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The number of older subjects is rapidly increasingly worldwide. As a consequence,
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of care have been based on the evaluation and treatment of single and usually
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manifestation of diseases is characterized by multiple and often chronic conditions
affecting older people.

In this scenario, frailty and dementia have been triggering special interest both in
research and clinical settings due to their high prevalence, impact on the individual's
quality of life, and consequences for public health worldwide. These conditions aptly
reflect the complexity of age-related pathological conditions, finding as causal factor
a myriad of heterogeneous, interacting, and often still unclear pathophysiological
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baseline, 6 months, and 1 year after which they were performed
annually) otherwise subjects were deemed non-chronically
fatigued. The adopted definition of fatigue is commonly used to
define the “exhaustion” criterion in the field of frailty (3).

Confounding Variables

On the basis of data availability and the literature on dementia
(33), we selected the following confounders: age at PET-scan
assessment, gender, educational level, cognitive status assessed
at the clinical visit closest to PET-scan (CDR: scores 0 or 0.5),
MAPT group allocation (four groups: placebo, multidomain
intervention, n-3 PUFA supplementation and multidomain inter-
vention + n-3 PUFA supplementation), depressive symptoms
assessed closed to PET-scan (Geriatric Depression Scale: scores
0-30) and Apolipoprotein E £4 (ApoE €4) genotype (carriers of
at least one e4 allele versus non-carriers).

Statistical Analysis

Descriptive statistics are presented as median (IQR) or absolute
values/percentages as appropriate. After completing analysis of
the primary hypotheses in MAPT (30), we performed post hoc
analyses using multiple linear regression models to explore the
cross-sectional relationships between fatigue and cerebral Af load
(measured as SUVR). Clinical and demographic characteristics
were compared between the participants deemed as non-fatigued
or fatigued (with fatigue assessed at the clinical exam closest to
PET-scan) using chi squared tests for categorical variables and
Wilcoxon rank sum tests for continuous variables. We ran multiple
linear regression analysis to explore the cross-sectional relation-
ship between fatigue at the clinical exam closest to PET-scan and
cortical-SUVR and region specific SUVR (13 regions described
above) adjusting for all confounders. Sensitivity analysis was
performed in subjects with a CDR score of 0.5 as this sub-group
represents those more likely to develop AD (34). We also ran
multiple linear regression analysis to explore the cross-sectional
relationship between chronic fatigue and cortical-SUVR and
regional SUVR (13 regions) adjusting for all confounders. There
was no correction for multiple comparisons due to the explora-
tory nature of this study: p < 0.05 was considered statistically
significant. All analyses were performed using Stata version 14
(Stata Corp., College Station, TX, USA).

RESULTS

Sample Characteristics

Clinical and demographic characteristics of the study partici-
pants are shown in Table 1. The median age of the participants
was approximately 75 years and around 60% of the subjects were
female and approximately half of the subjects had a CDR score of
0.5. Participants exhibited a high educational level and approxi-
mately 30% of the subjects were ApoE €4 carriers. There were
no statistically significant differences between subjects classed
as non-fatigued or fatigued (with fatigue assessed at the clinical
exam closest to PET-scan). A total of 42 participants out of 269
(15.6%) were classified as fatigued and of these 42.9% (18 out 0f 42)
were AP positive using a threshold of mean cortical-SUVR > 1.17

TABLE 1 | Participant characteristics.

Variables Non-fatigued Fatigued p-Value
subjects subjects
(n =227) (n=42)
Age, years 75 (72-79) 76 (73-79) 0.434
Sex, women (%) 134 (59.0%) 28 (66.7%) 0.353
Education (%) 0.190
No diploma or primary school 54 (24.1%) 4 (34.1%)
certificate
Secondary education no high- 72 (32.1%) 7(17.1%)
school diploma
High-school diploma 31 (13.8%) 8(19.5%)
Higher diploma 67 (29.9%) 2(29.3%)
Group allocation (%) 0.550
Multidomain intervention 57 (28.6%) 11 (26.2%)
n-3 PUFA supplementation 48 (21.1%) 12 (28.6%)
Multidomain intervention and n-3 65 (28.6%) 8(19.0%)
PUFA supplementation
Placebo 57 (25.1%) 1(26.2%)
% of CDR 0.5 (%) 108 (47.6%) 23 (564.7%) 0.392
ApOE ¢4 carriers (%)? 53 (26.8%) 2 (32.4%) 0.480
Cortical-SUVR 1(1.0-1.9) 1(1.1-1.9) 0.927

Age and CDR score closest to PET-scan are presented. Data are expressed as median
(interquartile range) or as absolute values/percentages. Clinical and demographic
characteristics were compared between the participants deemed as non-fatigued

or fatigued (with fatigue assessed at the clinical exam closest to PET-scan) using chi
squared tests for categorical variables and Wilcoxon rank sum tests for continuous
variables.

ApoE, apolipoprotein E; CDR, clinical dementia rating; n-3 PUFA, omega 3
polyunsaturated fatty acid; SUVR, standard uptake ratio values.

APOE &4 status available for n = 235.

(31, 35). A total of 26 participants out of 269 (9.7%) were classified
as having chronic fatigue and of these 38.5% (10 out of 26) were
AP positive.

Exploration of the Relationship between
Fatigue and Cerebral Ap

There were no statistically significant cross-sectional associations
of fatigue at the clinical exam closest to PET-scan with cortical
or region specific AP load after adjustment for all confounders
(Table 2). Sensitivity analysis performed in subjects with a CDR
score of 0.5, however, showed a weak positive association between
fatigue reported at the clinical exam closest to PET-scan and Af
load in the hippocampus (Table 3). Chronic fatigue was not
significantly associated with cortical Ap or Ap found in any other
brain region after adjustment for all confounders (Table 4).

DISCUSSION

In this study, we did not find any significant cross-sectional
associations between fatigue (assessed closest to PET-scan
examination or chronic) and cortical or region specific Ap load
in our total study population. However, sensitivity analysis in
subjects with a CDR of 0.5 showed that fatigue reported closest
to PET-scan was associated with increased Ap load specifically in
the hippocampus.

Why fatigue might be specifically associated with hippocam-
pal AP pathology in subjects at increased risk of AD (CDR =0.5)
requires further research attention. However, there is evidence
that fatigue, modeled in rats through the induction of sleep
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TABLE 2 | Multiple linear regressions examining the cross-sectional associations between fatigue at the clinical exam closest to PET-scan and cerebral f-amyloid load.

p-amyloid load

Unadjusted model (n = 269)

Adjusted model (n = 231)

B-coeff. 95% CI p-Value B-coeff. 95% ClI p-Value

Cortical-SUVR -0.01 —-0.06, 0.05 0.800 -0.04 -0.10, 0.02 0.184
SUVR by brain region;

Anterior cingulate -0.01 —-0.08, 0.06 0.832 -0.06 —-0.14, 0.02 0.140
Anterior putamen -0.02 -0.12, 0.08 0.683 -0.05 -0.17,0.06 0.367
Caudate 0.05 -0.06, 0.16 0.344 0.04 -0.09, 0.17 0.532
Hippocampus 0.02 -0.02, 0.06 0.263 0.04 —-0.00, 0.08 0.071
Medial orbitofrontal cortex —-0.00 —-0.05, 0.04 0.939 -0.02 -0.07,0.08 0.494
Occipital cortex -0.02 —-0.08, 0.04 0.553 —-0.06 -0.13, 0.01 0.073
Parietal cortex -0.038 -0.09, 0.03 0.339 -0.06 -0.13, 0.01 0.080
Pons -0.01 —-0.05, 0.04 0.702 —-0.00 —-0.06, 0.05 0.896
Posterior cingulate 0.00 —-0.06, 0.06 0.975 -0.03 -0.10, 0.04 0.362
Posterior putamen -0.01 -0.09, 0.07 0.727 -0.02 -0.11, 0.07 0.667
Precuneus —-0.00 —-0.08, 0.08 0.964 -0.05 -0.13, 0.03 0.245
Semioval center 0.02 —-0.03, 0.08 0.424 0.02 —-0.04, 0.09 0.507
Temporal cortex -0.00 —-0.06, 0.05 0.891 -0.08 —-0.09, 0.02 0.253

The adjusted model contained fewer subjects due to missing data on confounders.

B-coeff, B-coefficient; Cl, confidence intervals; p, probability; SUVR, standard uptake ratio values.

TABLE 3 | Multiple linear regressions examining the cross-sectional associations between fatigue at the clinical exam closest to PET-scan and cerebral f-amyloid load in

subjects with a CDR score of 0.5.

p-amyloid load

Unadjusted model (n = 131)

Adjusted model (n = 113)

B-coeff. 95% ClI p-Value B-coeff. 95% ClI p-Value

Cortical-SUVR -0.01 -0.09, 0.07 0.829 -0.08 -0.12, 0.05 0.438
SUVR by brain region;

Anterior cingulate 0.01 -0.10, 0.11 0.922 -0.03 -0.15,0.09 0.597
Anterior putamen -0.01 -0.15,0.13 0.869 -0.05 -0.21,0.12 0.585
Caudate 0.08 -0.07, 0.24 0.276 0.1 —0.06, 0.29 0.204
Hippocampus 0.04 -0.01, 0.09 0.106 0.07 0.01,0.12 0.016
Medial orbitofrontal cortex 0.00 —0.06, 0.06 0.974 0.00 —0.06, 0.06 0.973
Occipital cortex -0.01 -0.10, 0.08 0.750 -0.05 -0.15,0.04 0.265
Parietal cortex -0.05 —-0.14, 0.03 0.241 —-0.08 -0.16, 0.01 0.085
Pons 0.01 -0.06, 0.07 0.802 0.01 —-0.06, 0.08 0.762
Posterior cingulate -0.01 —-0.09, 0.08 0.824 -0.04 -0.13, 0.05 0.426
Posterior putamen -0.01 -0.11, 0.09 0.810 -0.02 —-0.14, 0.09 0.693
Precuneus —-0.00 -0.12, 0.11 0.958 -0.04 -0.17,0.08 0.496
Semioval center 0.04 -0.08, 0.12 0.249 0.06 -0.02,0.15 0.147
Temporal cortex 0.00 -0.07, 0.08 0.904 -0.02 -0.10, 0.06 0.688

The adjusted model contained fewer subjects due to missing data on confounders.

