15 (0.91–1.45) 1.00 (0.77–1.29) 2.28 (1.30–4.00)

mMCITB at prior assessment (versus normal) 0.76 (0.57–1.02) 4.51 (3.63–5.61) 4.80 (2.94–7.81)
∗

As risk factors do not depend on the prior state, covariate effects are the same regardless of whether transitions occur from a prior state of normal cognition,
aMCITB, or mMCITB.

Those cases that remain in the MCICC state (n = 50) have
carried the diagnosis for an average of 4.1± 2.4 years (medi-
an = 4.2 years). Once a transition to MCICC has occurred,
only history of hypertension at study entry appears to
influence further transitions to dementia, or death without
dementia, versus remaining in the MCICC state (Table 5).
A participant who reported baseline hypertension is more
likely to remain MCICC (P = 0.037) than to convert to de-
mentia at the next visit: the yearly transition rate to dementia
for those with hypertension at baseline is approximately
4.2% and 12.6% for those without hypertension at baseline.

4. Discussion

The addition of the MCICC state to the multistate Markov
chain confirms the utility of cognitive testing in pre-
dicting true underlying cognitive impairment. Entry into
aMCITB and particularly mMCITB, both of which are deter-
mined solely by poor performance on cognitive assessment,
increases the risk of a diagnosis of MCICC at the next
visit versus returning to normal. These results highlight
the importance of objective criteria in MCI diagnosis
and emphasize the role of cognitive testing, particularly
of language and executive function, in early detection.
Notably, poor performance limited to tests of episodic
memory (aMCITB) in this population can resolve to normal
performance at the next annual assessment as much as 60%
of the time and progress to MCICC just 3% of the time
(Table 3). Poor performance on tests of language and exec-
utive function is somewhat more stable, returning to normal
performance at the next annual assessment 33% of the time.
While there is no question that MCITB predicts MCICC, these
findings emphasize that clinicians who primarily rely on

cognitive testing should obtain longitudinal followup before
a diagnosis of MCI is given to the patient [35].

These findings reflect a novel analysis of risk factors for
MCI and dementia based on the current NACC UDS criteria
that are used across AD centers in the United States [19]
and so represent a standardized diagnostic system in contrast
to earlier analyses of MCI risk factors [36, 37]. Further, the
comparison of two different sets of MCI criteria (MCICC

versus MCITB) provides differing risk factors that could be
of clinical use in patient care. This is best highlighted in our
group’s earlier comparison of patients diagnosed with MCI
in a clinical research (i.e., the UK ADC BRAiNS cohort) as
well as a memory clinic setting where only 9% of patients
in the memory clinic had nonneurodegenerative causes for
cognitive decline in contrast to 31% of the research clinic
cases [13].

Risk factors for one-step transitions into MCICC include
age, low education, prior classification as either aMCITB or
mMCITB, and the presence of at least one APOE-4 allele.
APOE-4 is a known risk factor for AD, and although results
for MCI have been mixed, a recent study of a nationally
representative sample reported that APOE-4 was a reliable
predictor of MCI versus normal cognition [38], and data
from the Religious Orders Study reveal a 1.4-fold increased
risk of MCI in persons with an APOE-4 allele [39].

It is clear that once an individual has transitioned to
MCICC, the risk of dementia increases dramatically. In this
sample, 38.5% of individuals with MCICC have transitioned
to dementia (at an estimated overall rate of 12.6% per year)
compared to 11.8% of individuals with no history of MCICC

(at an estimated overall rate of 0.16% per year). However,
common risk factors for dementia (i.e., age, sex, education,
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Table 5: Estimated relative risks and 95% confidence intervals for one-step transitions to dementia or death without dementia versus the
base state of normal cognition or clinical consensus MCI (MCICC) (bolding denotes statistical significance).

Risk factors∗ (normal is base state; no history of MCICC) Dementia versus normal Death versus normal

Age 1.19 (1.14–1.24) 1.18 (1.15–1.21)

Female sex (versus male) 1.87 (0.95–3.68) 0.68 (0.49–0.95)

Family history of dementia (yes versus no) 1.66 (0.92–3.01) 0.82 (0.57–1.17)

≥one APOE-4 allele (versus none) 2.33 (1.28–4.23) 0.97 (0.67 –1.42)

≤12 years of education (versus >12 years) 0.75 (0.26–2.18) 1.33 (0.80 –.22)

History of hypertension (yes versus no) 0.79 (0.42–1.49) 1.49 (1.07–2.08)

aMCITB at prior assessment (versus normal) 1.85 (0.82–4.21) 0.64 (0.38–1.08)

mMCITB at prior assessment (versus normal) 4.90 (2.58–9.30) 2.67 (1.88–3.79)

Risk factors (MCICCis base state) Dementia versus MCICC Death versus MCICC

Age 1.05 (0.98–1.13) 1.03 (0.94–1.13)

Female sex (versus male) 1.75 (0.67–4.56) 1.15 (0.65–3.76)

Family history of dementia (yes versus no) 2.88 (0.95–8.72) 0.68 (0.15–3.03)

≥one APOE-4 allele (versus none) 0.69 (0.22–2.16) 2.33 (0.61–8.90)

≤12 years of education (versus >12 years) 0.97 (0.27–3.46) 0.55 (0.10–2.99)

History of hypertension (yes versus no) 0.30 (0.10–0.93) 0.70 (0.20–2.47)
∗

As risk factors depend only on the base state, covariate effects in the top half of the table are the same whether transitions occur from a prior state of normal
cognition, aMCITB, or mMCITB.

family history, and APOE-4) do not predict whether an
individual will remain in MCICC or transition to dementia,
or death without dementia, at the next visit. Similar results
have been reported in studies that have examined risk factors
for progression of cognitive impairment. Tschanz et al. [40]
noted in the Cache County cohort that while female sex and
age at onset were predictive of decline in Mini-Mental Status
Exam (MMSE) scores, education was not related to rate of
MMSE decline, and APOE-4 was related to earlier onset of
impairment but not rate of MMSE decline. Fleisher et al.
[41] reported that although APOE-4 did predict conversion
from amnestic MCI to AD over a 36-month interval, it did
not improve the predictive accuracy of their model (which
included only neuropsychological test scores).

Participants who reported hypertension at baseline were
significantly less likely to transition from MCICC to dementia
at the next visit, which may indicate a primarily vascular
rather than an AD or mixed AD and vascular etiology for
MCICC in these patients. Several studies have shown that
brain white matter changes are associated with cognitive
decline in aging [42, 43] and that vascular changes exacerbate
the cognitive decline associated with AD [44, 45]. Hoffman
and colleagues [46] reported that autopsied subjects who
took anti-hypertensive medications had significantly less
Alzheimer-type pathology than either those with no history
of hypertension or those with hypertension not treated by
medication. However, the differences in risks for treated and
untreated hypertension could not be assessed here due to
the small number of cases of untreated hypertension in the
sample.

As with aMCITB, mMCITB, and MCICC, older age in-
creases the probability of a transition to a dementia state.
Baseline hypertension plays no role in transitions to aMCITB,
mMCITB, MCICC, or dementia (in the absence of MCICC),
predicting only transitions to death (modeled as a competing

risk for dementia). This result agrees with our previous
research [23] even after four additional years of followup, as
well as with the results of a recent meta-analysis, which found
no increased risk of incidence of AD for either persons with
hypertension or those taking anti-hypertensive medications
[47]. We note that hypertension is a time-dependent risk
factor as the participant’s status may change during the
course of followup. Availability of these time-dependent data
is limited for many of the subjects in this sample; the study
protocol did not call for annual assessment of health history
until the implementation of the UDS in 2005.

All forms of MCI, and dementia as well, reflect a hetero-
geneous (and not completely understood) group of diseases
including AD, hippocampal sclerosis, dementia with Lewy
bodies, and vascular dementia [34, 48]. This heterogeneity
may help explain the lack of significant predictors, other
than baseline hypertension, from MCICC to dementia. We
currently lack sufficient sample size to study these dementias
as separate entities, but we have recently initiated work
that will facilitate future research on which factors influence
transitions into dementia subtypes. Similarly, MCICC is
treated as a single entity here despite its well-documented
heterogeneity [49] because we lack sufficient sample size to
study the individual subtypes, and it is quite possible that
risk factors for transitions to each subtype are different.

Limitations of the current study include that the final
outcome for many of the included subjects is unknown as
they continue to be followed longitudinally. Additional fol-
lowup may change the results observed here, though they
have face validity. The generalizability of the results is also
somewhat limited due to the sample’s demographic and
geographic homogeneity, which would not be replicated in
a population-based sample, and the nature of the longitu-
dinal study, which requires brain donation at death. The
volunteers are highly motivated and highly educated, and the
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frequency of both family history of dementia and APOE-
4 is higher than what would be observed in the general
population. Biomarker data (i.e., blood, cerebrospinal fluid,
and neuroimaging) are for the most part unavailable on
these subjects, and studies that have investigated risk factors
for transition from clinical MCI to dementia have largely
been focused on biomarkers [50, 51]. Obtaining biomarkers
is extremely expensive, however, and it has been reported
that longitudinal neuropsychological testing data provides
as good or better accuracy in predicting which clinical MCI
cases will convert versus remaining stable [52]. Nevertheless,
the recently published criteria for the diagnosis of MCI due
to AD make extensive use of biomarker data [24], and this
modeling technique will allow us to incorporate these data as
they become available in the future.

Finally, a large portion of this University of Kentucky-
based longitudinal cohort was not included in this study
(n = 476). The decision to exclude all subjects not in the
original study [22] was due to the fact that the model’s
power to detect risks is based on the number of events
in the sample, not the number of subjects. The excluded
subjects, who are relatively recent recruits with about four
assessments on average, are unable to contribute events due
to this abbreviated followup. Potential differences between
included and excluded participants were assessed using
standard parametric two-group comparisons. Included and
excluded subjects compare favorably on distribution of sex,
family history, APOE-4, history of hypertension at baseline,
and time between assessments (data not shown). Although
the excluded subjects were slightly older at baseline, the effect
size is small (Cohen’s d = −0.05). Excluded subjects also
have lower education (χ2 = 8.8, 2 df, P = 0.01). That the
excluded subjects are slightly older and less educated reflects
that recruitment goals were changed in 2005 in order to
enroll older participants with lower education, and all of the
included subjects in the present model were recruited prior
to 2005.
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Diagnosis of mild cognitive impairment relies on the presence of memory complaints. However, memory complaints are very
frequent in healthy people. The objective of this study was to determine the severity and type of memory difficulties presented
by elderly patients who seek for clinical help, as compared to the memory difficulties reported by subjects in the community.
Assessment of subjective memory complaints was done with the subjective memory complaints scale (SMC). The mini-mental
state examination was used for general cognitive evaluation and the geriatric depression scale for the assessment of depressive
symptoms. Eight-hundred and seventy-one nondemented subjects older than 50 years were included. Participants in the clinical
setting had a higher total SMC score (10.3 ± 4.2) than those in the community (5.1 ± 3.0). Item 3 of the SMC, Do you ever forget
names of family members or friends? contributed significantly more to the variance of the total SMC score in the clinical sample
(18%) as compared to the community sample (11%). Forgetting names of family members or friends plays an important role
in subjective memory complaints in the clinical setting. This symptom is possibly perceived as particularly worrisome and likely
drives people to seek for clinical help.

1. Introduction

Since the original description of the disease by Alois
Alzheimer [1], memory difficulties are considered the initial
and the most prominent and typical symptom of Alzheimer’s
disease. More recently, the detection of elderly subjects with
mild cognitive impairment and a high risk of progression to
Alzheimer’s disease also relies on the presence of memory
complaints [2], and, in proposed revised criteria for prodro-
mal AD, like the Dubois criteria [3], the report by patients
or informants of memory decline remains part of the core
diagnostic features. Memory complaints thus represent an
important symptom in clinical practice.

On the other hand, when specifically asked for, people
in the community frequently report memory difficulties. In
fact, not only elderly but also young subjects may have an
unfavourable opinion about their memory capabilities [4].
Using a formal scale, the subjective memory complaints scale
(SMC; [5]), as much as 75.9% of people report at least minor
complaints when answering to the first general question Do
you have any complaints concerning your memory? (SMC1)
[4]. The significance and clinical implications of the frequent
report of memory difficulties in the community setting are
not clear. In a meta-analysis, the presence of memory com-
plaints was more frequent in cognitively impaired than in
cognitively normal elderly subjects [6]. A systematic review
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concluded that the subjective memory complaints appear
to be associated with depressive symptoms and personality
traits and may predict future cognitive decline [7]. A recent
study found that self perceived memory complaints are an
independent predictor of dementia [8].