B-coeff, B-coefficient; Cl, confidence intervals; p, probability; SUVR, standard uptake ratio values.

deprivation, reduces hippocampal as well as cortical dendritic
spines (36) and inhibits long-term potentiation and hippocampal
dependent learning tasks (37). Thus, it might be that fatigue also
modulates cell signaling cascades to promote amyloidogenesis
specifically in the hippocampus. In line with this, in mouse mod-
els of AD, acute sleep deprivation is associated with increased
levels of interstitial brain levels of AP, whereas chronic sleep
deprivation has been associated with increased AP plaques (38).
Increased brain A load has also been cross-sectionally associ-
ated with poor sleep (39) and longer sleep latency (time taken to
fall asleep) (40) in human subjects. Oxidative stress is associated
with fatigue (15) and pro-inflammatory mediators such as inter-
leukin 6 and C-reactive protein have been associated with frailty

(which includes fatigue in the phenotype) (16, 18); therefore
such signalling intermediates might promote fatigue-induced
amyloidogenesis at the molecular level (19, 20). Interestingly,
fatigue has also been associated with compromised cognition in
older adults without dementia (7, 8). With this in mind, fatigue
might modulate cognition via AP-dependent mechanisms in
human subjects with early AD. More research is needed to verify
the links between fatigue and AP deposition, particularly to rule
out the possibility that increased Af in the brain might precipitate
fatigue. A better understanding of the biological basis of fatigue
would facilitate such studies.

The strengths of the current study are the large sample size
with PET ["F] florbetapir imaging data and the simultaneous
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TABLE 4 | Multiple linear regressions examining the cross-sectional associations between chronic fatigue and cerebral p-amyloid load.

p-amyloid load

Unadjusted model (n = 269)

Adjusted model (n = 231)

B-coeff. 95% CI p-Value B-coeff. 95% CI p-Value
Cortical-SUVR —0.01 —0.08, 0.06 0.854 -0.03 —-0.10, 0.05 0.452
SUVR by brain region;
Anterior cingulate -0.01 -0.10, 0.07 0.760 -0.05 -0.14,0.04 0.293
Anterior putamen 0.02 -0.10,0.15 0.736 0.01 -0.13,0.14 0.922
Caudate 0.02 -0.11,0.16 0.714 0.02 -0.13,0.17 0.798
Hippocampus -0.01 —-0.06, 0.08 0.518 -0.01 —-0.06, 0.04 0.677
Medial orbitofrontal cortex —-0.01 —-0.07,0.04 0.687 -0.02 —-0.08, 0.04 0.433
Occipital cortex —-0.01 —0.09, 0.06 0.756 -0.04 -0.12,0.04 0.286
Parietal cortex 0.00 -0.07, 0.08 0.994 -0.00 -0.08, 0.07 0.903
Pons -0.02 —0.08, 0.03 0.425 -0.02 —-0.08, 0.04 0.464
Posterior cingulate -0.01 -0.09, 0.06 0.716 -0.04 -0.12,0.04 0.384
Posterior putamen -0.00 -0.10, 0.10 0.967 0.01 -0.10, 0.12 0.920
Precuneus 0.01 -0.09, 0.10 0.857 -0.02 -0.12,0.08 0.639
Semioval center —-0.00 -0.07, 0.07 0.943 —-0.01 -0.09, 0.07 0.847
Temporal cortex -0.01 —-0.07, 0.06 0.773 -0.03 -0.10, 0.04 0.379
The adjusted model contained fewer subjects due to missing data on confounders.
B-coeff, B-coefficient; Cl, confidence intervals; p, probability; SUVR, standard uptake ratio values.
availability of successive fatigue measurements over time enabling Sandrine Andrieu, Christelle Cantet, Christophe Morin;

the creation of a chronic fatigue variable. Nevertheless, there are
some limitations. The main limitation of this study is that it is
a secondary analysis of the MAPT imaging sub-study; thus, the
study was not specifically powered to address our hypothesis
on the association of fatigue with increased cerebral AP load.
The cross-sectional nature (due to lack of longitudinal imaging
data) precluded the examination of the relationship between
fatigue and AP temporally. Furthermore, it should be noted that
PET-scans were performed throughout the three year period
of MAPT, so the study was not of a true cross-sectional nature.
Moreover, although used by others (2, 41) as a measure of fatigue,
the self-reported fatigue variable used here was derived from a
questionnaire designed to measure depression and as such may
not robustly capture the physiological component of fatigue but
rather focus on the psychological element. There was also no data
available on other diseases that might contribute to fatigue such
as anemia, sleep apnea, or cancer.

In conclusion, we have shown here that fatigue might be
associated with increased AP in the hippocampus specifically
in subjects with an augmented risk of AD. Further research is
required to confirm our preliminary findings. A longitudinal
study examining the temporal association between fatigue and
AP would provide more evidence as to whether fatigue might
modulate cerebral Af levels.
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Cognitive disorders represent a leading cause of disability in the aging population, of
which dementia has the highest global burden. Early signs of dementia such as slow
gait and memory complaints are known to present well before the overt manifestation
of the disease. Motoric cognitive risk (MCR) syndrome characterized by the simultane-
ous presence of gait disturbances and memory complaints in older subjects has been
proposed to study the close interactions between the physical and cognitive domains
as well as a possible approach to identify individuals at increased risk of dementia. In
addition, studies have shown MCR as a predictor of other negative outcomes in older
adults, including disability, falls and death. However, the concept of MCR is still in its
early stage and approach to the syndrome is still not well established. This review aims
to put together the various aspects of MCR syndrome including its pathophysiology,
diagnosis, epidemiology, and relationship with other geriatric conditions.

Keywords: dementia, motoric cognitive risk, gait, cognition, subjective memory complaint, geriatric disorders

INTRODUCTION

Older adults are known to have decreased functional capacity (e.g., sensory, cognitive, physical),
which makes them vulnerable to adverse events such as disability, dependency, falls, or even death
(1-5). Poor mobility of lower limbs with aging is one of the most commonly presented form of
physical limitation in older individuals (6). Several studies have shown gait speed to predict major
health-related events in older adults (6-8). Similarly, decline in memory is another common form
of cognitive limitation associated with increase in age, which might potentially progress to demen-
tia (9, 10). Furthermore, evidences from past studies have shown coexistence of cognitive decline
and gait abnormality (that might be of musculoskeletal or neuro-sensory-motor etiology) to be a
common condition in older adults (3, 11, 12). Besides, these functional limitations are known to
be the major causes of disability and dependency in older adults (7, 11, 13, 14).

Growing body of evidence suggests that simultaneous presence of cognitive complaints with
reduced gait speed may indicate early signs of dementia (presenting decades before actual presenta-
tion of cognitive impairment) (15-20). Unfortunately, very little is known about how the actual
interaction between the cognitive and physical domain (such as which domain triggers the other, or
time-point of initiation) occurs with the phenomenon of aging. Intuitively, an entity that captures
both physical and cognitive functional status of an aging individual could reflect a more implicit
functional status of the individual. Moreover, such entity would aid researchers to better understand
the interaction between cognition and physical domains in aging individuals who are at high-risk of
dementia and other geriatric disorders.
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MCR Syndrome

In this review, we discuss on a novel concept described as
motoric cognitive risk (MCR) syndrome that captures the state of
concomitant presence of gait disturbances and cognitive decline
in older adults (20). Studies have shown MCR to be an effective
tool in predicting various geriatric conditions such as dementia
(19), falls (21), disability (22), and mortality (1).

GAIT AND COGNITION IN OLDER ADULTS

Gait: Walking is a very common activity of daily living, which
at a glance appears to be an entirely unsophisticated automated
motor task. However, maintaining of normal gait is a much
complex process requiring intact multisystem (nervous, sensory,
musculoskeletal, cardiorespiratory) function and coordination
(3, 16, 17). With increase in age, the parameters of gait (velocity,
stride length, swing time) are affected as a result of disturbances
in either of the musculoskeletal functions, locomotor function,
balance, postural reflexes, sensory function and sensorimotor
integration, and cardiorespiratory functions (23), resulting
abnormal gait.

At present, gait speed or gait velocity has increasingly been
implemented in clinical settings to evaluate functional status
in older subjects and even to predict adverse events (1, 18, 21,
22, 24). In addition, slow gait speed is thought to be a sensitive
marker of cognitive decline with aging (18, 25-28). However, the
methods and cut-off values for assessment of gait in older sub-
jects is known to vary widely. Moreover, every cut-point might
be arbitrary because the relationship between gait speed and
risk of negative outcomes follows a linear trend. Nevertheless,
gait speed less than 0.8 m/s over a 4-m track is one of the most
commonly used cut-points to assess gait speed in older subjects
(29). The cut-point has been suggested to predict adverse events
in older adults by the International Academy on Nutrition and
Aging task force (29) and recommended for further clinical
investigation by the European consensus on sarcopenia (30). On
the other hand, the concept of “dis-mobility” describes a much
slower gait speed of less than 0.6 m/s to be a relevant cut-point
suitable for improving clinical care, research, and regulatory
approval of treatments to improve mobility in older adults (31).
Gait abnormalities have been identified from early neurological
studies and subclassified as unsteady, ataxic, frontal, parkinso-
nian, neuropathic, hemiparetic, or spastic (23, 32) depending
upon the nature of the disturbances that should be properly
identified by physicians while assessing older adults.

Cognition: Cognition relates to the functioning processes of
the brain, which tends to change with age (33). Cognitive func-
tions such as attention, intelligence, memory, processing speed,
and executive function are known to decline with increase in
age with varying degree between individuals (34), which could
affect the overall functioning of an individual including gait.
This alteration in cognition with aging has been associated
primarily with decline in brain gray and white matter volume
(35), brain hippocampus volume (36), and deposition of protein
beta-amyloid in brain [a primary marker of Alzheimer’s disease
(AD)] (37). Factors such as cardiovascular diseases (and associ-
ated risk factors), genetics, low level of education and depression
have been identified as major contributing factors for cognitive

decline (38), which could simultaneously influence the overall
physical functioning. Assessment scales such as clinical demen-
tia rating (CDR) (39), Mini-Mental State Examination (40), and
other forms of dementia screening questionnaire have been
widely used to assess overall cognitive status of older adults.

Link between Gait and Cognition

As discussed before, gait is a sequel of multifactorial and multi-
system coordination, but primarily the result of neuromuscular
interaction capacity of an individual. Anatomically speaking,
brain frontal subcortical circuits predominantly mediate gait
(41). Executive function (3, 42) and attention (42-44) have
been suggested to be the primary cognitive processes associ-
ated. However, the frontal lobe itself is vulnerable to age-related
changes (42), which could alter gait speed and cognition in
older adults. In addition, declination or improvement in execu-
tive function and attention over time was found to effect gait
progression (speed) in older adults (17, 27, 42). Increased brain
subcortical white matter hyper-intensities (leukoaraiosis) (45)
and decrease in cerebellar gray matter volume (46) and hip-
pocampal volumes (47) were found to be associated with reduced
gait speed. This overlap between the brain areas controlling gait
and cognition explains the relationship between slow gait and
dementia pathologies. Furthermore, a dual-task methodology
termed as “walking while talking” was developed for making
the gait speed assessment more challenging and included the
evaluation of cognition (48-50). The participant’s change in
motor performance during dual-task was observed suggest-
ing requirement of additional cognitive resources to maintain
multisystem coordination, which might be difficult to achieve
for older individuals with cognitive limitation, leading to detri-
mental effects such as falls. Besides, a recent meta-analysis has
shown evidences of brain structure to be associated with muscle
structure and function (51), showing the consequential associa-
tion between these domains, which could alter gait function.

Factors Associated

Physical limitations and cognitive decline have been suggested
to present bidirectional relationship (3, 17, 52). These conditions
most likely share the common risk factors and pathways such as
chronic inflammation, hormonal pathways, lifestyle factors, and
even genetic pathway (11, 53-57).

Low-grade chronic inflammation or “inflamm-aging” might
be the primary biological pathway shared by gait and cognition in
older individuals (58-62). Atherosclerosis, a chronic inflamma-
tory condition in older adults is known to promote cardiovascular
dysfunction that could increase functional loss (both cognitive
and physical) in aged individuals (61, 63, 64). Furthermore,
chronic inflammation is found to directly impact the central
nervous system (e.g., neurofibrillary tangles, amyloid plaques) of
older adults (65-67) and promote cardiovascular risk factors (59,
61, 68, 69). Increased serum C-reactive protein, interleukin-6,
and plasma tumor necrosis factor-o are the inflammatory mark-
ers associated with decrease in total brain volume (58, 65, 70, 71)
that could affect cognition and gait simultaneously.

Cardiovascular risk factors (e.g., hypertension, diabetes,
hyperlipidemia) are known to enhance incidences of cerebral
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ischemia affecting the periventricular white matter (64, 72, 73).
As explained before, brain white matter plays an important role
in the control of gait and cognitive processing and responsible
for executive function (45, 64, 73). Similarly, other conditions
such as neurodegeneration (e.g., in Parkinson’s disease) in older
adults is well known to impact both cognition and motoric
functions (74).

Needless to elaborate, nutritional factor is a key component to
influence physical function in humans. Besides, abundant studies
have shown that the deficiency of nutritional factors may affect
both cognition and physical functions in older adults (53, 54, 75,
76). Similarly, physical exercise is another factor that is well known
to influence both cognition and physical limitations in older
adults (77-80). Functional decline in older adults is also known
to be influenced by hormonal alteration (such as downregulation
of insulin-like growth factor) with aging (81) and genetic factors
such as apolipoprotein-E4 (APOE-4 genotype) (55, 56).

MCR SYNDROME

Motoric cognitive risk syndrome is defined as a condition charac-
terized by slowness of gait in the presence of subjective cognitive
complaint in older adults without any form of dementia or mobil-
ity disability (1, 18-22). The theory that slowness of gait coexist-
ing with cognitive decline might be an early sign of dementia,
which has been used in this novel entity, potentially resembling a
pre-dementia syndrome (18, 19, 22) (Figure 1).

The following four criteria have been proposed to be met for
the diagnosis of MCR (although the use of scales was not uniform
in prior studies—Table 1) (1, 18-22): (1) presence of subjective
cognitive complaints, assessed using standardized questionnaire
(e.g., CDR, GDS, or AD screening questionnaire), (2) presence
of slow gait: defined as velocity one SD or more below age- and
sex-appropriate mean values, (3) preserved mobility, and (4)
absence of dementia.
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FIGURE 1 | Diagrammatic presentation of motoric cognitive risk syndrome.
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BIMC, MMSE

Exclusion of mobility disability (inability to ambulate with or

without assistive devices)
Preserved ADL (82)

Instrumented walkway (GAITRite)/

timed walk

Self-report

years

>60

3,128

MC

Verghese et al. (84)

Clinical and

Instrumented walkway (GAITRite)

CDR/GDS*/AD8

314 >65 years

CS

Allali et al. (85)

neuropsychological

information
MMSE

Timed walk (over 6.4 m) Independent in basic ADL

9,683 >65years GDS*

CS

Doi et al. (86)

Slow gait = one SD or more below age- and sex-appropriate mean values established in the same cohort.

CS, community setting;, MC, multiple cohorts; N, number of subjects; CERAD, Consortium to Establish a Registry for Alzheimer’s Disease questionnaire; GDS, Geriatric Depression Scale; GDS*, “Do you feel you have more problems
with memory than most?” A positive response (“yes”) on the question was used to define subjective memory complaints; DSM-(Ill/IV R), Diagnostic and Statistical Manual of Mental Disorders (revised third or fourth edition criteria);

ADS, cognitive screening instrument; CDR, clinical dementia rating; ADL, activities of daily living; IADL, instrumental activities of daily living; BIMC, blessed information-memory-concentration; MMSE, Mini-mental State Examination.

Motoric cognitive risk was found to have a prevalence ranging
from 2 to 18% (83, 84, 86, 87). A multi-country (17 countries
worldwide) study showed an overall pooled prevalence of almost
10% (83). These studies have shown MCR to have a higher
prevalence and incidence in older age irrespective of gender.
Based on the current availability of data, cross country compari-
son lowest prevalence of 2% was found in the United Kingdom
and Australian cohort, and higher prevalence of 15% in Indian
cohort and the highest prevalence of 16-18% was found in French
population (83, 84, 86, 87).

Factors such as stroke, diabetes, obesity, depression, and seden-
tariness have been found to be associated with high risk of MCR in
older adults (85, 86). Additional studies in much diverse sociode-
mographic settings are required for confirming the global burden
of the condition and accordingly identify the associated risk factors.

MCR Syndrome As a Predictor Of

Dementia

Relevant links between cognition and gait have been established
earlier. Older adults with cognitive impairment are known to have
slower pace (26). Verghese and colleagues in the early 2000 impli-
cated that presence of neurological gait in older adults could predict
the risk of dementia (18). However, predictive capacity of MCR with
regards to subtypes of dementia was found to be different according
to study cohort. In the Einstein Aging Study, MCR was found to be
highly prevalent with age and was a strong predictor of vascular
dementia (VaD) (19). Older subjects with MCR were found to be at
more than 3-folds risk [hazard ratio (HR) = 3.27] of future demen-
tia (except AD) and particularly over 12-folds risk (HR = 12.81) of
VaD. However, slow gait was the only gait parameter used which
might have decreased the predictive validity of MCR.

In another multi-country study, MCR predicted dementia in
multiple cohorts as well as pooled sample, with risks ranging from
1.79- to 2.10-folds (83). Interestingly, MCR was found to be associ-
ated with increased risk of AD in two cohorts of the study with
2.21- and 1.97-folds risk, while very few cases of VaD dementia
were present in the cohort. However, the cohorts were limited to
only 17 countries; therefore, the predictive strength cannot repre-
sent for all at-risk subjects [as the primary criteria of MCR cogni-
tive complaint and slow gait can vary demographically (88)], and
not to forget the major risk factors that have varied demographic
distribution. Additionally, information on APOE-4 genotype
[that is known to impact progression of dementia (55)] was not
included on this multi-country study, which could have further
strengthened the validity of MCR dementia predictive capacity.

Interestingly, aretrospective studyin Japanese older population
has further elaborated the relation between MCR and dementia
(89). The authors have reported the rate of conversion to dementia
was 119.8/1,000 persons per year in MCR population, while the
non-MCR group was 102.5/1,000 persons per year (OR = 1.38).
Slow gait and low scores in executive function tests were found to
be predictive of higher rate of conversion to dementia.

Falls

A very high frequency of falls (32-42% per year) in older people
over 70 years has been estimated (90), which could result in
many detrimental effects including disability or death (91, 92).
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As discussed earlier, maintaining a normal well-balanced gait
requires an efficient integration of motoric, cognitive, and psy-
chological function (3, 5, 16, 17) and the inability to maintain
a normal gait could result in falls. Impairment in cognitive
domains such as executive function, attention, processing speed,
and memory is known to increase the risks of falls. However, age-
related loss in white matter integrity is thought to be one of the
key mechanisms affecting the cognitive domain responsible (57,
93). Thus, from our explanations earlier, we could expect MCR to
be a sensitive predictor of falls in older adults.

A study by Callisaya and colleagues with a combined five large
cohorts across three countries found subjects with MCR to be at
44% at high risk of falls in pooled analysis (21). The study showed
that slow gait [risk ratio (RR) = 1.30] and memory complaints
(RR = 1.25) were also individually associated with increased risk
of falls. Whereas, exclusion of MCR case in the study showed a
slight decreased association of slow gait (RR = 1.25) and memory
complaints (RR = 1.17) with falls. Even after adjustments for
previous falls, MCR was significantly associated with falls
(RR = 1.29) and multiple falls (RR = 1.37) in pooled analysis. No
doubt, the results from the study show MCR to be an effective
risk screening tool for falls, as the associations observed were
relatively stronger. However, due to different criteria/procedures
used for diagnosis of MCR and falls, heterogeneity was present in
the pooled analysis.

Disability

Very few studies discussing the associations of MCR and disability
are available. However, it can be expected that older individuals
with coexisting memory decline and physical limitation are likely
to be disabled (or lose independency) if not provided with proper
medical attention at an early phase. A very recent study involving
4,235 Japanese older adults (mean age of 72 years) has suggested
MCR to be able to predict risk for disability (HR = 1.69) (22).
The diagnostic criterion for disability was here regarded as
certification by long-term care insurance. Nevertheless, the study
has provided some perspectives for future studies, which could
implement a more clinical diagnostic method for disability. The
findings from this study have verified that individuals with slow
gait and cognitive impairment are at high risk of disability, and
more studies are demanded to confirm the findings.