In the present study, we analysed the severity and type
of memory difficulties presented by patients who look for
medical help in a memory clinic or hospital outpatient
setting, as compared to the memory difficulties that subjects
in the community report when specifically asked for. The
same instrument, the subjective memory complaints scale,
was applied in both samples. We tested the hypothesis that
some types of memory complaints would be selectively
reported by subjects in the clinical setting. The objective
was to identify the memory complaints most prone to raise
concern from the patients and their families and bring them
to clinical care.

2. Methods

2.1. Patients. Subjects with cognitive complaints older than
50 years referred for neuropsychological evaluation at the
Laboratory of Language Studies, Santa Maria Hospital, and
a Memory Clinic, both in Lisbon.

2.2. Controls. Controls were volunteers older than 50 years
attending a health itinerant unit that aims to screen and
promote general health, a blood donor centre, a leisure centre
for retired people, and a senior citizens college and university,
all in the area of Lisbon.

2.3. Exclusion Criteria.

(1) presence of dementia (criteria of the American
Psychiatric Association, DSM-IV-TR [9]), or MMSE
score below the education-adjusted cutoff,

(2) neurological disorders (stroke, tumors, significant
head trauma, and epilepsy), psychiatric conditions
(including major depression), or uncontrolled medi-
cal illness (hypertension, metabolic, endocrine, toxic,
and infectious diseases) able to interfere with cogni-
tion,

(3) psychoactive medications with possible influence on
cognition,

(4) chronic alcohol or drug abuse,

(5) sensory deficits likely to interfere with assessment,
and

(6) nonnative Portuguese speakers.

All participants gave their informed consent. The present
study was approved by the local ethics committee.

2.4. Procedures. A semi-structured interview recorded clin-
ical information, present and past medical conditions,
psychiatric and neurological history, medication, social and
familial status.

2.5. General Cognitive Assessment. The mini-mental state
examination (MMSE; [10, 11]) was used for a general cogni-
tive assessment. Participants with MMSE below education-
adjusted values for the Portuguese population were excluded
(<23 for less than 11 years of education, <28 for more than
11 years of education; [11]).

2.6. Assessment of Subjective Memory Complaints. Partici-
pants were assessed with the subjective memory complaints
scale (SMC; [5, 12]). They were required to answer 10
individual items concerning difficulties in daily-life memory
tasks, with total scores ranging from 0 (absence of com-
plaints) to 21 (maximal complaints score). These items are
considered representative of common memory complaints
[5]. The SMC was always applied at the end of the clinical
interview.

2.7. Assessment of Depression. For the assessment of depres-
sive symptoms the geriatric depression scale (GDS; [13, 14])
was used. The version with 15 items was chosen.

2.8. Statistical Analysis. Statistical analyses were performed
using IBM SPSS Statistics 19 for Windows (SPSS Inc., an
IBM Company, Chicago, IL, USA). A probability value less
or equal to 0.05 was assumed as statistically significant.
Differences in the total SMC scores among the different
community settings were tested with one-way ANOVA.
Comparison of demographic and neuropsychological data
between the participants in the community and in the
clinical setting was done using Student’s t test on quantitative
variables and the Fisher’s exact test on the nominal variable.
Comparison of the SMC items and the SMC total score
between participants in the community and in the clinical
setting was performed with the Mann-Whitney U test. Eta-
squared values were calculated for the individual SMC items
to explain the total SMC score with ANCOVA, controlling for
depression score and education years. The 95% confidence
intervals for eta-squared values were obtained by nonpara-
metric Bootstrap sampling (k = 1000) using the boot library
in the R system software (v. 12.2.1, R Development Core
Team).

3. Results

Eight-hundred and seventy-one nondemented subjects older
than 50 years were included in the study, 581 recruited in the
community, and 290 in the clinical setting. Participants in
the clinical setting were more educated, had slightly lower
MMSE scores, and presented more depressive symptoms
than the participants in the community (Table 1).

All participants in the clinical setting had complaints
at least in one SMC item, and 20 (3.4%) participants
in the community reported no memory complaints (total
SMC score = 0). Since no differences in the total SMC
scores were found among the different community settings
(health itinerant unit, blood donor centre, leisure centre for
retired people, and senior citizens college and university), the
results from community participants were pooled together.
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Table 1: Characteristics of the participants.

Community Clinical setting Statistical significance

Number of participants (n) 581 290

Age [years, mean ± SD (range)] 67.4± 9.0 (50–92) 67.6± 8.6 (50–88) P = 0.679∗

Gender (female/male) 355/226 163/127 P = 0.187#

Education [years, mean ± SD (range)] 6.1± 4.1 (0–19) 10.7± 4.5 (2–18) P < 0.001∗

MMSE [mean ± SD (range)] 28.0± 1.8 (23–30) 27.3± 2.0 (23–30) P < 0.001∗

GDS [mean ± SD (range)] 3.5± 2.9 (0–14) 5.2± 3.4 (0–15) P < 0.001∗

MMSE: mini-mental state examination; GDS: geriatric depression scale; ∗Student’s t test; #Fisher’s exact test.

Participants in the clinical setting had a higher total SMC
score [10.3±4.2 (1–21)] than those in the community [5.1±
3.0 (0–15)] (Figure 1), and this held true for almost all types
of memory complaints (Table 2).

The only exception was the SMC7 item, Did you ever
lose your way in neighbourhood? few subjects reporting this
difficulty, both in the clinical setting (4.8%) and in the
community (3.1%).

Analysing the weight of the different types of complaints
to the global SMC score in the two groups, we found that
SMC3, Do you ever forget names of family members or friends?
contributed to only 11% of the total score variance in the
community sample, and as much as 18% of the total score
variance in the clinical sample (as shown in Figure 2, the
95% confidence intervals for the eta-squared values of SMC3
are separated). This was the item that contributed most
to the total SMC score variance in the clinical group. In
contrast, SMC1, which a general question about memory
complaints, SMC6, Do you ever have difficulties in finding
particular words?, and SMC 8, Do you think more slowly than
you used to? contributed significantly less to the total SMC
score in the clinical group.

4. Discussion

Elderly patients who seek for medical help in a memory clinic
or hospital outpatient setting reported more prominent
memory difficulties as compared to the subjects in the
community. Nevertheless, only 20 community participants
reported to be completely free from memory difficulties
(i.e., to say, had 0 in the SMC total score). The participants
in the clinical setting scored higher in almost all SMC
items, reflecting more problems in different types of memory
complaints. The exception was item SMC7, about being lost
in the neighbourhood, to which few participants answered
positively, as found in previous studies [5]. Difficulties in
spatial orientation in known places may well reflect the
beginning of a dementing disorder like Alzheimer’s disease.
In a recent study, the complaining of difficulties on finding
one’s way around familiar streets was highly associated with
objective cognitive impairment [15].

The hypothesis advanced in the present work, that some
types of memory complaints would be selectively reported by
nondemented elderly subjects in the clinical setting, as com-
pared to the community, was confirmed. Forgetting names
of family members or friends contributed more strongly
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Table 2: Subjective memory complaints.

Community Clinical setting
Statistical significance∗

mean ± SD mean ± SD

(1) Do you have any complaints concerning your memory? 1.13± 0.70 2.05± 0.71 P < 0.001

(2) Do other people find you forgetful? 0.36± 0.51 1.03± 0.69 P < 0.001

(3) Do you ever forget names of family members or friends? 0.32± 0.54 1.15± 0.95 P < 0.001

(4) Do you often forget where things are left? 0.78± 0.68 1.60± 0.91 P < 0.001

(5) Do you often use notes to avoid forgetting things? 0.60± 0.61 1.22± 0.72 P < 0.001

(6) Do you ever have difficulties in finding particular words? 0.48± 0.50 0.66± 0.48 P < 0.001

(7) Did you ever lose your way in neighbourhood? 0.03± 0.17 0.05± 0.22 P = 0.201

(8) Do you think more slowly than you used to? 0.40± 0.49 0.84± 0.62 P < 0.001

(9) Do your thoughts ever become confused? 0.45± 0.53 0.73± 0.67 P < 0.001

(10) Do you have concentration problems? 0.52± 0.55 0.94± 0.70 P < 0.001

Total SMC score 5.1± 3.0 (0–15) 10.3± 4.2 (1–21) P < 0.001

SMC: subjective memory complaints scale; ∗Mann-Whitney U-test
Scoring of items 1, 3, and 4: 0: no; 1: yes, but no problem; 2: yes, problem; 3: yes, serious problem.
Scoring of items 2 and 5: 0: no; 1: yes, sometimes; 2: yes, often.
Scoring of items 6 and 7: 0: no; 1: yes.
Scoring of items 8, 9 and 10: 0: no; 1: yes; 2: yes, serious problem.

to the global subjective memory complaints in the clinical
setting. This memory difficulty is probably perceived as
particularly worrisome, or more likely to impact on close
interpersonal relationships. It is interesting that it is not just
the problem with names that is involved because subjects in
the clinical setting did not report more difficulties in finding
particular words (item 6). The trouble with such a trivial
task as remembering proper names of close people appears
particularly disturbing. It is interesting that the neuronal
basis for processing familiar proper nouns is different from
other names and quite widespread, involving both cerebral
hemispheres [16]. The perception of this type of memory
complaint as worrisome is certainly justified since 20%
percent of patients with early Alzheimer’s disease report
forgetting the names of relatives [17].

Factors other than the memory complaints themselves
may of course influence whether elderly people seek for clini-
cal help or not. The clinical participants were more educated,
possibly with more awareness of the implications of memory
problems and an easier access to clinical care. They also had
more depressive symptoms, which could indeed drive their
concern about memory problems. An association between
depressive symptoms and reporting of memory complaints
has been consistently found (see, for instance, [18, 19]).
The influence of personality characteristics on the emergence
of memory complaints was also emphasised [20]. A recent
study, comparing patients in a memory clinic and non-help-
seekers, found that beliefs about memory, as well as the
presence of a close relative with dementia, were associated
with the decision to seek help [21].

It must be recognized that in the present study the
evaluation of memory complaints was based on a single
scale, the subjective memory complaints scale. Although
this scale has items considered representative of common
memory complaints [5], the results may not necessarily be

generalizable to other instruments of memory complaints
evaluation [22].

In conclusion, the clinical diagnosis of mild cognitive
impairment relies on the presence of memory complaints
in subjects who seek for medical help. The present study
suggests that both the global severity of memory complaints
and the type of memory difficulties reported, particularly
forgetting names of family members or friends, are associ-
ated with the clinical setting. Further research should clarify
the reasons why some elderly people seek for medical help,
and others do not, since important consequences for the
screening of early cognitive decline in the community may
ensue.
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Anosognosia, or unawareness of one’s own cognitive deficits, may cause issues when measuring perceived stress and cortisol
levels in Alzheimer’s disease (AD) and Mild Cognitive Impairment (MCI). The goal of this study was to examine the effects of
anosognosia on perceived stress and salivary cortisol levels in normal elderly (NE) adults, MCI individuals, newly diagnosed
AD patients, and long-lasting AD patients, suspected to show more anosognosia. An anosognosia index for perceived stress was
computed by subtracting the score on the Perceived Stress Scale measured in the participants and their relative. Cortisol levels were
measured four times a day over two nonconsecutive days. Greater anosognosia for dementia correlated with greater anosognosia
for perceived stress in the group as a whole. However, no correlation between cortisol levels and either anosognosia for dementia or
perceived stress was observed. Our results suggest that measuring perceived stress in AD patients may be influenced by anosognosia.

1. Introduction

Cortisol is a hormone secreted when one faces a physical or
a psychological stressor. As such, cortisol is conceived as a
physiological marker of stress. When a stressor is perceived,
the hypothalamo-pituitary-adrenal (HPA) axis is activated,
the end product of which is the secretion of cortisol from the
adrenal glands. Four psychological determinants have been
shown to lead to the activation of the HPA axis and the
secretion of cortisol: novelty, unpredictability, threat to self,
and sense of loss of control [1]. Not everyone is sensitive to
the same extent to each of these factors, but essentially, the
more there are of these factors in any given situation, the
more likely one will perceive the situation as stressful and the
greater will be the secretion of cortisol [2].