Death
As discussed earlier, maintaining intact gait is a complex process
requiring multisystem/multifunction coordination, therefore
could represent a person’s holistic level of healthiness. Studies
have shown gait speed to be a very strong predictor of survival
(8) and cognitive impairment is also known to predict mortality
(94). MCR involves both cognition and gait, has a high prevalence
(83, 84, 86, 87), is known to predict falls (21), dementia (18, 19,
22), and therefore could be a more sensitive predictor of death.
A study by Ayers and Verghese (1) including 11,867 participants
from three different cohorts found MCR at baseline was associated
with increased overall mortality (HR = 1.69) and increased risk
of death even after adjustments for gait and memory test scores
(HR = 1.19). The results from the study showed MCR to be a pre-
dictor of 2 years mortality, but MCR death predictive capacity in

dementia subjects was found to be insignificant. However, it should
be noted that the included cohorts of the study were from Europe
and United states; therefore, results from the study cannot be inter-
preted as the global mortality predictive capacity of MCR. Moreover,
the study population were community dwelling older adults, who
tend to be in better shape compared to the institutionalized. As the
study was a population-based study cases of diagnosed dementia
could have been underreported, which could have underestimated
the prediction of mortality in diagnosed dementia subjects.

THE PARADOX OF MCR SYNDROME

An existing paradox of the MCR is whether to consider it as a con-
dition to treat or a mere matter for research purposes? As discussed
above, MCR was found to predict wide spectrum of abnormalities
in older adults (1, 19, 21, 22) and has a high prevalence ranging
up to 18% (83, 84, 86, 87). For these reasons, attention on further
approach of this novel syndrome is necessary. Although past stud-
ies have stressed on the versatility of diagnosing MCR (20), the
clinical approach of the syndrome is vague. In the clinical scenario,
we could only attempt to investigate the underlying pathologies
of the condition and treat them in traditional manner (that
requires various medical tests, despite of considering MCR easy to
diagnose), which might require more resources and perhaps even
create additional confusion in clinicians. On the other hand, if we
consider it as screening tool to identify the at-risk population for
the abnormalities it can predict, various effective tools for the pur-
pose already exist (with prior extensive studies involving different
sociodemographic population settings). In this context, MCR
might be more suitable as a research entity to exclusively investi-
gate the interactions between the physical and cognitive domains
(which is not well understood yet) in older population with high
risk of conditions that can be predicted by it. Furthermore, these
understandings could enable us to design preventive strategies to
ameliorate many geriatric conditions including dementia.

CONCLUSION

In summary, with population aging, the burden of cognitive
disorders such as dementia is still escalating. Frequent coexist-
ence of physical limitation and cognitive decline occur in aging
individuals, leading to many detrimental effects. MCR includes
the evaluation of potential precursors of physical limitation
(i.e., gait speed) and cognitive decline (i.e., subjective memory
complaints) in order to predict multiple age-related conditions
including dementia. Future perspective of MCR might be as a
research tool to particularly investigate the relationship between
physical and cognitive domain in older adults, further elucidate
our understanding of the interaction between these two domains.
Results from such studies could facilitate in designing more effec-
tive preventive intervention strategies against dementia and other
age-related negative outcomes.
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Frailty is a clinical syndrome defined by the age-related depletion of the individual’s
homeostatic reserves, determining an increased susceptibility to stressors and dispro-
portionate exposure to negative health changes. The physiological systems that are
involved in the determination of frailty are mutually interrelated, so that when decline starts
in a given system, implications may also regard the other systems. Indeed, it has been
shown that the number of abnormal systems is more predictive of frailty than those of
the abnormalities in any particular system. Delirium is a transient neurocognitive disorder,
characterized by an acute onset and fluctuating course, inattention, cognitive dysfunc-
tion, and behavioral abnormalities, that complicates one out of five hospital admissions.
Delirium is independently associated with the same negative outcomes of frailty and, like
frailty, its pathogenesis is usually multifactorial, depending on complex inter-relationships
between predisposing and precipitating factors. By definition, a somatic cause should
be identified, or at least suspected, to diagnose delirium. Delirium and frailty potentially
share multiple pathophysiologic mechanisms and pathways, meaning that they could
be thought of as the two sides to the same coin. This review aims at summarizing the
existing evidence, referring both to human and animal models, to postulate that delirium
may represent the cognitive harbinger of a state of frailty in older persons experiencing
an acute clinical event.

Keywords: frailty, delirium, older adults, review of literature pathophysiology, geriatric syndromes

INTRODUCTION

Although frailty and delirium are intuitively associated, a clear taxonomy of their biological and
clinical relationship has not provided yet in geriatric medicine.

For many years, age has been considered as one of the most powerful predictors of mortality
and adverse outcomes in older people. However, growing empirical evidence and several scientific
publications have clearly shown that “chronological age” is not able per se to capture with sufficient
accuracy the extreme heterogeneity of the health status in older persons (1, 2). In order to pro-
mote a measure more focused on the individual’s functions and biology, the concept of frailty has
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received special attention over the past years. In fact, frailty has
been indicated as a condition which may accurately capture the
homeostatic reserves of the organism and, as such, improve the
assessment of the risk profile. In other words, frailty might repre-
sent the new criterion for defining the individual as (biologically)
old and replace the obsolete age concept (2). Interestingly, this
change of paradigm might also support a more person-tailored
approach in the design of clinical interventions.

According to a commonly accepted definition, frailty is
defined as a medical syndrome characterized by a decrease of
functional reserve capacities, diminished strength, and endur-
ance. The consequence of this increased vulnerability is that a
frail person is more prone than a non-frail to develop negative
health-related outcomes, including decline in functional and
motor performance, prolonged length of hospital stay, insti-
tutionalization, rehospitalization, and mortality (2-4). Frailty
might thus be considered as the complex biological background
on which multiple protective and disruptive factors interact in
the determination of the clinical manifestations and negative
outcomes (2, 4). From a pathophysiological perspective, it is well
accepted that the physiological systems which are involved in
the determination of frailty, including brain, endocrine system,
immune system, and skeletal muscle, are mutually interrelated,
so that when decline starts in a given system, implications may
also regard the others. To support this, it has shown that the
number of abnormal systems is more predictive of frailty than
are the abnormalities in any particular system (4). Recently, to
explore the mechanistic relationship between aging, frailty, and
mortality, Rutenberg et al. developed a computational model in
which possible health attributes are represented by the nodes of
a complex network, with the connection showing a scale-free
distribution (1). Each node can be either damaged (i.e., a deficit)
or undamaged. The most connected nodes are the mortality
nodes; the next most connected nodes are frailty nodes that
broadly correspond to clinically or biologically significant health
characteristics. According to this model, individuals die when
mortality nodes are highly damaged. Nodes are damaged ran-
domly reflecting environmental influences, intrinsic features, and
their interactions (5). Through interactions, the rate of damage of
an individual node increases as more of its connected neighbors
are damaged. This model can explain why frail individuals are at
higher risk of vulnerability and mortality than robust ones, and
facilitates the initial understanding of the factors influencing the
health trajectories of older individuals (1).

Delirium is a transient neurocognitive disorder, characterized
by an acute onset and fluctuating course, inattention, cognitive
dysfunction, and behavioral abnormalities, which develops
in association with another underlying medical condition
(6). Sometimes, though not invariably, delirium presents with
behavioral disturbances, including sleep-wake cycle disruption,
psychotic symptoms, and agitation (7). It has been shown that
delirium complicates about one out of five hospital admissions
(8, 9), representing a clear burden for the patient as well as for
public health. Like frailty, delirium is independently associated
with a number of negative outcomes, including increased length
of hospital stay, elevated healthcare costs, accelerated cognitive
impairment, delayed or limited recovery of functional decline,

increased risk of institutionalization, and mortality (10-14). In
addition, delirium may cause patient and caregiver’s emotional
distress (15, 16). Although a single factor can cause it (e.g., infec-
tions), its pathogenesis is usually multifactorial (10), depending
on complex inter-relationships between predisposing and precipi-
tating factors acting on the substratum of biological vulnerability
(i.e., frailty). According to this view, delirium can thus be regarded
as a clinical consequence of frailty in older persons experiencing
stressful events. It is also important to mention that frailty and
delirium are expected to rise in their prevalence in the next years,
largely due to global aging of the populations worldwide.

In this review, we will summarize the existing evidence on
the relationship between the two conditions (i.e., frailty and
delirium), referring both to human and animal models.

COMMONALITIES AND DIFFERENCES
BETWEEN FRAILTY AND DELIRIUM

Frailty and delirium share several commonalities but also have
specific differences (Table 1). Both should be considered as
multifactorial health conditions, characterized by multiple risk
factors and causation which are not necessarily specific to a
given organ system failure. This notion is indirectly confirmed
by a growing body of evidence, from cardiology (17, 18) to
infectious disease medicine (19, 20), from oncology (21, 22) to
anesthesiology (23, 24), that these two conditions have a crucial
role in clinical and research areas. Both frailty and delirium share
many commonalities. In particular, they are both predictive of
several negative health-related outcomes, most of which might be
prevented by applying adapted and personalized interventions. A
common biological substratum between the two conditions can
also be suggested, possibly involving inflammation, endocrine
and vascular systems, and oxidative stress (25). However, since
both frailty and delirium find their biological roots in the aging
process, it might be hypothesized that the same mechanisms
responsible for the aging of the individual may become the
causes of the conditions of interest when abnormally enhanced/
stimulated by negative (endogenous or exogenous) stressors.

At the same time, frailty and delirium also differ in many
aspects. Frailty is the long-term result of a decline in the homeo-
static individual’s capacity across multiple physiological systems
and it is usually considered as the endpoint of the progressive
activity of corrosion exerted by chronic diseases during the
normal aging process. On the contrary, delirium is an acute
condition that occurs in response to a stressor (generally a medi-
cal problem) that may have a relatively rapid resolution, though
sometimes it can persist weeks or even months. Delirium can
be thought as an acute brain failure, reflecting the interaction
between a predisposing factor (i.e., brain vulnerability) and one
or more precipitating factor (i.e., the noxious insults), in which
the brain is not able to compensate. Frailty may thus represent the
ideal pabulum for the development of delirium, and delirium, on
its side, may represent the clinical manifestation of underlying
frailty in a patient suffering from an acute decompensation.