Living with a diagnosis of Alzheimer’s disease (AD) is
especially stressful for the patients and their family and
encompasses many, if not all, of the psychological determi-
nants of a stress response. Indeed, in a review of qualitative
studies on the impact of living with early dementia, Steeman

and colleagues [3] reported that the “memory losses often
threatens the patients’ security, autonomy, and sense of being
a meaningful member of society.” The authors added that the
memory losses interfering with coping strategies may cause
“frustration, uncertainty, and fear.” Similar conclusions were
derived from a study by Clare and colleagues [4]. One would
think that receiving the diagnosis of AD would trigger such a
stress response. However, a group headed by Carpenter and
colleagues [5] found that disclosure of AD diagnosis did not
elicit significant increases on the Geriatric Depression Scale
nor on the 20-item state version of the State-Trait Anxiety
Inventory.

One important distinction in the field of human stress
research is that to be stressful, a situation has to be perceived
as such [6]. This brings us to an important limitation in
the measurement of stress in AD, namely, the question as
to whether AD patients are able to appraise their own level
of stress. Patients with AD, and to some extent individuals
with Mild Cognitive Impairment (MCI), often display an-
osognosia, or unawareness of their cognitive deficits [7–9].
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The more the disease progresses, the more severe the anosog-
nosia of the patients is [10]. It is therefore possible that AD
patients and MCI individuals, unable to acknowledge their
cognitive deficits, may also be unable to appraise their own
stress.

Measures of perceived stress such as Cohen’s 10-item
Perceived Stress Scale (PSS-10) [11] have been used in the
normal elderly (NE) population, and norms have been al-
ready established [12]. To our knowledge only one study has
examined PSS-10 in AD patients. Wahbeh and colleagues
[13] found that AD patients and their caregivers did not
show significantly higher perceived stress compared to older
adults. Consequently, norms have yet to be established for
AD patients and individuals with MCI.

Higher cortisol levels have been found to correlate with
increased perceived stress in some studies examining vari-
ous populations [14, 15] but not in other studies [16–18].
Wahbeh and colleagues [13] have measured the association
between cortisol levels and perceived stress in AD patients,
and found a positive trend between cortisol levels measured
at 30 minutes after awakening and the patients’ scores on
PSS-10. Although this result suggests that AD patients are
able to appraise stressors with the concomitant increase of
cortisol levels that is associated with this appraisal, it is not
clear at this point in the literature whether the apparition
of anosognosia that develops with the disease eliminates the
association between perceived stress and cortisol levels in
these populations. It is possible that with the progression of
the disease over time, more anosognosia surfaces, counter-
acting the expected increase in cortisol levels of increasingly
more advanced, and less insightful, AD patients.

There are many scales that measure anosognosia, such
as the Anosognosia Questionnaire-Dementia (ANO) [19].
Like in most scales assessing anosognosia, the discrepancy
between the scores of the participants and those of their
relatives on a list of cognitive deficits items is used as an index
of anosognosia for dementia. It would be interesting to look
at a similar anosognosia index for perceived stress. To our
knowledge, this has not been done or published in the litera-
ture before.

The goal of this study was to examine the effects of an-
osognosia on the psychological and physiological markers of
stress in Alzheimer’s disease. We wanted to examine this in
a full cognitive spectrum of older adults, including healthy
NE who have no anosognosia for dementia, MCI individuals
who are expected to have lower levels of anosognosia for
dementia, newly diagnosed AD patients, and AD patients
who had the diagnosis for a longer period, thus suspected to
show more anosognosia. We hypothesized that anosognosia
for dementia should correlate positively with anosognosia
for perceived stress and inversely correlate with cortisol
levels.

2. Methods

2.1. Subjects. A convenience sample of 20 MCI individuals
and 29 AD patients was recruited at the memory clinic of
the Jewish General Hospital, Montreal, Canada. In addition,
20 normal elderly (NE) subjects without memory loss were

recruited from the general population. Each participant un-
derwent a battery of neuropsychological tests carried out by
neuropsychologists or trained research assistants. CT scans
were performed to rule out any organic cause of cognitive
dysfunction. A diagnosis of MCI or AD was made by con-
sensus at clinical meetings composed of neurologists, nurses,
geriatricians, and neuropsychologists who attended to the
patients.

Clinical criteria for MCI were those proposed by Petersen
and colleagues [20]: (1) having subjective memory com-
plaints, (2) small but measurable deficits (usually at least 1 to
1.5 standard deviations below norms) on neuropsychological
tests adjusted for age and education, (3) lack of significant
functional or social impairment, and (4) not meeting criteria
for dementia. For a diagnosis of AD, the clinical criteria
were those of the NINCDS-ADRDS [21]. We considered a
participant to have newly diagnosed AD, labeled “new AD,” if
the diagnosis occurred within the past six months of testing;
consequently, participants who have had AD for longer than
six months were considered as having long-standing AD,
hereafter labeled “old AD.” The distinction from new AD
and old AD is based on the fact that old AD patients are
hypothesized to have higher anosognosia for dementia, and
possibly for perceived stress, as well as to have more time to
adjust to a new diagnosis of AD. Exclusion criteria were the
presence of other organic or psychiatric disorder that could
account for the cognitive deficits in MCI and AD patients,
and the presence of any cognitive deficits in NE.

Each participant had to designate an individual in their
immediate social circle (a friend, a spouse, a child, or a car-
egiver, hereafter referred to as a relative) to participate in the
study. Medical charts reviews were carried out to determine
the participants’ medications that could affect cortisol and
perceived stress ratings. Informed consent was received from
every participant and their relative, and the protocol was
approved by Research Ethic Board of the Jewish General
Hospital, Montreal, Canada.

2.2. Anosognosia Index for Dementia (ANO). The Anosogno-
sia Questionnaire-dementia (ANO), [19] was given to each
participant. This questionnaire has been validated and con-
sists of 30 items assessing one’s memory, daily life, and behav-
ioral and psychological symptoms on four-point scales. Both
the participant’s version and the relative’s version of the ques-
tionnaire asked the same questions about the participant; the
difference in the scores between these versions was then used
as an index of anosognosia for dementia. The greater is the
difference in the score of the AD patient and the relative on
the scale, the greater is the anosognosia index assigned to the
AD patient.

2.3. Anosognosia Index for Perceived Stress (PSS). The 10-
item Perceived Stress Scale (PSS-10) [11] was administered to
every participant and their relative. It constitutes one of the
most widely used quantitative questionnaires on perceived
stress and measures the stress perceived by an adult over
the previous month. An index of anosognosia for perceived
stress was devised by subtracting the score of the participant
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from that of their relative, in a manner similar to how we
obtained the index of anosognosia for dementia: PSS = PSS-
10relative − PSS-10participant. About half of the participants and
their relatives were given an incomplete version of the PSS-
10 on the first visit (measurement error), resulting in two
missing items for about 40% of the study sample, making
comparisons with norms difficult. An adjusted score out of
10 was computed from the score out of 8 for every subject.

2.4. Salivary Cortisol Levels. Participants were instructed to
collect four samples of saliva per day on two nonconsecutive
days. The four samples were taken upon awakening, 30 mi-
nutes after awakening, at 2PM, and at bedtime and com-
prised passive drool collected in plastic tubes. The partici-
pants and/or caregivers were then instructed to write down
the exact time, report any unusual event that might have
occurred before the saliva collection, and rate the mood of
the participant on a log sheet. We asked the participants
and/or their caregivers to subsequently store the saliva sam-
ples in their freezer to prevent degradation until they could
be collected for analysis. Radioimmunoassays were per-
formed at the Douglas Institute of Mental Health, Montreal,
Canada. Saliva measured for the four collection times were
averaged across the two days, controlling for the day-to-day
variation in cortisol secretion.

2.5. Procedure. The participants’ and relatives’ versions of
both the anosognosia and the PSS-10 questionnaires were
administered at the first home visit, along with the instruc-
tions for the salivary collection. About two weeks after the
first visit, a second appointment was scheduled to pick up the
saliva samples. At the same time the Mini-Mental State Eval-
uation (MMSE) [22] and Montreal Cognitive Assessment
(MoCA) [23] were given to measure the cognitive function
of the participants.

2.6. Statistical Analyses. Multiple analyses of variance
(ANOVAs) and Pearson’s correlations were carried out using
SPSS version 16.0 (SPSS Inc., Chicago, IL).

3. Results

From November 2009 to January 2010, a total of 22 NE,
21 MCI individuals, 12 new AD patients (who received a
diagnosis of AD within the past six months), and 16 old
AD patients (who received a diagnosis of AD earlier than
the past six months) and their relatives agreed to participate
in the study. There were no differences in age, education,
or gender between the participants included and the initial
bigger cohort, nor between the participants for whom we
have a perceived stress score out of 10 and those for whom
we have a perceived stress score out of 8. We found very
strong correlations between scores out of 10 and scores out
of 8 for the participants on whom we had complete PSS-
10 questionnaires (r = 0.98, P < 0.01, n = 43), sug-
gesting that the two missing items for half of the sample
had no major impact, allowing us to perform the intended
analyses. One old AD participant was excluded from the

Table 1: Demographic information for the normal elderly, individ-
uals with Mild Cognitive Impairement, newly diagnosed, and long-
lasting Alzheimer’s disease patients.

NE MCI New AD Old AD

Age 77.7 (1.3) 77.1 (1.3) 80.0 (0.8) 77.9 (1.4)

Education 15.2 (0.6) 15.9 (1.0) 13.1 (1.6) 13.9 (1.3)

Gender
(M : W)∗

9 : 13 14 : 7 7 : 5 14 : 2

MMSE∗ 28.7 (1.4) 27.8 (2.0) 26.0 (1.9) 20.1 (5.9)

MoCA∗ 27.2 (0.6) 23.5 (0.7) 19.1 (1.7) 14.8 (1.4)

PSS-10 adjusted

Participant 7.6 (0.92) 12.6 (1.4) 8.8 (1.7) 10.2 (8.0)

Relative∗ 9.3 (1.5) 11.3 (6.3) 15.1 (7.4) 19.2 (6.7)

ANO∗ −0.5 (1.2) 1.0 (2.1) 10.9 (1.7) 19.2 (3.8)

This table represents the mean (standard error of the mean) and men
to women ratio (M : W) for the 22 normal elderly (NE), 21 individuals
with Mild Cognitive Impairment (MCI), 12 newly diagnosed Alzheimer’s
disease patients (new AD), and 17 long-lasting Alzheimer’s disease patients
(old AD). Age and education are in years. MMSE stands for Mini-Mental
State Evaluation; MoCA stands for Montreal Cognitive Assessment, PSS-10
adjusted stands for 10-item Perceived Stress Scale out of 8, adjusted to a
score of 10, as reported by the participants themselves, and as reported by
their relatives; ANO stands for anosognosia for dementia score. ∗Denotes a
significant group difference with a P-value less than 0.05.

analyses due to extreme levels of cortisol (more than 3 stand-
ard deviations above the mean for old AD group). A review
of concomitant medications amongst participants revealed
that more MCIs were on medication for diabetes than the
other groups (nNE = 0; nMCI = 5; nnewAD = 0; noldAD =
0), whereas more AD patients (both new and old) were on
sedatives/antidepressants (nNE = 1; nMCI = 1; nnewAD = 4;
noldAD = 5) and acetyl cholinesterase inhibitors (nNE = 0;
nMCI = 0; nnewAD = 6; noldAD = 8). There were no differences
in demographics, anosognosia for dementia, anosognosia for
perceived stress, or cortisol between the MCI who were on
diabetic medications and those who were not. Similarly, there
were no statistical difference in demographics, anosognosia
for dementia, PSS-10, anosognosia for perceived stress, or
cortisol between the AD who were on sedatives, antidepres-
sants, and/or acetyl cholinesterase inhibitor and those who
were not.

The participants in the four groups were similar in age
and education, but there were more women participants in
the NE group compared to the other groups (X2

3 = 8.8, P =
0.03). As expected, the groups differed in MMSE and MoCA
scores (all P < 0.01). Demographic information is presented
in Table 1.

There were no differences across the diagnostic groups
in the level of perceived stress (PSS-10) as reported by
the participants (F(3,70) = 2.5, P = 0.07). There was a
trend, however, mainly driven by MCI who reported higher
perceived stress than the other groups (not significant).
However, there were significant diagnostic group differences
in the level of perceived stress (PSS-10) as reported by the
relatives (F(3,70) = 7.3, P < 0.01). Posthoc analyses showed
that the relatives reported less stress for the NE participants
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Figure 1: Scores on anosognosia for dementia, anosognosia for per-
ceived stress, and cortisol levels in normal elderly, individuals with
Mild Cognitive Impairment, newly diagnosed, and long-lasting
Alzheimer’s disease patients. These graphs represent the scores on
anosognosia for dementia (ANO), anosognosia for perceived stress
(PSS), and cortisol levels (CORT, in μg/dL) in 21 normal elderly
(NE, black bars), 20 individuals with Mild Cognitive Impairment
(MCI, dark grey bars), 12 newly diagnosed (new AD, light grey
bars), and 17 long-lasting (old AD, white bars) Alzheimer’s disease
patients.

than for both new and old AD participants. In addition, the
relatives reported less stress for the MCI participants than the
old AD participants (all P < 0.05).

The ANOVAs revealed statistically significant group dif-
ferences in the anosognosia index for dementia (ANO,
F(3, 67) = 15.3, P < 0.01). Post-hoc analyses, using
Bonferroni’s corrections, showed that the NE had lower
anosognosia for dementia (ANO) than new AD (P = 0.02)
and old AD (P < 0.01) and that, similarly, the MCI had
lower anosognosia for dementia than new AD (P = 0.04)
and old AD (P < 0.01). The ANOVAs revealed statistically
significant group differences in the anosognosia for perceived
stress (PSS, F(3, 67) = 6.15, P < 0.01). Post-hoc analyses also
revealed that NE (P = 0.03) and MCI (P = 0.01) had lower
anosognosia for stress (PSS) than old AD. There were no
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Figure 2: Relationship between anosognosia for dementia and an-
osognosia for perceived stress in normal elderly, individuals with
Mild Cognitive Impairment, and Alzheimer’s disease patients. This
graph represents the lack of association between the scores on an-
osognosia for dementia (ANO) and on anosognosia for perceived
stress (PSS) in all the subjects. PSS is calculated as a difference score
on the PSS-10 as reported by the participants themselves versus the
PSS-10 as reported by their relatives.

group difference for cortisol level (F(3, 63) = 0.77, P = 0.51).
These results are presented in Figure 1.

To evaluate the association between the indices of ano-
sognosia for dementia (ANO) and anosognosia for perceived
stress (PSS), Pearson’s correlations were carried out. We
found a statistically significant positive correlation between
the two scales across the groups (r = 051, P < 0.01, n = 71;
see Figure 2) showing that greater anosognosia for dementia
were associated with greater anosognosia for perceived stress.
Carrying these analyses in the diagnostic groups independ-
ently, we found a positive correlation between the two scales
in the NE only (r = 0.98, P < 0.01, n = 22). When we
combined new and old AD together, we also found a positive
correlation between the two indices of anosognosia (r =
0.39, P = 0.04, n = 29).

To evaluate the association between cortisol levels and
the anosognosia indices for dementia and perceived stress,
we performed Pearson’s correlations across the diagnostic
groups. We did not find any statistically significant correla-
tions between cortisol levels and either the anosognosia in-
dex for dementia (ANO, r = 0.10, P = 0.42, n = 64) or
the anosognosia index for perceived stress (PSS, r = −0.11,
P = 41, n = 64).

4. Discussion

This study investigated whether a lack of insight of one’s
memory deficits correlates with one’s lack of insight for per-
ceived stress. Using targeted questionnaires, we found that
an index of anosognosia for dementia correlated significantly
with an index of anosognosia for perceived stress showing
that measuring perceived stress in AD, and possibly in MCI
individuals, may cause some problems due to the inability of
AD patients and some MCI individuals to acknowledge their
cognitive state.

Indeed, we found that AD patients, and more precisely
AD patients who have been diagnosed for a longer period of
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time, displayed more anosognosia for perceived stress than
NE or MCI individuals. Similarly, both newly diagnosed and
long-standing AD patients also showed greater anosognosia
for dementia than either NE or MCI individuals. These re-
sults are similar to findings in the literature, where AD pa-
tients showed anosognosia for dementia [7–9], but not MCI
individuals [24–27]. Although the difference between new
AD and old AD was not significant in the anosognosia for
dementia scale, our results indicated that with the disease
progression and time, the severity of anosognosia for per-
ceived stress, and to some extend for dementia, increased.

Surprisingly, we did not find group differences in cortisol
levels. This contradicts numerous previous studies (includ-
ing our own) that found differences between the cortisol
levels of NE and AD groups [28–32], and between NE and
MCI groups [32, 33]. The small sample size of this study,
paired with the high variability of cortisol measurements
across the days and seasons [32], almost certainly explains
the failure to find statistically significant group differences.

Another goal for this study was to examine the relation-
ship between anosognosia for dementia and perceived stress
with physiological marker of stress, namely, cortisol levels.
We did not find an association between cortisol levels and
anosognosia for dementia, suggesting that anosognosia for
dementia does not affect the levels of cortisol secreted by
the participants. Interestingly, we did not find an association
between cortisol levels and anosognosia for perceived stress.
This adds to the body of literature that found no association
of cortisol and perceived stress in various populations [16–
18]. However, we did not find the expected group differ-
ences in cortisol secretion with progression of the disease,
preventing us from driving more in-depth conclusions on
the association, or lack thereof, between cortisol and ano-
sognosia for dementia or perceived stress.

Beside the small sample size, a few limitations need to
be addressed when interpreting our results. First, there were
more women in the NE group compared to the other groups,
especially when compared to AD patients. There exist gender
differences in stress [34, 35], and there exist gender by age
interaction effects on cortisol levels in response to a stressor
[36]. Second, it is worth noting that more MCIs were treated
for diabetes, and diabetic individuals have been found to
secrete higher cortisol levels [37–39]. Third, and perhaps
most importantly, more AD patients (both new and old)
were on sedatives or antidepressants. These medications may
affect the level of perceived stress and thus explain the relative
anosognosia for perceived stress measured in these patients.
The limited number of participants with up-to-date medi-
cation information, especially in the NE, prevented us from
further conclusions regarding the effect of medications in
this study. Finally, a subsample of the participants included
in this study had incomplete PSS-10 questionnaires, where
two items were missing. Although there was high correlation
between the complete version and the incomplete versions in
the individuals for which we had complete data, it remains
difficult to assess whether the participants included in our
study had scores within the norms for older adults as sug-
gested by Cohen and Williamson [12]. When scores were
adjusted to a total of 10, the means of the four groups (see

Table 1) were within the suggested normal range (mean:
12.0 ± standard deviation: 6.3).

5. Conclusion

Despite these shortcomings, this study suggests that anosog-
nosia for dementia has an impact on psychological markers
of stress, but not on physiological markers of stress in Alz-
heimer’s disease. It is necessary to replicate these findings in a
larger sample while controlling for gender and, medications.
However our results suggest that measuring perceived stress
in AD patients may be influenced by the extent of anosog-
nosia and consequently, caution should be taken when as-
sessing association between perceived stress and cortisol
levels in these populations.
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We evaluated the association between hippocampal atrophy and increase of the EEG markers alpha3/alpha2 relative power ratio
in mild cognitive impairment (MCI) and Alzheimer’s disease patients. Seventy-nine subjects with MCI and 11 patients with AD
underwent EEG recording and MRI scan. The MCI group was subdivided in three subgroups according to growing hippocampal
atrophy. The groups were characterized by alpha3/alpha2 relative power ratio. In AD patients group mapped hippocampal regions
were computed and related with alpha3/alpha2 power ratio. Results show that the increase of alpha3/alpha2 power ratio is
correlated with atrophy of hippocampus both in MCI and in Alzheimer’s disease patients. This finding confirms the possible
diagnostic role of EEG markers as diagnostic and prognostic factors in patient with prodromal and declared Alzheimer’s disease.

1. Introduction

Mild cognitive impairment (MCI) refers to the transitional
state between the cognitive changes of normal aging and very
early dementia [1]. Patients with MCI, who are at high risk
of developing Alzheimer disease (AD; [2]), have smaller hip-
pocampal volume than healthy elderly people [3, 4]. Medial
temporal lobe (MTL) structures, in particular the hip-
pocampus, show atrophy in the early stages of AD and are
potential markers for detecting preclinical AD [5–7]. More-
over, a recent study has demonstrated that atrophy of the
hippocampus on MRI in cognitively intact elderly people
predicts dementia, in particular of Alzheimer type, during a
6-year followup [8].

Hippocampus is particularly important for memory for-
mation, for attention [9] and for production of EEG rhyth-
mic activity [10, 11]. Lesions of hippocampal synaptic plas-
ticity block the memory-enhancing effects of direct hippo-
campal stimulation [12, 13]. Further, behavioral stress inter
feres with synaptic plasticity in the hippocampal formation
[14–16]. The associative memories involve the dorsal hippo-
campus, and a lesion of the area reduces the retrieval of asso-
ciative tasks [17]. The hippocampal network system seems

to be well suited to receive synaptic inputs from both the
anterior and posterior thalamic nuclei [18–20], becoming
suitable for an association with brain rhythms activity
generation.

Recent works showed that in subjects with MCI is
present, an increase of high alpha as compared to low alpha
band occurs [21, 22]. As a working hypothesis, EEG markers
alpha3/alpha2 power ratio could show modifications pro-
portional to the hippocampal atrophy. In the present study
the association between hippocampal atrophy and increase
of alpha3/alpha2 relative power ratio was investigated in
subjects with MCI.

Recent studies have demonstrated that the hippocampus
is not a unitary structure from an anatomophysiological
point of view [23]. The hippocampus, including strictly
speaking subfields CA1–CA4 and the hippocampal forma-
tion, including also dentate gyrus, fimbria, subiculum, and
parasubiculum, is a highly sophisticated structure. Stimuli
coming from the entorhinal cortex are processed by the
dentate gyrus, subfields CA4 and CA3, before being projected
outside the medial temporal lobe via CA1 or subicular effer-
ent projections. Moreover, in addition to the unsurprising
right-left specialization for verbal and visuospatial material
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[24], some degree of anterior-to-posterior specialization has
been shown by fMRI studies [25].

As a consequence, it is conceivable that local structural
changes take place in the hippocampus of patients with AD
and that different hippocampal subregions are affected in AD
Brickman et al. [26], and Shen et al. [27]. Local changes in
hippocampal subregions could be detected through a radial
atrophy mapping method able to assess group, based on high
resolution MRI at 3 Tesla differences [23]. In this study, we
tested the hypothesis that the increase of alpha3/alpha2 ratio
is related with volumetric differences both in MCI patients
and in mapped hippocampal regions in AD patients.

2. Materials and Methods

2.1. Subjects. For the present study, 79 subjects with MCI
and 11 subjects with Alzheimer’s disease (AD) were recruited
from the memory Clinic of the Scientific Institute for
Research and Care (IRCCS) of Alzheimer’s and psychiatric
diseases “Fatebenefratelli” in Brescia, Italy. All experimental
protocols had been approved by the local ethics committee.
Informed consent was obtained from all participants or their
caregivers, according to the Code of Ethics of the World
Medical Association (Declaration of Helsinki).