The relationship between frailty and delirium is even more
complicated than above depicted. From a clinical perspective,
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INTRODUCTION

Globally, the oldest-old population, variously defined as 80 or
85 years and older, has emerged as the fastest growing age seg-
ment, especially in developed countries. The oldest-old popula-
tion is projected to increase 151 percent between 2005 and 2030,
far outstripping the 21 percent increase for those under age 65
and 104 percent increase for those aged 54 years and above (2).
In line with this worldwide trend, the prevalence of the oldest-old
population in Singapore has grown exponentially from 4,500 in
1980 to over 27,800 in 2009 (3).

The prevalence of age-associated diseases such as dementia is
expected to mirror this worrying global demographic trend of
population aging, such that growth of dementia in the oldest-old
(DOO) is expected to exhibit a corresponding exponential rise
that far outstrips other age groups. Recent studies support this
assertion that the oldest-old represents the fastest growing popu-
lation with dementia. The WiSE study (4) conducted in Singapore
in 2013 showed that the prevalence of dementia was 10% in the
elderly population above 60 years of age and the likelihood of
dementia for those 85 years and above were 18.4 times higher
compared to those aged 60-74 years. A systematic review and
metaanalysis on the global prevalence of dementia reported that
18.7% of those between 85 and 89 years and 35.4% of those above
90 years of age in the South East Asian regions were estimated to
be affected by dementia (5).

This increase in DOO coincides with a dramatic decline in the
potential support ratio, namely persons aged 20-64 per person
aged 65 or older. Population projections for Singapore predict that
the potential support ratio will drop from 5.7 in 2015 to around
2.1 by 2030, with similar declines expected in most countries
worldwide (6). Because the growth in health-care professionals
trained in dementia care is unlikely to keep pace with this bur-
geoning demand, it is anticipated that the responsibility of caring
for persons with DOO will increasingly fall upon informal family
caregivers such as spouses, children, grandchildren, siblings, or
other relatives. As family is expected to be the primary source
of care going forward, especially in Asian populations, under-
standing the potential challenges faced by family caregivers of
dementia in oldest-old (CDOO) is, therefore, of great salience
and importance.

Caregivers of dementia in oldest-old are expected to be older
in age and are likely burdened with more concerns such as health
issues, family commitments, or financial constraint compared to
their younger counterparts. Furthermore, persons with DOO are
likely to require higher care needs, such that the caregiving role
can have deleterious impact on one’s physical and psychological
well-being. Despite this, the majority of research in caregivers
in dementia focuses on the younger old, and there is limited
literature that specifically pertains to CDOO and the caregiving
burden that they may experience relative to the younger-old age
group. For instance, the study by Liu et al. among Chinese adult
children taking care of their oldest-old parents was limited to
care recipients who were relatively cognitively well and did not
require much assistance in their activities of daily living (7). More
recently, Liu et al. reported that Chinese adult children experi-
ence strain from worry about performance when providing care

for their oldest-old parents (8). These results suggest that CDOO
may face unique challenges in their caregiving role, particularly
in Asian populations that are often heavily influenced by notions
of filial piety and obligatory care (9, 10).

In light of this, it is imperative that the study of caregiver strain
in DOO is approached from a multidimensional perspective as
opposed to solely assessing the total burden score, constituting
what is effectively a unidimensional approach. Caregivers with
an identical score may express difference aspects of burden (11);
while one may be affected by physical demands of care recipients,
other may be worried about his caregiving performance (9).
Recent studies suggest that the different dimensions of caregiver
burden as measured by the Zarit Burden Interview (ZBI) among
Chinese informal caregivers for dementia exhibit different
trajectories across the severity of dementia (12). Thus, using the
validated 4-facture structure proposed by Cheah et al. (1), we aim
to describe care recipient and caregiver characteristics, as well as
caregiver burden, in DOO compared to young-old (below 75 years
old) and middle-old (75-84 years old) individuals with dementia.
Our secondary objective is to compare the burden pattern across
the spectrum of disease severity among the three age-groups.

MATERIALS AND METHODS
Study Design and Participants

This is a cross sectional study involving 458 caregiver-patient
dyads of community dwelling older adults who were referred to the
Memory Clinic, Tan Tock Seng Hospital, Singapore from January
2010 to December 2011. The Memory Clinic is a tertiary referral
clinic within the Department of Geriatric Medicine that receives
referrals from polyclinics, family physicians, other restructured
hospitals, and other departments within Tan Tock Seng Hospital.
Patients are referred for assessment of cognitive and memory dif-
ficulties as well as behavioral issues without significant functional
limitations. The annual attendance at the Memory clinic in 2010
and 2011 were 500 and 943 new cases, respectively.

Our inclusion criteria were: (1) patients aged 55 years and
older with a Clinical Dementia Rating (CDR) global score of
>0 and with a diagnosis of mild cognitive impairment (MCI)
or dementia (13); (2) presence of a primary caregiver, defined as
the family member who was most involved in the provision of
daily care and familiar with the patient’s social and medical status;
(3) completion of the 22-item ZBI questionnaire. We excluded
caregivers who were non-family members (for example, domestic
helpers or friends), unable to understand the Chinese or English
language, or unable to complete the ZBI questionnaire. The study
was approved by the Institutional Review Board of the National
Healthcare Group. As this study involved the retrospective review
of medical records of patients attending the Memory clinic as part
of a registered database (TTSH/2008-0027), waiver of informed
consent was approved by the Institutional Review Board of the
National Healthcare Group.

Assessment
All participants underwent standardized assessment by a geri-
atrician and nurse clinician, blood investigations, neuroimaging
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and whenever relevant, psychometric assessment. A consensus
meeting was conducted to determine the diagnosis, etiology, and
staging of cognitive impairment based upon multi-disciplinary
inputs from the physician, nurse clinicians, and psychologist.
Dementia was diagnosed based on the Diagnostic and Statistical
Manual of Mental Disorders, Fourth Edition (DSM-1V) criteria,
and etiology classified using published international criteria
for dementia, as previously described (11). MCI was diagnosed
using the revised Petersen criteria (14). The severity of cognitive
impairment was rated using the locally validated clinical demen-
tia rating scale (CDR) (15). CDR 0 indicates no cognitive impair-
ment; CDR 0.5 designates either MCI or very mild dementia; and
CDRs 1, 2, and 3 indicate mild, moderate, and severe dementia,
respectively (16).

Measurements and Instruments

We collected baseline demographic data of care recipients and
their caregivers, including age, gender, ethnicity, and educational
level. We also collected information on caregiver characteristics
such as relationship and co-residence with care recipients.

We assessed cognitive performance using the locally validated
Chinese Mini-Mental State Examination (total score of 28) (17).
Functional status was assessed using the modified Barthel Index
(score 0-100) (18) and Lawton instrumental activities of daily liv-
ing (IADL) (score 0-23) (19). Neuropsychiatric symptoms were
assessed using the Neuropsychiatric Inventory Questionnaire
(NPI-Q); severity (20) and carer distress scores (21) were com-
puted separately. These assessments form part of the routine
clinical evaluation for all patients attending the Memory Clinic
and are routinely gathered and documented in the files.

Caregiver burden was assessed using the 22-item ZBI ques-
tionnaire, which was administered either in English or Chinese.
Each item was scored on a 5-point Likert scale, ranging from
0 = “never” to 4 = “nearly always,” yielding a total score ranging
from 0 to 88. We used the 4-factor structure reported by Cheah
et al., which accounted for 62.2% of the variance with good inter-
nal consistency (1): (1) factor 1: role strain from demands of care
and social impact on caregiver (40.6% of variance); (2) factor 2:
role strain from lack of confidence or control over the situation
(9.7% of variance); (3) factor 3: personal strain due to psychologi-
cal impact on caregiver (6.4% of variance); and (4) factor 4: worry
about caregiving performance (5.6% of variance).

Statistical Analysis

We performed descriptive and analytical statistics using SPSS
(version 21.0; SPSS Inc., Chicago, IL, USA). All tests were
2-sided and the level of significance set at 0.05. We categorized
caregiver-patient dyads into three groups based upon the age of
the care recipient: young-old (aged below 75 years), middle-old
(aged between 75 and 84 years), and oldest-old (aged 85 years
and above). We compared the characteristics of care recipients
and caregivers between the three age groups, as well as ZBI total
and factor scores stratified by relationship with care recipient.
We conducted X* test for categorical variables and one-way
analysis of variance (ANOVA) with post hoc comparison cor-
rected for the Turkey HSD test was used for continuous variables.
We further performed two-way ANOVA to ascertain the effect

of age group by disease severity interaction on caregiver burden
(ZBI total and individual factor scores).

RESULTS

Characteristics of Caregiver-Patient

Dyads

Our final sample of 458 caregiver-patient dyads was predomi-
nantly of Chinese ethnicity (Table 1). The mean age of care recipi-
ents was 76.5 years (SD 7.4 years) with 59% of female gender.
Alzheimer’s dementia was the major etiology (46.7%), followed by
other dementias (i.e., not vascular dementia nor mixed dementia)
(18.6%), vascular dementia (17%), and mixed dementia (6.1%).
About half of the recipients were rated CDR 1 (44.3%) followed

TABLE 1 | Characteristics of caregiver and care recipient dyads.