2.2. Diagnostic Criteria

2.2.1. MCI Patients. Patients were taken from a prospective
project on the natural history of MCI. The project was aimed
to study the natural history of nondemented persons with
apparently primary cognitive deficits, that is, deficits not due
to psychic (anxiety, depression) or physical (hypothyroidism,
vit. B12 and folate deficiency, uncontrolled heart disease, and
uncontrolled diabetes) conditions. Patients were rated with
a series of standardized diagnostic and severity instruments,
including the Mini-Mental State Examination (MMSE;
[28]), the Clinical Dementia Rating Scale (CDRS; [29]), the
Hachinski Ischemic Scale (HIS; [30]), and the Instrumental
and Basic Activities of Daily Living (IADL, BADL, [31]). In
addition, patients underwent diagnostic neuroimaging pro-
cedures (magnetic resonance imaging, MRI) and laboratory
testing to rule out other causes of cognitive impairment.
These inclusion and exclusion criteria for MCI were based
on previous seminal studies [32–38]. Inclusion criteria of
the study were all of the following: (i) complaint by the
patient, or report by a relative or the general practitioner,
of memory or other cognitive disturbances; (ii) Mini-Mental
State Examination (MMSE) score of 24 to 27/30, or MMSE of
28 and higher plus low performance (score of 2–6 or higher)
on the clock drawing test [39]; (iii) sparing of instrumental
and basic activities of daily living or functional impairment
steadily due to causes other than cognitive impairment,
such as physical impairments, sensory loss, and gait or
balance disturbances. Exclusion criteria were any one of the
following: (i) patients aged 90 years and older; (ii) history
of depression or juvenile-onset psychosis; (iii) history or
neurological signs of major stroke; (iv) other psychiatric
diseases, epilepsy, drug addiction, and alcohol dependence;
(v) use of psychoactive drugs, including acetylcholinesterase

inhibitors or other drugs enhancing brain cognitive func-
tions; (vi) current or previous uncontrolled or complicated
systemic diseases (including diabetes mellitus) or traumatic
brain injuries. All patients underwent (i) semistructured
interview with the patient and, whenever possible, with
another informant (usually, the patient’s spouse or a child of
the patient) by a geriatrician or neurologist; (ii) physical and
neurological examinations; (iii) performance-based tests of
physical function, gait, and balance; (iv) neuropsychological
battery assessing verbal and nonverbal memory, attention
and executive functions (Trail Making Test B-A; Clock
Drawing Test; [40]), abstract thinking (Raven matrices;
[41]), frontal functions (Inverted Motor Learning; [42]),
language (Phonological and Semantic fluency; Token test;
[43]), and apraxia and visuoconstructional abilities (Rey
figure copy; [44]); (v) assessment of depressive symptoms by
means of the Center for Epidemiologic Studies Depression
Scale (CES-D; [45]). Inclusion and exclusion criteria were
homogeneous with previous works [46–48]. As the aim of
our study was to evaluate the meaning of alpha3/alpha2
power ratio and its associations with structural changes of
hippocampus as diagnostic marker of cognitive impairment,
we were not interested in this study in the clinical subtype
of MCI, that is, amnesic or nonamnesic, single or multiple
domains.

2.2.2. AD Patients. The diagnosis of AD was made according
to NINCDS-ADRDA criteria [49] and the Diagnostic and
Statistical Manual of Mental Disorders IV [50]. Patients were
rated with the same series of standardized diagnostic as MCI
cohort.

2.3. EEG Recordings. All recordings were obtained in the
morning with subjects resting comfortably. Vigilance was
continuously monitored in order to avoid drowsiness.

The EEG activity was recorded continuously from 19
sites by using electrodes set in an elastic cap (Electro-Cap
International, Inc.) and positioned according to the 10–
20 International system (Fp1, Fp2, F7, F3, Fz, F4, F8, T3,
C3, Cz, C4, T4, T5, P3, Pz, P4, T6, O1, and O2). The
ground electrode was placed in front of Fz. The left and right
mastoids served as reference for all electrodes. The recordings
were used off-line to rereference the scalp recordings to
the common average. Data were recorded with a band-
pass filter of 0.3–70 Hz and digitized at a sampling rate of
250 Hz (BrainAmp, BrainProducts, Germany). Electrodes-
skin impedance was set below 5 kΩ. Horizontal and vertical
eye movements were detected by recording the electrooculo-
gram (EOG). EOG activity was recorded with cup electrodes
for the control of blinking and eye movements. A cup
electrode placed 1 cm above supraorbital ridge registered the
vertical EOG. It was referred to another electrode placed 2 cm
below suborbital ridge of the right eye. The left and right
horizontal EOG channels were collected from two electrodes
at the left and the right lateral canthus. These electrodes were
referred to an electrode placed at the glabella.

The recording lasted 5 minutes, with subjects with closed
eyes. Longer recordings would have reduced the variability
of the data, but they would also have increased the possibility
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of slowing of EEG oscillations due to reduced vigilance and
arousal. EEG data were then analyzed and fragmented off-
line in consecutive epochs of 2 seconds, with a frequency
resolution of 0.5 Hz. The average number of epochs analyzed
was 140 ranging from 130 to 150. The EEG epochs with
ocular, muscular, and other types of artifacts were discarded.
Signals higher than 100 uV were discarded as artifact.

2.4. Analysis of Individual Frequency Bands. Frequency bands
were determiner on an individuale basis, because of the
variability of the brain rhythms with age and diseases. A
digital FFT-based power spectrum analysis (Welch tech-
nique, Hanning windowing function, and no phase shift)
computed the power density of EEG rhythms with a 0.5 Hz
frequency resolution, ranging from 2 to 40 Hz. Two anchor
frequencies were selected according to literature guidelines
(47), which are the transition theta/alpha frequency (TF)
and the individual alpha frequency (IAF) peak. As previously
mentioned, the TF marks the transition frequency between
theta and alpha bands, and it represents an estimate of
the frequency at which theta and alpha spectra intersect.
We computed the TF as the minimum power in the alpha
frequency range since our EEG recordings were performed
at rest. The IAF represents instead the frequency with the
maximum power peak within the extended alpha range (5–
14 Hz). The TF and IAF could be clearly identified in 99 MCI
subjects whose EEG data were then statistically analyzed.
Based on the TF and IAF, we estimated for each subject the
frequency band range as follows: delta from TF-4 to TF-
2, theta from TF-2 to TF, low alpha (alpha1 and alpha2)
from TF to IAF, and high alpha band (or alpha3) from
IAF to IAF + 2. Alpha1 and alpha2 band were computed
for each subject as follows: alpha1 from TF to the middle
point of the TF-IAF range and alpha2 from this middle point
to IAF peak [46]. We found that the bandwidth in alpha1
and alpha2 bands was different among the groups. In no
vascular damage and severe vascular damage groups, it was
slightly narrower (1.48 and 1.53 Hz, resp.) than in mild and
moderate vascular damage groups (1.7 and 1.87 Hz, resp.).
We performed a statistical analysis to test if this difference
was significant among groups in these frequency bands. It
was not the case, since the analysis did not show a main group
significant effect (P = 0.06). Finally, in the frequency bands
so determined, we computed the relative power spectra for
each subject. Relative power density for each frequency band
was computed as the ratio between the absolute power and
the mean power spectra from 2 to 40 Hz. The relative band
power at each band was defined as the mean of the relative
band power for each frequency bin within that band.

2.5. MRI Scans. MRI scans were acquired with a 1.0 Tesla
Philips Gyroscan at the Neuroradiology Unit of the Città
di Brescia hospital, Brescia. The following sequences were
used to measure hippocampal volumes: a high-resolution
gradient echo T1-weighted sagittal 3D sequence (TR = 20 ms,
TE = 5 ms, flip angle = 30◦, field of view = 220 mm,
acquisition matrix = 256× 256, and slice thickness = 1.3 mm)
and a fluid-attenuated inversion recovery (FLAIR) sequence
(TR = 5000 ms, TE = 100 ms, flip angle = 90◦, field of

view = 230 mm, acquisition matrix = 256 × 256, and slice
thickness= 5 mm).

2.5.1. MCI Patients. Hippocampal and white matter hyper-
intensities (WMHs) volumes were obtained for each sub-
ject. The hippocampal boundaries were manually traced
on each hemisphere by a single tracer with the software
program DISPLAY (McGill University, Montreal, Canada)
on contiguous 1.5 mm slices in the coronal plane. The
starting point for hippocampus tracing was defined as the
hippocampal head when it first appears below the amygdala,
the alveus defining the superior and anterior border of the
hippocampus. The fimbria was included in the hippocampal
body, while the grey matter rostral to the fimbria was
excluded. The hippocampal tail was traced until it was
visible as an oval shape located caudally and medially to
the trigone of the lateral ventricles [51, 52]. The intraclass
correlation coefficients were 0.95. White matter hyperin-
tensities (WMHs) were automatically segmented on the
FLAIR sequences by using previously described algorithms
[51, 52]. Briefly, the procedure includes (i) filtering of
FLAIR images to exclude radiofrequency inhomogeneities,
(ii) segmentation of brain tissue from cerebrospinal fluid,
(iii) modelling of brain intensity histogram as a gaussian
distribution, and (iv) classification of the voxels whose
intensities were≥3.5 SDs above the mean as WMHs [51, 52].
Total WMHs volume was computed by counting the number
of voxels segmented as WMHs and multiplying by the voxel
size (5 mm3). To correct for individual differences in head
size, hippocampal and WMHs volumes were normalized to
the total intracranial volume (TIV), obtained by manually
tracing with DISPLAY the entire intracranial cavity on 7 mm
thick coronal slices of the T1-weighted images. Both manual
and automated methods user here have advantages and
disadvantages. Manual segmentation of the hippocampus
is currently considered the gold standard technique for
the measurement of such complex structures. The main
disadvantages of manual tracing are that it is operator
dependent and time consuming. Conversely, automated
techniques are more reliable and less time consuming, but
may be less accurate when dealing with structures without
clearly identifiable borders. This, however, is not the case for
WMHs which appear as hyperintense on FLAIR sequences.

Left and right hippocampal volumes were estimated
and summed to obtain a total volume (individual) of both
anatomical structures. Hippocampal total volume has been
divided in tertiles obtaining three groups. In each group,
hippocampal volume has been computed.

2.5.2. AD Patients: Radial Atrophy Mapping. In AD patients,
the 3D parametric surface mesh models were created
from the manual tracings of hippocampal boundaries [53,
54]. This procedure allows measurements to be made at
corresponding surface locations in each subject, which
are then compared statistically in 3D [53, 54]. To assess
hippocampal morphology, a medial curve was automatically
defined as the 3D curve traced out by the centroid of the
hippocampal boundary in each image slice. The radial size
of each hippocampus at each boundary point was assessed
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Table 1: Mean values ± standard deviation of sociodemographic characteristics, MMSE scores, white matter hyperintensities, and
hippocampal volume measurements in MCI cohort.

MCI cohort Group 1 Group 2 Group P value (ANOVA)

Number of subjects (f/m) 79 (42/37) 27 (14/13) 27 (15/12) 25 (13/12)

Age (years) 69.2± 2.3 66.8± 6.8 69.4± 8.7 71.5± 6.9 0.1

Education (years) 7.7± 0.8 8.3± 4.5 6.7± 3.1 8.2± 4.6 0.2

MMSE 27.1± 0.4 27.5± 1.5 27.4± 1.5 26.6± 1.8 0.1

Individual hippocampal volume (mm3) 4889.8 ± 962.4 5809.6 ± 314.2 4969.4 ± 257.6 3890.1 ± 551.4 0.00001

White matter hyperintensities (mm3) 3.8± 0.5 3.2± 2.8 4.2± 3.8 4.1± 3.6 0.7

by automatically measuring the radial 3D distance from the
surface points to the medial curve defined for individual’s
hippocampal surface model.

2.6. Statistical Analysis and Data Management

2.6.1. MCI Patients. The analysis of variance (ANOVA)
has been applied as statistical tool. Greenhouse-Geisser
correction and Mauchly’s sphericity test were applied to all
ANOVAs. Preliminarily, the significant differences among
groups in demographic variables, (age, education, and
MMSE score) and morphostructural characteristics, (hip-
pocampal and white matter hyperintensities, WMHs, and
volume), were evaluated (Table 1). In order to avoid a
confounding effect, subsequent ANOVAs were carried out
using age, education, MMSE score, and WMHs as covariates.
Duncan’s test was used for post-hoc comparisons. For all
statistical tests, the significance level was set at P < 0.05.

Two separate ANOVAs were performed. The first analysis
was performed in order to verify the difference of hip-
pocampal volume among groups. The second ANOVA was
performed in order to check differences in alpha3/alpha2
relative power ratio in the three MCI subgroups ordered by
decreasing tertile values of the hippocampal volume. In each
ANOVA, group was the independent variable, the frequency
ratios were the dependent variable.

2.6.2. AD Patients. In AD patients, the radial atrophy
mapping was chosen because it is more suitable to study
subregional volume of the hippocampus. Correlation maps
between EEG rhythms and hippocampal surface were
computed. The correlation analysis between EEG rhythms
and hippocampal volume was performed only in 11 AD
subjects; we otherwise compared hippocampal gray matter
distribution maps between normal controls and AD patients
in order to verify that the AD found correlations between
EEG rhythms and hippocampal regions were present in areas
where AD is more atrophic than normal subjects.

The correlation maps were generated on 3D models of
the hippocampal formation where the dorsal and ventral sur-
faces can be appreciated. Zones with significant correlations
were mapped onto the models based on an atlas where these
are shown together with the corresponding MR sections
([55, 56]; Figure 1). The correlations and the associated P
value maps were plotted onto a colour-coded model of the
hippocampal surface. The statistical test for the correla-
tions was computed using linear regression at each surface
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Figure 1: Cytoarchitectonic subregions mapped on blank MR-
based models of the hippocampal formation of a healthy subject.

vertex on the hippocampus [54]. A surface point significance
threshold of P < 0.05 was used to visualize the regional
specificity of gray matter changes in the cortex. Set level
correction for multiple comparisons was carried out by per-
mutation testing at threshold of P = 0.05. Permutation tests
are based on measuring the total area of the hippocampus
with suprathreshold statistics, after setting the threshold at
P < 0.05. To correct for multiple comparisons and assign an
overall P value to each p map permutation, tests were used to
determine how likely the observed level of significant atrophy
(proportion of suprathreshold statistics, with the threshold
set at P < 0.05) within each p map would occur by chance.
The number of permutations N was chosen to be 100,000,
to control the standard error SEp of omnibus probability P,
which follows a binomial distribution B(N ,p) with known
standard error. When N = 8, 000, the approximate margin
of error (95% confidence interval) for p is around 5% of p.
Both left and right hippocampal volumes were investigated in
AD patients given the superior well-known left hemispheric
involvement in declared dementia. The analysis on the
AD subjects was conducted to verify the reliability of the
alpha3/alpha2 ratio as factor associated with conversion of
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Table 2: Relative alpha3/alpha2 relative power band ratios accord-
ing to hippocampal volumes.

Hippocampal volume Alpha3/alpha2 ratio (µv2) P value

Group1 1.04± 0.11 0.03

Group2 1.11± 0.15

Group3 1.12± 0.14

a subpopulation of MCI subjects in Alzheimer’s disease. This
results need further confirmation in a larger size population
to strength the statistical power of the analysis. Of note, a
larger population could be permitted to detect more precisely
the volume ranges within the hippocampal subregions and
their correlation with the EEG marker, ruling out other
possible associations.

In the two groups of patients, MCI and AD patients, the
MRI analysis method performed was different: volumetric
analysis for MCI and radial atrophy mapping for AD
patients. These different methods need different statistical
approach in order to obtain more reliable results.

3. Results

3.1. MCI Patients. In this study, we were interested in
morphofunctional (MRI-EEG) association and not in neu-
ropsychological issues. MMSE values were provided as a
general marker of the entity of the cognitive decline of
patients.

Table 1 summarizes the ANOVA results of demograph-
ic variables, that is, age, education, MMSE score, and
morphostructural characteristics, that is, hippocampal, and
white matter hyperintensities volume in the whole MCI
cohort as well as in the three subgroups in study. Signifi-
cant statistical results were found in hippocampal volume
(respectively, F2,76 = 157.27; P < 0.00001 and F2,76 = 132.5;
P < 0.00001). Duncan’s post-hoc test showed a significant
increase (P < 0.01) in all comparisons. Table 2 shows the
results of alpha3/alpha2 ratio in the groups based on the
decrease of hippocampal volumes. ANOVA results revealed
significant main effect group in alpha3/alpha2 ratio for
hippocampal (F2,76 = 3.38; P < 0.03) decreasing volume.

3.2. AD Patients. Table 3 summarizes sociodemographic char-
acteristics, MMSE scores, and alpha3/alpha2 power ratio
in AD cohort. Figure 2 shows correlations between alpha3/
alpha2 rhythms ratio and hippocampal volumes in AD
patients. Negative significant associations are found between
same areas of AD left hippocampus and alpha3/2 EEG
rhythms. Correlations in right hippocampus resulted in
being not significant at permutation testing (P > 0.75 in both
cases). There was no statistical difference considering the alpha2
or alpha3 spectral power alone.

4. Discussion

4.1. Preliminary Considerations. The findings of the present
study permit to identify a reliable association between an
EEG index (alpha3/alpha2 power ratio) and hippocampal

Table 3: Mean values ± standard deviation of sociodemographic
characteristics, MMSE scores, and alpha3/alpha2 power ratio in AD
cohort.

AD

Number of subjects (f/m) 11 (6/5)

Age (years) 76.2± 2.3

Education (years) 4.6± 0.9

MMSE 21.3± 2.5

Alpha3/alpha2 ratio 1.5
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Figure 2: Correlation between alpha3/alpha2 power rhythm ratio
and volumes of hippocampal subregions in AD patients.

atrophy. This EEG marker shows his reliability both in MCI
and AD subjects, suggesting that it could identify some MCI
subjects prone to conversion in AD. The principal limitations
of the study are (1) the small size of the AD group; (2) the
lack of a normal control group. These caveats need to be
addressed by future studies performing a correlation analysis
approach.

4.2. Alpha3/Alpha2 Ratio: Possible Relationship with Hip-
pocampal Volume and Physiological Meaning in MCI and AD
Patients. The increase of alpha3/alpha2 ratio is associated
with the decrease of hippocampal volume, confirming pre-
vious results of our group showing that the increase of high
alpha is related to hippocampal atrophy in MCI patients
[21, 22]. The results show that in AD patients, increase of
alpha3/alpha2 power ratio is correlated with the decrease
of left hippocampal gray matter volumes. In particular,
hippocampal areas involved in correlation are presubiculum,
dorsal and ventral subiculum, CA2-3 sectors of the body,
CA1 mesial, and lateral portion of the head. The prevalence
of the modification of EEG rhythms in the left hemisphere in
patients with AD was found also in a recent EEG coherence
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study [57]. Indeed, in this study, pathologic changes of con-
nectivity are significant on the frontotemporal region of the
left hemisphere, but not on the right. Our findings confirm
the asymmetry between left and right planum temporale
previously shown in patients with AD [58]. A large body of
literature has demonstrated the crucial role of the left
hemisphere in semantic associative encoding [59] and of the
left hippocampal-medial prefrontal pathways [60, 61].

The increase of high alpha synchronization has been
found in internally-cued mechanisms of attention, associated
with inhibitory top-down processes [62], acting as filter to
irrelevant information. This filter activity could be carried
out by hippocampus. Indeed, a recent work has demon-
strated that the mossy fiber (MF) pathway of the hippocam-
pus, connecting the dentate gyrus to the autoassociative CA3
network, is controlled by a feedforward circuit combining
disynaptic inhibition with monosynaptic excitation. Analysis
of the MF-associated circuit revealed that it could act as a
highpass filter [63, 64].

The loss of inhibitory mechanism at hippocampal level
impairs the filter function of hippocampus. The increase
in cortico-subcortical inputs to hippocampal formation
determines an increase of memory retrieval effort in long-
term memory system and dysregulation of divided attention,
in particular when multiple stimuli have to be processed [65–
67] inducing behavioural dysfunction as well as subsequent
memory deficits. The exchange of information between
memory and attentive systems has been associated upper
alpha band desynchronization [68, 69]. The synchronization
of high alpha power has been demonstrated to be involved
in top-down cognitive processes. This finding could suggest
that there is an the attempt to focus attention on highly
selective aspect to prevent interference of irrelevant stimuli
(top-down process) in order to maintain a good memory
performance [62]. Recently, we suggest that MCI subjects
could fall in a “hyperattentive state” during the course of
disease. Our results confirm this hypothesis, extending those
findings to AD patients [70].

4.3. Hippocampal Formation and Alpha3/Alpha2 Ratio: Pos-
sible Network Interactions. A possible explanation should
strongly consider that our results are obtained in an idling
state. So, the discussion of the results has to address the
default state of the brain. In this point of view, in a normal
default state, large cell assemblies cooperate to keep an
extensive network. This state is represented by the low alpha
rhythm, typical of the EEG idling state. The increase of
the alphae3/alpha2 power ration could suggest in MCI and
AD patients the prevalence of smaller cell assemblies in the
default state, due to synaptic disfunction or brain atrophy.
Of note, seminal studies have demonstrated that large cell
assemblies oscillates in low frequencies, whereas smaller cell
assemblies develop higher frequencies [71].

The specific involvement of alpha rhythm could suggest
that the hippocampal atrophy in AD is linked to functional
changes in a broader network. Of note, the hypometabolism
and atrophy of posterior cingulate/retrosplenial and medial
temporal cortex pathway, strictly connected with both
hippocampus and visual cortex, as well as with low alpha

rhythm generation, are well demonstrated in AD [72]. So,
the prevalence of high alpha could underlie the disruption of
extensive synaptic connection deriving in the formation of
smaller cell assemblies. The impairment of the network could
explain memory and cognitive symptoms of AD beyond the
hippocampal atrophy itself [70].

5. Conclusion

Our findings confirm the possible diagnostic role of EEG
activity when integrated with morphostructural measures in
patients with AD.
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A published predictor model in a single-site cohort study (questionable dementia, QD) that contained episodic verbal memory
(SRT total recall), informant report of function (FAQ), and MRI measures was tested using logistic regression and ROC analyses
with comparable measures in a second multisite cohort study (Alzheimer’s Disease Neuroimaging Initiative, ADNI). There were
126 patients in QD and 282 patients in ADNI with MCI followed for 3 years. Within each sample, the differences in AUCs between
the statistical models were very similar. Adding hippocampal and entorhinal cortex volumes to the model containing AVLT/SRT,
FAQ, age and MMSE increased the area under the curve (AUC) in ADNI but not QD, with sensitivity increasing by 2% in ADNI and
2% in QD for a fixed specificity of 80%. Conversely, adding episodic verbal memory (SRT/AVLT) and FAQ to the model containing
age, Mini Mental State Exam (MMSE), hippocampal and entorhinal cortex volumes increased the AUC in ADNI and QD, with
sensitivity increasing by 17% in ADNI and 10% in QD for 80% specificity. The predictor models showed similar differences from
each other in both studies, supporting independent validation. MRI hippocampal and entorhinal cortex volumes showed limited
added predictive utility to memory and function measures.

1. Introduction

Mild cognitive impairment (MCI) often represents a tran-
sitional state between normal cognition and Alzheimer’s
disease (AD) [1, 2]. Accurate prediction of transition from
MCI to AD aids in prognosis and targeting early treatment
[3]. Episodic verbal memory impairment and informant
report of functional deficits in complex social and cognitive
tasks are features of incipient AD, and impairment in these
domains is associated with transition from MCI to AD [4, 5].

Most biomarkers of MCI transition to AD are related to
the underlying disease pathology of amyloid plaques and
neurofibrillary tangles [6]. Hippocampal and entorhinal
cortex atrophy on MRI scan of brain [7], parietotemporal

hypometabolism on 18FDG PET [8], increased amyloid up-
take using PET [9], and decreased amyloid beta-42 (Aβ42)
with increased tau/phospho-tau levels in the cerebrospinal
fluid (CSF) [10, 11] each significantly predict transition from
MCI to AD. The apolipoprotein E ε4 allele increases AD risk,
but is not a strong biomarker of transition from MCI to AD
[3].

In a meta-analysis, memory deficits appeared to be supe-
rior to MRI hippocampal atrophy in predicting transition to
AD [12], but studies in the meta-analysis had highly variable
subject inclusion/exclusion criteria and assessment methods.
There has been a lack of direct head-to-head comparison
of clinical and neuroimaging predictors of transition across
different studies.
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In our single-site study (Questionable Dementia or QD
study) that evaluated and followed a broadly defined sample
of patients with MCI, a published predictor model that
included specific cognitive, functional, olfactory, and MRI
measures strongly predicted transition to AD [3]. In the
Alzheimer’s Disease Neuroimaging Initiative (ADNI) study,
cognitive and functional measures and several biomarkers
are assessed in samples of MCI, AD, and healthy control
subjects at baseline and serially during followup. In this
paper, the first goal was to test the accuracy of a combination
of predictor variables derived from the QD study to predict
transition from MCI to AD in a completely independent
ADNI sample. The validation of specific predictor combina-
tions, rather than individual measures, has rarely been done
in independent samples. This is essential before specific cut-
points, and ranges for specific predictors in such models
can be developed with confidence for eventual clinical
application. The second goal was to evaluate the relative
utility of clinical and MRI measures in predicting transition
from MCI to AD.