Care recipients Caregivers
n =458 n =458
Demographics
Age 765+ 7.4 53.8 +13.5
Female gender, n (%) 270 (59) 287 (62.7)
Ethnicity, n (%)
Chinese 409 (89.3)
Malay 29 (6.3)
Indian 14 (3.1)
Others 6(1.3)
Years of formal education 4.8+ 4.6 11+45
Relationship with care recipients, n (%)
Spouse 139 (30.9)
Adult children 295 (64.5)
Others 20 (4.4)
Living with care recipient, n (%) 351 (76.6)
Disease characteristics
Dementia type, n (%)
Alzheimer’s dementia 214 (46.7)
Vascular dementia 78 (17)
Mixed dementia 28 (6.1)
Others 85 (18.6)
Global CDR score, n (%)
CDR 0.5 (mild cognitive impairment) 55 (12)
CDR 0.5 (very mild dementia) 58 (12.7)
CDR 1 (mild dementia) 203 (44.3)
CDR 2 (moderate dementia) 127 (27.7)
CDR 3 (severe dementia) 15(3.3)
CMMSE (range 0-28) 16.6 +6
BADL (range 0-100) 92.8 +36.7
IADL (range 0-23) 121 +59
Behavioral symptoms
NPI-Q severity (range 0-36) 56+5
NPI-Q distress (range 0-60) 58+7.2
Caregiver burden—ZBI scores
Total ZBI (range 0-88) 250+17.4
Factor 1 (range 0-36) 121 +8
Factor 2 (range 0-20) 3.7+43
Factor 3 (range 0-24) 6.2 +53
Factor 4 (range 0-8) 31+24

Mean (SD) unless otherwise stated.

BADL, Barthel index of Basic Activities of Daily Living; CDR, clinical dementia rating;
CMMSE, Chinese Mini Mental Status Examination; IADL, Instrumental Activities of Daily
Living; NPI-Q, Neuropsychiatric Inventory Questionnaire; ZBI, Zarit Burden Interview.
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by CDR 2 (27.7%), CDR 0.5 dementia (12.7%), and MCI (12%)
and CDR 3 (3.3%).

The mean age of caregivers was 53.6 years (SD 13.5 years) and
majority were daughters (42.4%), followed by spouses (30.3%) and
sons (22.1%). The majority of caregivers (76.6%) resided with the
care recipient. The NPI-Q severity and distress mean scores were
5.6 (SD 5), and 5.8 (SD 7.2), respectively. The mean ZBI scores
are: total ZBI, 25 (SD 17.4); factor 1, 12.1 (SD 8); factor 2, 3.7 (SD
4.3); factor 3, 6.2 (SD 5.3); and factor 4, 3.1 (SD 2.4), respectively.

Care Recipient Characteristics

There was no difference in gender or ethnicity across the age
groups (Table 2). Compared with the other two age-groups,
care recipients with DOO are older (P < 0.01), more likely to be
female (P < 0.05), and have lower educational level (P < 0.01).

TABLE 2 | Comparison of care recipient and disease characteristics.

Young-old Middle-old Oldest-old P-value
<75years 75-84years >85years
n =155 n =246 n =57
Age of care recipients 68.5+5 789+ 27 88+27°° <0.01
Female gender, n (%) 90 (58.1) 136 (65.9) 44 (77.2) 0.01
Ethnicity, n (%)
Chinese 137 (88.4) 221(89.8) 51 (89.5) 0.56
Malay 13 (8.4) 15 (6.1) 1(1.8)
Indian 4 (2.6) 5(2) 5(8.8)
Others 1(0.6) 5(2) 0(0)
Years of formal education 5.8 + 4.7 4.6+4.7° 3.4 +4.6° <0.01
Primary diagnosis, n (%) 0.626
Alzheimer’s dementia 66 (51.6) 121 (53.8) 27 (561.9)
Vascular dementia 23 (18) 42 (18.7) 13 (25)
Mixed dementia 13(10.2) 13(5.8) 2(3.8)
Others 26 (20.3) 49 (21.8) 10 (19.2)
Global CDR score 2711 3.1+0.9° 3.3+1.0° <0.001
Clinical staging, n (%) 0.004
Mild cognitive 28 (18.1) 22 (8.9) 5(8.8)
impairment
Very mild dementia 25 (16.1) 27 (11) 6 (10.5)
Mild dementia 68 (43.9) 116 (47.2) 19 (33.3)
Moderate dementia 29 (18.7) 75 (30.5) 23 (40.4)
Severe dementia 5(3.2) 6 (2.4) 4.(7)
CDR sum of boxes 54 +389 6.4+38 8.03+4.7°¢ <0.01
Cognitive status
CMMSE (0-28) 178+6.3 16.1+5.72 15 +6.4° 0.003
Functional status
BADL (0-100) 936+ 136 912+163 97.7+96.3 0.461
IADL (0-23) 139+58 11.7+56% 8.7 +54°  <0.001
Behavioral symptoms
NPI-Q severity score 5.6 £5.1 55+49 56+53 0.943
(0-36)
NPI-Q carer distress 57+7 56+3 6.7 +£8.7 0.78
score (0-60)

Values are reported as mean + SD or frequency (%) unless otherwise stated.

Post hoc comparison with Turkey HSD test (P < 0.05).

@Young-old vs middle-old.

PYoung-old vs oldest-old.

cMiddle-old vs oldest-old.

BADL, Barthel index of Basic Activities of Daily Living; CDR, Clinical Dementia Rating;
CMMSE, Chinese Mini Mental Status Examination; IADL, Instrumental Activities of Daily
Living; NPI-Q, Neuropsychiatric Inventory Questionnaire.

Alzheimer’s disease was the predominant etiologic diagnosis for
all three groups. Care recipients in the young-old groups was
more likely to present at earlier stages such as MCI (18.1%) or CDR
0.5-1 dementia (60%); in contrast, close to half (47.4%) of DOO
patients presented with CDR 2-3 moderate-to-severe dementia.
DOO patients also scored lower on the CMMSE (P = 0.003) and
were more impaired in IADL (P < 0.01) although less impaired
in BADL. Though the NPI-Q severity score was similar across
the three age groups, NPI-Q carer distress score was higher in
the DOO group.

Caregiver Characteristics and Burden
Compared with the younger-old age groups, CDOO were older
in age (P < 0.01), and were mainly adult children (daughters
followed by the sons) or others, compared with spouses and
daughters in the younger-old age groups (Tables 3 and 4). When
caregiver age was stratified by relationship, adult-child CDOO
were older compared with the other two age groups. Spousal
CDOO also tended to be older compared with the young-old age
group (72.0 vs 64.6 years), although the converse was true for
non-spousal non-children CDOO (58.0 vs 47.6 years).

In addition, CDOO expressed higher caregiver stress with
higher total ZBI, role strain/demands, role strain/control, and
personal strain (all P-value P < 0.05). In contrast, there was no
difference in worry about performance across the three groups.
When stratified by relationship, spousal CDOO endorsed higher
ZBI total score and all factor scores with the exception of worry
about performance; however, these results were not statistically
significant, possibly due to small numbers (N = 3) in the spousal
CDOO group. For adult-child CDOO, there is also a trend for

TABLE 3 | Comparison of caregiver characteristics.

Young-old Middle-old Oldest-old  P-value
<75years 75-84years >85years
N =155 n =246 n =57
Age, overall group 50.4 +14.3 552 +13.4* 56.8+10° <0.01
Spouse 64.6 +7.1 729 +8.12 720+9.6 <0.01
Daughters 400+ 7.5 48955 56.5+7.1°¢ <0.01
Sons 39.4+8 483+ 6.5° 57.5+6.2°¢ <0.01
Others 58.0+0 46.6 +21.4 47.6 + 20 0.783
Female gender, n (%) 96 (64.4) 152 (67.9) 39 (69.6) 0.707
Relationship with care <0.01
recipient, n (%)
Spouse 65 (42.8) 71(29) 3.3
Daughters 55 (36.2) 105 (42.9) 34 (59.6)
Sons 30 (19.7) 56 (22.9) 15 (26.3)
Others 2(1.3 13 (6.9) 5(8.9)
Living with care 129 (86) 181 (79.7) 41 (78.2) 0.087
recipient, n (%)
Years of formal 11.1+48 10.8+45 11.2+42 0.889

education

Values are reported as mean + SD or frequency (%) unless otherwise stated.
Post hoc comparison with Turkey HSD test (P < 0.05).

aYoung-old vs middle-old.

PYoung-old vs oldest-old.

°Middle-old vs oldest-old.
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TABLE 4 | Comparison of Zarit Burden Interview (ZBI) total and factor scores
across the three age groups stratified by relationship.

All subjects Young-old Middle-old Oldest-old P-value
<75years 75-84 years >85 years

n =155 n =246 N =57
Total ZBI (range 0-88) 22,9 +16.8 251 +17.1 30.5+19.2¢  0.017
Factor 1 (0-36) 11+79 122+79 14.3 +£8.3° 0.025
Factor 2 (0-20) 3.2+39 3.7+42 52 +5.13  0.008
Factor 3 (0-24) 5.7 +5.1 6.1 +5.2 79+58% 0.018
Factor 4 (0-8) 3+25 32+23 31+24 0.876
Spouses N =65 n=71 n=3
Total ZBI (range 0-88)  20.8 + 16.3  19.7 + 18.2 35+20.3 0.324
Factor 1 (0-36) 106 +8 10.2+8.3 17.3+8.5 0.328
Factor 2 (0-20) 24 +3 28+4.1 56+6 0.319
Factor 3 (0-24) 51+5 45+53 9.3+5.7 0.268
Factor 4 (0-8) 26+29 22+25 26+23 0.576
Daughters N =55 n=105 n=234
Total ZBI (range 0-88)  24.5 + 16 27.9+16.3 30.1 =19 0.277
Factor 1 (0-36) 11.8+7.9 133+75 14.3+8.3 0.276
Factor 2 (0-20) 3.3+35 41+42 53+5.1 0.092
Factor 3 (0-24) 59+561 6.8 +5.1 75+£5.9 0.356
Factor 4 (0-8) 3.6+23 3.7+22 3.1+23 0.379
Sons N =30 n=>56 n=15
Total ZBI (range 0-88)  24.7 +17.4 27.01 + 16.1 31.8 + 21 0.429
Factor 1 (0-36) 106+7.2 12.8+7.7 145+9 0.252
Factor 2 (0-20) 44 +5 4+42 55+58 0.557
Factor 3 (0-24) 6.4+ 4.9 6.6 +4.8 9.1 +6.1 0.204
Factor 4 (0-8) 3.3+20 3.7+20 28+25 0.339

Post hoc comparison with Turkey HSD test (P < 0.05).
2Young-old vs oldest-old.
bMiddile-old vs oldest-old.

higher total, role strain, and person strain scores, albeit not
statistically significant. In contrast, worry about performance
was lowest in CDOO compared with the other two age groups.
Adult-son CDOO also showed higher factor three scores
(psychological impact from caregiving) than adult-daughter
CDOO though this difference was not statistically significant by
independent sample ¢-test.