2. Methods

Patients with MCI in the QD and ADNI studies were in-
cluded, and patients with AD (ADNI) and healthy control
subjects (QD and ADNI) were excluded. The 3-year followup
samples were chosen because most transitions occur to AD
within 3 years of clinical presentation [13].

2.1. QD Study. As previously reported, patients 41–85 years
old who presented with subjective memory complaints for
clinical evaluation to a Memory Disorders Clinic were eligi-
ble if they had a Folstein Mini-Mental State Exam (MMSE)
score ≥22 out of 30, memory impairment defined as MMSE
recall ≤2/3 objects at 5 minutes or a Selective Reminding
Test (SRT) delayed recall score >1 SD below norms, and
absence of a consensus diagnosis of dementia made by
two experienced raters [3]. Patients could also be included
if they had other cognitive and functional deficits. This
study began before criteria for MCI were published [1, 2].
Baseline MCI subtype using the criterion of >1.5 SD below
norms on cognitive tests was determined post hoc by using
age, education, and sex-based regression norms derived
from 83 healthy control subjects [4]. Using this approach,
73% of patients met the Peterson criteria for single or
multidomain amnestic MCI, and this subsample was also
compared to ADNI. The presence of specific neurological
or major psychiatric disorders led to exclusion [3]. Patients
were followed every 6 months for up to 9 years, and the two
raters made a consensus diagnosis at each time point. The
sample comprised 148 patients with MCI at baseline, and 126
patients were in the 3-year followup sample.

2.2. ADNI Study. Data were obtained from the ADNI study
(http://adni.loni.ucla.edu/), a project launched in 2003 by
the National Institute on Aging, the National Institute of
Biomedical Imaging and Bioengineering, the Food and
Drug Administration, private pharmaceutical companies,

and non-profit organizations as a $60 million, 5-year public-
private partnership. The primary goal is to test whether serial
magnetic resonance imaging, positron emission tomogra-
phy, other biological markers, and clinical and neuropsy-
chological assessment can be combined to measure the
progression of MCI and early AD.

Participants 55–90 years old were enrolled if they had
at least 6 years of education, spoke English or Spanish,
agreed to longitudinal followup and neuroimaging tests,
had single or multidomain MCI by the Petersen criteria
with MMSE scores between 24 and 30, a memory com-
plaint verified by informant, an abnormal memory score
(1.5 SD below age-adjusted cutoff) on the Logical Memory
II subscale (delayed paragraph recall) from the Wechsler
Memory Scale-Revised, and absence of a dementia diagnosis.
All participants had a Geriatric Depression Scale score of
<6 and a modified Hachinski score of ≤4. For a more
detailed account of the inclusion/exclusion criteria, please
see http://www.adni-info.org/. Raters at each site made
consensus diagnoses at six-month intervals that included
an evaluation of transition from MCI to AD, which was
reviewed by a central committee. Data were obtained from
ADNI on October 31, 2010. Of 394 individuals with MCI
at baseline evaluation, 282 subjects completed 3 years of
followup.

2.3. Comparable Baseline Measures Chosen for Analysis from
QD and ADNI. In the QD study, the SRT total recall (12
items, 6 trials) was the strongest predictor among the five
hypothesized neuropsychological predictors examined [3].
The SRT was not done in ADNI, but the comparable measure
of total recall across 6 trials in the Auditory Verbal learning
Test (AVLT) was not used for study inclusion criteria and was
available. Informant report of the patient’s functioning using
the Pfeffer Functional Activities Questionnaire (FAQ) total
score and MRI hippocampal and entorhinal cortex volumes
was additional predictors in the final model in QD [3] that
were also assessed in ADNI.

Both studies conducted MRI on 1.5T scanners: a single
GE scanner in QD, and GE or Siemens or Philips scanners
across 48 sites in ADNI. In QD, hippocampal volume was
assessed by a semiautomated method with specific anatomi-
cal landmarks used to define hippocampal boundaries, and
entorhinal cortex volume was computed from three slices
centered at the level of the mammillary bodies [7]. In
ADNI, MRI hippocampal and entorhinal cortex volumes
were derived from postprocessed image analysis that used
FreeSurfer (FS) version 4.3.0 by researchers at the University
of California, San Francisco (UCSFFSX); the data are
available at http://adni.loni.ucla.edu/. The volume derivation
process is described at http://www.loni.ucla.edu/twiki/bin/
view/ADNI/ADNIPostProc. For both studies, intracranial
volume was a covariate in all analyses of hippocampal and
entorhinal cortex volumes.

2.4. Statistical Analyses. Summary statistics were calculated
to describe the sample characteristics in the ADNI and QD
studies. For each study, Chi-square and t-tests were used
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Table 1: Baseline sample characteristics of patients with MCI with three years of followup.

Variables Alzheimer’s Disease Neuroimaging Initiative (ADNI) Questionable Dementia (QD) study

Total
N = 282%

Nonconverter
N = 125%

Converter
N = 157%

Group
difference

Chi-square
P value

Total
(N = 126)

%

Not
converted
(N = 93)

%

Converted to
AD (N = 33)

%

Group
difference

Chi-square
P value

Gender (% Male) 67.02 76.0 59.87 0.0063 26.19 48.39 39.39 0.3154

Race (%)

Caucasian 92.20 92.00 92.36 0.8913 75.40 77.42 69.70 0.8452

Hispanic 2.84 2.40 3.18 16.67 15.05 21.21

African
American

2.48 2.40 2.55 5.56 5.38 6.06

Other 2.48 3.20 1.91 2.40 2.15 3.03

ApoE ε4 56.03 40.00 68.35 <0.0001 27.27 25.27 33.33 0.5332

Mean (SD) Mean (SD) Mean (SD) t-test Mean (SD) Mean (SD) Mean (SD) t-test

Age (years) 74.59 (7.30) 74.63 (7.66) 74.56 (7.03) 0.9351 67.31 (9.72) 65.24 (9.69) 73.12 (7.21) <0.0001

Education (years) 15.76 (2.88) 15.95 (2.81) 15.60 (2.94) 0.3074 15.18 (4.03) 15.58 (3.77) 14.06 (4.58) 0.0507

MMSE 27.08 (1.80) 27.62 (1.74) 26.66 (1.73) <0.0001 27.52 (2.21) 28.02 (1.99) 26.12 (2.20) <0.0001

AVLT/SRT 34.14 (10.90) 39.73 (12.16) 29.69 (7.16) <0.0001 42.66 (9.49) 45.60 (8.26) 34.09 (7.50) <0.0001

FAQ 2.84 (2.79) 1.61 (2.08) 3.82 (2.90) <0.0001 1.69 (2.05) 1.28 (1.84) 2.73 (2.21) 0.0002

N = 274 N = 120 N = 154 t-test N = 118 N = 89 N = 29 t-test

Hippocampal volume 6.30 (1.10) 6.78 (1.01) 5.92 (1.02) <0.0001 4.20 (0.73) 4.37 (0.62) 3.69 (0.74) <0.0001

Entorhinal cortex
volume

0.33 (0.08) 0.36 (0.07) 0.30 (0.07) <0.0001 0.45 (0.10) 0.47 (0.09) 0.38 (0.09) <0.0001

Intracranial volume
1580.79
(166.15)

1602.50
(152.48)

1563.69
(174.67)

0.0549
1306.60
(126.83)

1317.43
(128.55)

1273.71
(117.49)

0.0919

MMSE: Mini-Mental State Exam, AVLT: Auditory Verbal Learning Test (sum of 6 trials), SRT: Selective Reminding Task (sum of 6 trials), FAQ: Pfeffer’s
Functional Activities Questionnaire (10 items), SD: standard deviation, AD: Alzheimer’s disease. Hippocampal, entorhinal, and intracranial volumes are in
cubic centimeters. Entorhinal cortex volumes measured in cubic millimeters in ADNI were converted to cubic centimeters. Intracranial volume in ADNI
covered all intracranial structures including the cerebellum, but intracranial volume in QD was restricted to supratentorial intracranial volume.

to detect differences in baseline categorical and continuous
variables between MCI patients with and without transition
to AD by three years of followup (there were few non-
AD dementia cases in both studies). The QD and ADNI
studies had different available followup duration times, and
therefore survival analysis was not used for comparisons.
For both datasets, specific sets of baseline predictors were
examined in logistic regression models for the binary
outcome of transition to AD within 3 years after baseline
evaluation. With each model, sensitivity and specificity
were calculated for all possible cut points on the predicted
risk of transition to AD to construct receiver operating
characteristic (ROC) curves. From the ROC curves, the area
under the curve (AUC) was compared statistically between
datasets and between nested models within each dataset.

3. Results

3.1. Demographic and Clinical Features of the Two Samples.
Compared to the QD sample, the ADNI sample was older,
had a greater proportion of males, had a higher proportion
with the apoE ε4 allele, and reported greater functional
impairment (Table 1). The samples did not differ in years of
educational attainment and MMSE scores.

3.2. Prediction of Transition from MCI to AD by 3-Year
Followup. The majority of patients in ADNI (157/282 or
55.6%) and a minority of patients in QD (33/126 or 26.1%)
converted to AD by 3-year followup; the disparity likely
related to more stringent inclusion criteria for memory
impairment in ADNI compared to QD. Based on logistic
regression analyses, the combination of age and MMSE was
a poor predictor in ADNI and showed low sensitivity at the
fixed level of 90% specificity in QD (top of Table 2). Models
that included age with MMSE and specific combinations
of AVLT or SRT total recall, FAQ scores, hippocampal and
entorhinal cortex volumes showed greater sensitivity, speci-
ficity, and predictive accuracy in the QD study compared to
ADNI (Table 2).

3.3. Comparison of AUCs. Three predictor models were com-
pared within and across studies with age and MMSE, which
are common clinical indicators, contained in all models.
Model 1 included AVLT/SRT and FAQ, Model 2 included
hippocampal and entorhinal cortex volumes, and Model 3
included AVLT/SRT, FAQ, and hippocampal and entorhinal
cortex volumes (Table 2). In each study, the increase in AUC
for Model 1 compared to Model 2 was marginal (around
0.04 in both studies) and not statistically significant (bottom
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Table 2: Predictive accuracy of specific combinations of predictor variables for classification of transition to Alzheimer’s disease (AD) by 3
years of followup in two independent samples (ADNI and QD) of older adults with Mild Cognitive Impairment, and comparisons of three
predictor models.

ADNI QD

Model Predictor variables AUC (SE)
Sensitivity at
specificity =
80% (90%)

Correct
classification %

AUC (SE)
Sensitivity at
specificity =
80% (90%)

Correct
classification %

Age 0.497 12.74 (5.73) 55.67 0.739 52.61 (29.85) 73.02

MMSE 0.655 37.88 (19.20) 65.54 0.778 41.41 (26.79) 76.00

Hippocampal vol. 0.725 48.05 (34.42) 64.60 0.753 62.07 (41.38) 80.51

Entorhinal volume 0.718 50.65 (35.71) 67.16 0.773 67.86 (50.00) 80.34

AVLT 0.756 49.47 (25.16) 44.33 0.849 71.63 (53.13) 80.00

FAQ 0.738 49.05 (35.90) 44.33 0.708 45.46 (32.83) 75.42

Age, MMSE 0.659 36.94 (18.79) 63.48 0.821 72.73 (39.39) 76.00

Hippocampal and
entorhinal volumes

0.744 55.84 (35.71) 68.98 0.824 67.86 (67.86) 88.03

AVLT/SRT and FAQ 0.811 62.74 (42.68) 72.70 0.879 78.13 (59.38) 82.05

Model 1
Age, MMSE, AVLT/SRT
and FAQ

0.828 (0.024) 73.25 (49.05) 73.40 0.921 (0.027) 90.63 (81.25) 87.07

Model 2
Age, MMSE,
Hippocampal and
entorhinal volumes

0.783 (0.028) 57.79 (40.26) 73.72 0.866 (0.046) 82.14 (71.43) 87.07

Model 3
Age, MMSE, AVLT/SRT,
FAQ, Hippocampal and
entorhinal volumes

0.865 (0.022) 75.33 (55.20) 77.01 0.940 (0.027) 92.59 (88.89) 89.72

Model comparisons AUC difference P value AUC
difference

P value

Model 1 versus Model 2 0.0396 0.2271 0.0428 0.3618

Model 1 versus Model 3 0.0428 0.0035∗∗ 0.0282 0.1979

Model 2 versus Model 3 0.0824 0.0001∗∗ 0.0710 0.0254∗

A threshold of 0.5 was used on predicted risk derived from the logistic regression models. Area under the curve (AUC) was derived from receiver operating
characteristic (ROC) analyses. N = 282 (157 converters) in ADNI and N = 126 (33 converters) in QD. The differences between models in AUCs are slightly
different from the direct subtraction of AUCs between models because of missing data that ranged from 1% to 4% for the variables examined in ADNI and
1% to 5% for the variables examined in QD.
∗P < 0.05, ∗∗P < 0.01.

of Table 2). The AUC increased consistently across the
two studies when episodic verbal memory (AVLT/SRT)
and function (FAQ) measures were added to the model
containing the combination of age, MMSE, and hippocampal
and entorhinal cortex volumes (P < 0.0001 in ADNI and P =
0.0254 in QD; Model 2 versus Model 3, bottom of Table 2
and Figure 1), with an appreciable increase in sensitivity for
a fixed specificity of 80% and 90% in both ADNI (increases
of 17% and 15%, resp.) and QD (increases of 10% and
17%, resp.; top of Table 2 and Figure 1). Conversely, adding
hippocampal and entorhinal cortex volumes to AVLT/SRT,
FAQ, age, and MMSE significantly increased the AUC in
ADNI (P = 0.0035) but not in QD (P = 0.20) and led to
a small increase in sensitivity for a fixed specificity of 80%
and 90% in ADNI (increases of 2% and 6%, resp.) and QD
(increases of 2% and 7%, respectively, top of Table 2).

In both samples, the differences in AUCs between the
three statistical models examined were very similar (bottom

of Table 2). Analyses of all combinations of predictors exam-
ined are in the supplemental Table 3. (see Supplementary
Material available online at doi: 10.1155/2012/483469).

When the QD sample was restricted to patients with
baseline amnestic MCI (32/90 transitioned to AD) using
comparable criteria to ADNI inclusion criteria for amnestic
MCI, the results were similar to the entire QD sample: 80.7%
were correctly classified for Model 1, 85.5% for Model 2, and
84.2% for Model 3. AUCs were 0.877 for Model 1, 0.905 in
Model 2, and 0.915 in Model 3 without significant differences
in AUCs, partly because of reduced sample size.

4. Discussion

Within each sample, QD and ADNI, the differences in
AUCs between predictor models were similar, suggesting
robustness and generalizability across outpatient settings.
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Figure 1: Comparison of receiver operating characteristic (ROC curves) for three statistical models in the ADNI and QD studies. Model 1
(red line) contained age, MMSE, AVLT/SRT and FAQ, Model 2 (blue line) contained age, MMSE, hippocampal and entorhinal cortex
volumes, and Model 3 (green line) contained age, MMSE, AVLT/SRT, FAQ, hippocampal and entorhinal cortex volumes. The vertical lines
at 80% specificity (0.2 on x-axis) indicate 20% false positives.

When advising patients and families about the likelihood
of transition from MCI to AD, a predictor model with
specificity over 80% is essential because a false positive rate of
over 20% (specificity less than 80%) is clinically unacceptable
[14, 15]. In the predictor model, adding hippocampal
and entorhinal cortex atrophy to age, MMSE, and the
episodic verbal memory and function measures increased
sensitivity only to a small extent at fixed specificities of
80% and 90%. These findings suggest limited added utility
for MRI hippocampal and entorhinal cortex volumes to
clinical assessment of memory and function in predicting
transition from MCI to AD. In contrast, adding measures
of episodic verbal memory and function to the model that
combined age, MMSE, and hippocampal and entorhinal
cortex volumes appreciably increased sensitivity for fixed
levels of 80% and 90% specificity in both samples. In
both studies, the model that included AVLT/SRT, FAQ, and
hippocampal and entorhinal cortex volumes with age and
MMSE showed the strongest predictive accuracy.

For episodic verbal memory measures, numerical ranges
and cutoffs for specific ages and education levels can inform
the likelihood of transition to AD. Although delayed recall
deficit is typical in AD, both immediate recall (incorporates
learning) and delayed recall show comparable predictive
accuracy for the transition from MCI to AD [4]. The use of
a single episodic memory measure in the predictor models
examined does not replace the need for a comprehensive
neuropsychological evaluation for diagnostic purposes [4].
Informant reports of FAQ scores reflect instrumental, social,
and cognitive functional impairments, but specific cutoffs

for prediction of transition to AD are not established
[5, 16]. International efforts to standardize MRI imaging
parameters and methods of volumetric assessment [17], both
of which have varied widely across studies, may lead to
the development of specific cutoffs for hippocampal and
entorhinal cortex atrophy that improve predictive accuracy.

The use of cognitive markers has some advantages over
neuroimaging: objectivity in scoring, comparative economy
in expense and time, and reliability. One argument is that
episodic verbal memory should not be used as a marker
because it is used for inclusion criteria and in the diagnostic
process. However, evaluation of severity of episodic verbal
memory deficit as a predictor in patients with amnestic MCI
who have episodic verbal memory deficits is analogous to
the established strategy of evaluating severity of depression
as a predictor of clinical course and treatment response in
major depression [18]. Further, using memory test scores
in prediction creates a statistical handicap, rather than an
advantage, by restricting the range in baseline memory test
performance [12]. Of note, the AVLT memory measure
examined as a predictor in this paper was not part of the
study inclusion criteria in ADNI (WMS-R logical memory
was used). The same rationale applies to the incorporation
of the MMSE, which is widely used and clinically relevant,
in predictor analyses even though it is part of the screening
criteria for study inclusion.

Informant report of functional impairment using the
FAQ was not part of the inclusion criteria in either QD or
ADNI, and the definition of MCI by the original Peters-
en criteria requires the absence of significant functional
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impairment [1, 2]. Therefore, the use of informant report
of functional impairment is independent of the diagnostic
criteria for MCI, and our findings indicate that this type of
assessment is important in predicting transition to AD [3, 5].

Clinical and neurobiological markers have been incor-
porated recently into diagnostic classification systems. An
international panel used the terms “prodromal dementia”
and “predementia” to indicate that neurobiological markers
may identify patients with incipient AD who cannot be
diagnosed clinically [19]. The new NIA diagnostic criteria
separate core clinical criteria from research criteria that
employ neurobiological markers [20], partly because diag-
nostic and predictive accuracy for neurobiological markers
has not been fully developed and validated. Our results
emphasize the need for such validation.

There have been few comparisons of predictor models
between studies. In a comparison of ADNI to a Finnish study,
classification performance did not increase after the inclu-
sion of 10 variables that included CSF measures, apolipopro-
tein E ε4, MRI measures, age, and education [21]. The overall
model was not strong, possibly because key cognitive and
functional measures were excluded. Another study compared
different samples of patients with MCI who had 18FDG PET
with generally positive results [22] but without cut-points
for clinical application. Our report represents a novel inde-
pendent validation of predictor models that included clinical,
memory, functional, and MRI measures. The consistency in
the differences between models in each study indicates that
this two-study comparison is broader and more clinically
relevant than prior validation attempts [21, 22].

From the ADNI database, several reports show moderate
predictive accuracy for weighted scores within a global
cognitive test [23] and moderately strong predictive accuracy
for specific neuropsychological test scores [24], consistent
with other studies [4]. The best possible fit from a high-
dimensional pattern classification approach using ADNI
MRI data [25] led to results similar to our report that
used volumetric measures, but other MRI analytic strategies
using ADNI data have led to lower predictive accuracy
[26, 27]. Entorhinal cortex volume enhanced prediction in
both ADNI and QD in our comparisons, supporting the
evaluation of entorhinal cortex volume as a predictor [7].

There were some limitations to this paper. The two
samples differed in sex and age distribution and cognitive
test scores, significant episodic verbal memory deficits were
required in ADNI compared to broader inclusion criteria
in QD that may partly account for higher transition rates
in ADNI, and different episodic verbal memory measures
and different MRI volumetric assessment methods were
compared. Nonetheless, within each sample for several
combinations of predictors the differences in AUCs were
similar. The high transition rate in ADNI suggests that
some patients diagnosed with MCI by 3-year followup may
convert in subsequent years, likely leading to a higher rate of
false negatives in ADNI. This may partly explain the lower
accuracy for predictor combinations in ADNI. In ADNI, the
smaller number of patients at 3-year followup was partly
related to some recently recruited patients not yet having
had the opportunity to reach 3-year followup at the time

of data analysis for this paper. This issue also precluded the
use of survival analysis in this sample. In QD, we derived
the strongest predictors from a set of a priori measures
in a large neuropsychological test battery and examined
comparable measures from the shorter ADNI neuropsycho-
logical assessment. While administering a comprehensive
neuropsychological test battery is important for diagnostic
purposes, our clinically relevant approach of examining
individual measures facilitates comparison across studies and
demonstrates the predictive strength of even a single episodic
verbal memory test. Baseline MRI measures were examined
because serial MRI measures were not available in QD.
It remains unclear if serial imaging measures are superior
to baseline imaging in predicting long-term outcome [28].
Serial imaging measures provide useful information about
structural changes associated with disease progression, but
they are expensive, not current clinical practice, and not
useful in early converters. Cerebrovascular disease may
contribute to cognitive decline in these patients [19, 20].
However, hyperintensities, lacunes, and infarcts could not be
assessed systematically in QD because of the MRI sequences
obtained (no FLAIR or comparable sequence) and therefore
could not be compared with ADNI. Absent neuropathologi-
cal validation, we considered examining CSF measures from
ADNI (not done in QD) for in vivo validation of transition
to AD, but CSF was not collected in approximately half the
ADNI sample and neuropathological validation of CSF tau
and Aβ abnormalities has not been established.

In QD, the pathophysiological measure [19] of olfactory
identification deficits (not done in ADNI) strongly predicted
transition to AD with limited overlap in prediction with the
SRT and MRI measures [3, 29]. In ADNI, 18FDG indices (not
done in QD) significantly predicted transition to AD and
were superior to the ADAS-cog [8], but the ADAS-cog is a
global cognitive measure used primarily in clinical trials of
AD patients and is not established as a strong predictor of
transition from MCI to AD. PET amyloid imaging discrim-
inates among AD, MCI, and controls [30] and correlates at
autopsy with amyloid plaques [9]. However, approximately
10–30% of healthy controls show increased amyloid uptake
[30] and whether these subjects have incipient AD needs
confirmation in long-term followup studies. The sensitivity
and specificity of CSF levels of Aβ42 and tau/phospho tau,
and their ratio, for predicting MCI transition to AD in ADNI
[31] and in a European multicenter study [32] ranged from
65% to 75%, which is slightly lower than that in other reports
[10, 11]. For CSF markers, further refinement of assay
technique and validation in long-term followup studies are
needed to establish more definitive cut-points for individual
and ratio measures that have varied to some extent across
studies [10, 11, 32].

This report suggests that volumetric evaluation of medial
temporal lobe atrophy adds only marginally to the informa-
tion obtained by cognitive testing and assessment of episodic
memory, and it cannot yet be recommended for wide clinical
use to assess the risk of patients with MCI being diagnosed
with AD during followup. In the clinic, visual inspection
ratings are likely to lead to lower predictive accuracy than
either the QD or ADNI volumetric assessments. Structural
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neuroimaging with MRI remains useful to rule out specific
causes of cognitive impairment, for example, stroke, tumor.
A key conclusion from this report is that conducting neu-
ropsychological evaluation is important, and interviewing
family members or other informants about the patient’s
functioning may be at least as important as conducting
an MRI scan. Several clinical and neurobiological markers,
including cognitive test scores, functional ability, and MRI
and 18FDG PET measures, are influenced considerably by age
and other demographic factors, and their utility needs to be
evaluated in more heterogeneous samples. The comparative
predictive utility of clinical and neurobiological markers
needs further assessment across different populations as
these measures improve in predictive accuracy.
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