Effect of Disease Severity on Caregiver

Burden

Two-way ANOVA revealed that there was no statistically sig-
nificant interaction between age group and disease severity for
ZBI total and factor scores. Examination of the graphical plots
yielded interesting insights about how the trend of burden scores
across disease severity for DOO differs from the younger-old age
groups. For instance, ZBI total score was highly endorsed among
CDOO in MCI and very mild dementia and progressively
increased with disease severity to merge with the curves for the
other age groups (Figure 1A). A comparable trend was noted
for factors 1-3. In contrast, for factor 4, a reverse pattern was
noted with CDOO endorsing the lowest score in the MCI stage
(Figure 1B). Factor 4 scores subsequently increased with demen-
tia severity to merge with the curves for the other two groups.

DISCUSSION

To our knowledge, this is the first study to shed light on the
unique challenges faced by caregivers of the oldest-old care
recipients with dementia, who tend to present at more severe
stages of dementia and are more cognitively and functionally
impaired. An earlier Chinese study of oldest-old caregivers was
limited to care recipients who were cognitively well and required
less assistance in basic and IADL (7, 8). An added strength of our
study is the use of a multidimensional approach to illuminate the
pattern of caregiver burden by relationship and across the severity
of cognitive impairment. Our results reveal that CDOO are older
and typically an older adult-child or a younger non-spousal/
non-child family member. Compared with their counterparts
looking after the middle-old and young-old age groups, CDOO
experience higher caregiver burden in the domains of role strain
and personal strain but not worry about performance, even in the
earliest stages of MCI and very mild dementia.

Our study affirmed the fact that relative to caregivers look-
ing after the younger-old with dementia, CDOO experienced
greater overall burden, increased demands, and lack of control
over situation leading to role strain, and the psychological
impact of personal strain. Notably, CDOO endorsed higher
stress from behavioral symptoms even with comparable severity
of behavioral symptoms, alluding to how the strain of caregiv-
ing may have affected their appraisal of the stress arising from
behavioral symptoms. As individuals with dementia survive into
the oldest-old age group, the fewer the number of spouses who
remain as the primary caregiver and the more likely that older
adult children take over this role. In a predominantly Chinese
Asian society such as ours, adult-child CDOO may be thrusted
into the caregiving role as there are social expectations to care
for elderly family members, and filial piety is a core value in
Chinese culture. Being generally older and approaching the age
of retirement, adult-child CDOO may struggle even more if
they have not yet made adequate arrangements for their jobs,
their families, and post retirement financial security, or have
concomitant health issues. Pearlin et al. reported that two types
of role conflicts may appear in adult-child caregivers: one is the
conflict between the caregiver role and the roles in their nuclear
family, such as spouse and parent; the other one is the conflict
between the caregiver role and their roles in the workplace,
such as employer or employee (22). Zhan also reported that
caregivers who assisted with mostly instrumental care reported
greater levels of emotional and relational frustration (23). It is,
therefore, not surprising that adult-child CDOO who are often
unprepared for their transition into the caregiving role with
increased demands of providing assistance in instrumental ADL
and physical care and coping with dementia behaviors, experi-
ence the resultant emotional and relational strain arising from
the caregiving role.

Our study also highlighted the differences in burden pattern
among spousal and adult-child CDOO. Both groups endorsed
endorsed higher ZBI total score and factor 1-3, although the
scores are higher in spousal than adult-child CDOO. This
observed trend might be due to factors such as closer relation-
ship of spouses with care recipients (24), co-residence with
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care recipients, and concomitant health and physical ailments,
leading to a greater degree of perceived stress when providing
long-term care (25). Comparing between the children relation-
ships, adult-son CDOO endorsed higher factor 3 score compared
to their daughter counterparts. This may be attributable to the
psychological impact arising from risk of role overload from
conflicting responsibilities. Because sons are generally more
esteemed than daughters in more traditional Chinese families,
adult-son CDOO may be expected to play a leading role in care
provision for their aged parents, and this in turn can create psy-
chological strain if they feel sandwiched between this caregiving
role on top of their work and family commitments (11, 26).

In addition, our study identified that the higher overall
burden among CDOO is accounted for by role and personal
strain. Contrary to the findings of Liu et al. (8) that the adult-
child caregiver experience significant burden from worry
about performance, the adult-child CDOO (both daughters
and sons) in our study paradoxically experience lower worry
about performance compared with the younger-old age groups.
Worry about performance is self-appraisal of their caregiving
performance, which encompasses both positive and negative
valences (27). On the positive end, caregivers may have positive
perceptive of their capability to take good care of their family
member with dementia. Conversely, worry about performance
may signify negative feelings of inadequacy and self-criticism
leading to guilt and shame (9). It is, therefore, important to
consider the difference in context between the two studies
when interpreting the seemingly discrepant findings. Liu et al.
(8) examined elders who were cognitively well and required less
assistance in basic and IADL, hence their adult-child caregivers
would naturally “worry” how they can take better care of their
parents to maintain the overall good health. In contrast, our
study involved oldest-old care recipients who present at more
advanced stages of dementia with increased physical and emo-
tional care needs. Having to juggle multiple competing stressors
such as personal health, family commitments, and financial
issues on top of their caregiving role, adult-child CDOO not
surprisingly experience role and personal strain while having
a lower predilection for worry about performance stress. Our
results, therefore, corroborate the findings of Lim et al. that in
the context of dementia, younger age is the most important
predictor of worry about performance stress even amongst
adult-child caregivers (9).

Indeed, caring of frail elderly individuals with dementia can
be challenging causing both physical and mental health problems
in caregivers, yet, the responsibilities of caring for DOO will still
fall upon the informal caregivers. So, it is vital to provide caregiver
support interventions to reduce the burden faced by CDOO.
Support at the individual level can be beneficial in reducing physi-
cal and psychological burden of caregiving. Interventions such as
creating network for caregiver support, respite care arrangement,
counseling on coping abilities and financial support can reduce
caregiving burden and improve caregiving abilities in this vulner-
able group of DOO patient—caregiver dyads.

Several limitations are worth highlighting. First, because this
is a cross sectional study, reverse causality cannot be excluded.

Further longitudinal studies will be required to affirm the find-
ings. Second, our study sample of oldest-old care recipients is
relatively small; hence the results of our exploratory study need
to be further verified in larger study populations. Third, our
study population of patients with milder severity of dementia of
predominantly Chinese Asian ethnicity may limit the generaliz-
ability of our findings to other socio-cultural context. Fourth, we
excluded friends or employed caregivers who may experience dif-
ferent patterns of burden compared to family caregivers. Future
studies should examine the impact on psychological well-being
by examining outcomes such as depression, anxiety, and quality
oflife. Finally, we did not collect data on certain variables that can
influence the severity of caregiver stress and burden pattern, such
as the duration of caregiving and the number of caregivers who
are involved in the care.

In summary, our study demonstrated the unique burden
faced by the caregivers of the oldest-old with dementia, who
were mainly older adult children experiencing significant role
and personal strain but not worry about performance from look-
ing after their family members with more impaired cognition
and physical function. Although this unique pattern of caregiver
burden is generally independent of disease severity, overall
burden, role strain, and personal strain are already high in the
early stages of cognitive impairment, and increases further as the
disease progresses. The results of our exploratory study provide
insight, which paves the way to address the unique burden faced
by this vulnerable group of caregivers through individualized
interventions that target coping resources and stressors to
increase caregiving mastery, which acts as a buffer against the
deleterious impact of role and personal strain from the caregiv-
ing role (28).
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The objectives of this article are as follows: (1) to describe the assessment protocol
used to outline people with probable dementia in Primary Health Care; (2) to show the
methodological design and procedure to obtain a representative sample of patients with
probable dementia; and (3) to report the main characteristics of the sample collected in
the context of the study “Characteristics and needs of people with probable dementia.”
The study protocol was based on the “Community Assessment of Risk and Treatment
Strategies (CARTS) Program” and is composed by a set of instruments that allow the
assessment of older adults with probable dementia in several areas (health, psycho-
logical, functionality, and other). Descriptive analysis was used to characterize the final
sample (n = 436). The study protocol as well as the methodological procedure to obtain
the referral of research participants and data collection on the condition of people with
probable dementia in Primary Health Care proved to be a valuable tool to obtain a sam-
ple of patients distributed by the full range of probable dementia in a large geographical
area. Results may allocate the design of care pathways for old people with cognitive
disorders to prevent, delay impairment, and/or optimize quality of life of patients.

Keywords: caregivers, cognitive decline, dementia, old people, primary care

INTRODUCTION

The Portuguese Census 2011 (1) showed that in Portugal 19.1% of the total population (n = 2,010,064)
was aged 65 or plus. According some projections, this population will increase, with the group age
80 + reaching the 15% in 2060 (2).

Presently little information is known in Portugal about the needs of the old people with probable
dementia and their informal caregivers. Nunes et al. (3) estimated that the prevalence of cognitive
impairment and dementia in Portuguese people living in the north of the country were 16.8 and
2.1% in rural areas, and 12 and 2.7% in urban areas, respectively; the majority of the reported cases
were related with cerebrovascular diseases and vascular risk factors (48%). A more recent study (4)
revealed that the prevalence of dementia/Alzheimer’s disease was 5.91% in the Portuguese popula-
tion with 60 or more years old. Considering the international context, the prevalence of dementia
estimated by the World Health Organization (WHO) in South Europe increases with age, varying
between 0.026% for individuals aged 65-69 years and 0.324% for those aged 85+ years (5). In addi-
tion, it will be expected an increase in the number of people with dementia, doubling by 2030 and
tripling by 2050. These numbers have a high impact in the quality of life of the people and in the
economy of the families and communities, representing one of the highest challenges/priorities of
public health offices/professionals.
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Screening of Dementia in Portuguese Primary Care

Early detection of probable dementia is very important, and
it appears to be under diagnosed by general practitioners (GPs).
Nevertheless, GPs are well positioned to notice the possible
cognitive decline of their patients and can be a major potential
source for increasing the rate of case detection [e.g., Ref. (6, 7)].
In a Finnish population based study, Lopponen et al. (8) found
less than 50% of the patients with dementia with a diagnosis
documented in primary care; the existence of diagnosis increased
in more advanced stages of dementia.

High levels of poverty need to be considered in the topic of
dementia (9-11) and must be addressed together with cultural
aspects in the Portuguese context, namely, the low educational
levels. This cross-sectional study has a main objective to draw a
physical and mental health profile of the old people with demen-
tia living in the north of Portugal and to understand their risk
situation to further planning adequate responses and services for
this specific population.

The main objectives of this article are as follows: (1) to describe
the assessment protocol used to outline people with probable
dementia in Primary Health Care; (2) to show the methodo-
logical design and procedure to obtain a representative sample
of patients with probable dementia; and (3) to report the main
characteristics of the sample collected in the context of the study
“Characteristics and needs of people with probable dementia”

MATERIALS AND METHODS

Participants

The population of this study was defined as Portuguese
people with 65 years and over, living in the community in the
geographical area covered by the Portuguese North Regional
Health Authority (ARS North) with mental health concerns.
The geographical area is composed by 86 municipalities, which
are organized in 24 Associations of Health Centres (ACES). The
inclusion criteria were as follows: (a) outpatient of a health-care
units integrated in an ACES covered by the ARS North and
(b) age 65 or + years old. The exclusion criteria were as follows:
(a) patient not using a primary health-care unit covered by the
ARS North; (b) age less than 65 years old; (c) living in nursing
home, hospital or psychiatric institution; and (d) absence of
memory concerns [patients classified in stage 1 of the Global
Deterioration Scale (GDS) (12, 13)].

Sample

Based on the distribution of Portuguese population with 65+
years old (1) and on the prevalence of dementia in the Western
Europe predicted by the WHO (5), an estimate of Portuguese
population with dementia by age groups is presented in Table 1.

The sample size, calculated for each age group, was considered as
1% of the estimated population with dementia. 572 participants
with probable dementia compose the final sample. Table 1 the
sample size calculation (total and by age group) according the
prevalence of dementia.

Measures

The study protocol was based on the “Community Assessment
of Risk and Treatment Strategies (CARTS) Program” developed
in the University College Cork, Ireland (14). The study protocol
includes instruments divided in three main parts: Part A: assess-
ment of the patient with probable dementia; Part B: assessment
of the patient with probable dementia by the health professional
(GP or nurse); Part C: evaluation of the informal caregiver of the
patient with probable dementia (if available). Table 2 resumes
the domains evaluated and the instruments used in each part of
the study protocol.

Mini-Mental State Examination (15, 16) is widely used for cog-
nitive decline screening and is composed by 19 questions divided
in 6 domains. The final score vary between 0 and 30. GDS (12, 13)
is used to classify individuals with cognitive decline according
to a scale of seven points: 1. Without cognitive decline; 2. Very
mild cognitive decline; 3. Mild cognitive decline; 4. Moderate
cognitive decline; 5. Moderately severe cognitive decline;
6. Severe cognitive decline; and 7. Very severe cognitive decline.
AB Clinician Depression Screen (17) is a brief version of the
Geriatric Depression Scale and is composed by five dichotomist
questions (yes/no). The final score vary between 0 and 5, and indi-
viduals with a score equal or higher to 3 present high probability
of depression. Timed “Up and Go” (18) is a simple test used to
assess a person’s mobility, using the time that a person takes to rise
from a chair, walk 3 m, turn around, walk back to the chair, and sit
down. Malnutrition Universal Screening Tool (19, 20) is a five-step
screening tool to identify adults at risk of malnutrition or obese.
The final score vary between 0 and 6, considering three categories:
0. Low risk; 1. Moderate risk; and >2. High risk. Short-Form Mini
Nutritional Assessment (21, 22) is a valid nutrition screening and
assessment tool that can identify patients who are malnourished
or at risk of malnutrition and consist in six questions. The score
vary between 0 and 14 and a score equal or higher to 11 is indica-
tor of possible malnutrition. Bedside Swallow Assessment allows
the evaluation of swallowing after sitting the people in a right
posture and asking the person to drink 30 ml of water. Three
criteria were recorded and the final score of the test corresponds
to the number of observed criteria: 1. No criteria; 2. Presence of
1 criterion; 3. Presence of 2 or more criteria. Handgrip strength
is evaluated using a dynamometer considering four attempts,
two in each hand. The final score correspond to the mean of the
highest values. Exhaustion is evaluation considering a dichotomy

TABLE 1 | Sample size calculation (total and by age group) according the prevalence of dementia.

65-69 years 70-74 years 75-79 years 80-84 years 85+ years Total
Population 180,352 150,687 136,275 97113 72,399 636,826
Prevalence of dementia 0.026 0.043 0.074 0.129 0.324 -
Estimated population with dementia 4,689 6,480 10,084 12,528 23,457 57,238
Final sample (1%) 47 65 101 125 235 572
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TABLE 2 | Study protocol: domains and instruments used in each part.

Part A
A1. Sociodemographic Sex Infrastructures accessibilities
questionnaire Age Formal care
Education level Informal care
Profession Use of health services
Marital status Medication
Household Health subsystem

Residence context
Type of residence

Health expenditures

A2. Cognition Mini-Mental State Examination (15, 16)

Global Deterioration Scale (12, 13)
AB Clinician Depression Screen (ABCDS) (17)

Timed “Up and Go” (18)

Malnutrition Universal Screening Tool (19, 20)
Short-Form Mini-Nutritional Assessment (21, 22)
Bedside Swallow Assessment

Handgrip strength

Exhaustion

Physical activity

Tobacco and alcohol consumption

Whispered Voice Test (23)

Snellen Test (24)

A3. Depression

A4. Biobehavioral aspects

Part B
B1. Physical health

Older Americans Resources and Services (25, 26)

B2. Adverse events The Community Assessment of Risk Tool (14)

Part C

C1. Caregiver burden Caregiver Burden Score (27)

ABCDS (17)

C2. Depression

C3. Mental health Neuropsychiatric Inventory Questionnaire (28, 29)

question (yes/no) “In the last month, do you feel that you had very
little energy to do the things you wanted to do?” Physical activity
frequency evaluated using a four-point question: 1. >1/week;
2. 1/week; 3. 1-3/month; and 4. Almost never or never. Alcohol
and tobacco consumption evaluated considering a set of questions
about quantity, duration, and type. Whispered Voice Test (23)
evaluate the audition and Snellen Test (24) the vision The physical
health dimension of the Older Americans Resources and Services
(25, 26) comprises a checklist of 16 diagnoses. The Community
Assessment of Risk Tool-CART (14) evaluates the perceived risk
of three adverse events: institutionalization, hospitalization and
death. Caregiver Burden Score (27) assess the caregiver burden
and score vary between 0 and 30. Score equal or higher to 15
is indicator of burden. Neuropsychiatric Inventory Questionnaire
(28, 29) is a brief version of the Neuropsychiatric Inventory and
allows the evaluation of psychopathology in dementia and its
repercussion on the caregiver’s overload. For each symptom, it
evaluates the presence (yes/no), severity (1. Low; 2. Moderate;
and 3. Severe) and caregiver distress (0. Not at all; 1. Minimally;
2. Mildly; 3. Moderately; 4. Severely; and 5. Very severely or
extremely).

Ethical Procedure
The study was submitted to the ethical committee of the ARS
North—procedure number 6/2014 and approved at 7 January

2014. All the participants signed the informed consent form that
was developed according the Declaration of Helsinki.

Data Collection
The data collection started in 2014 January and ended in 2016
April. Figure 1 shows the data collection’s flowchart.

The first step consisted in the contact with the 24 ACES to
obtain the authorization to do the study. All ACES had accepted
to participate.

The second step consisted in contacting at least two health-
care units of each ACES with health professionals presenting
interest in participating in the study. The health professional had
as main responsibility filling in the screening instrument regard-
ing the identification of people at risk of adverse health outcomes,
namely, mental health concerns. The instrument used was the
Risk Instrument for Screening in the Community (30), which is
a new risk instrument for screening of old people. Based on the
information about the patient, the health professional classified
the patient in three different domains (mental health, ADLs,
and physical/medical health) in a perceived risk scale (from 1.
Minimum risk to 5. Extreme risk) for the following three adverse
events: hospitalization, institutionalization, and death. All health
professional involved in this step received training to use this
instrument by the investigators and the sessions took place in the
health-care unit facilities. In this screnning, 55 health-care units
were enrolled, with the participation of 285 health professionals
who filled 7,298 valid screenings.

In the third step, and based on this screening and consider-
ing only patients with mental health concerns (n = 2,734), the
sample was calculated using the stratified probability sampling
method, considering sex, age groups, and ACES as strata. The
technique used to extract patients for the sample was the lottery
technique. Each patient with mental health concerns received a
random number. The patients who received the higher numbers
were invited to participate in the study, until all planned quotas
were completed.

The health-care office contacted the selected patients, explaining
the purpose of the study; if the patients agreed to participate they
were further referred to the research team. In a second moment,
the interviewers contacted the patients to schedule the interviews
according to their availability. A limit of four contacts was fixed
until a patient was withdrawn. In these situations, if available,
another patient with similar conditions of the previous one was
selected, according the sampling method described earlier.

The majority of the interviews were done in the health-care
units (79.6%), in an appropriate local where confidentiality
was guaranteed. If it was impossible to do the interview in the
health-care unit, the interviews were completed at patients’
home (19.9%). The main reason for the interviews to take place
at home was the incapacity of the patient due to being bedridden
or presenting low mobility. In the first moment of the interview,
the patient was informed about the conditions of participation
in the study, with the opportunity to clarify doubts. In order to
formalize the interest of the patient in participating in the study,
a personal Informative Consent was signed. If the patient did not
have cognitive capacity, the signature of the consent was required
to his/her legal representative.
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Contact with ACES
(24 ACES)

Contact with healthcare units
(55 health care units)

(285 health professionals)

Contact with health professionals

Screnning of patients with 65+

(7298 valid screenings)
| |

FIGURE 1 | Data collection’s flowchart.

Without mental health concerns With mental health concerns
(n=4564) (n=2734)
|
Sampling
(n=572)
| |
| | 1
Not agree to participate Agree to participate
(n=68) (n=504)
1 1 1
Excluded Included
(n=68) (n=436)
Partl A
(n=436)
Part B
(n=249)
PartC
(n=121)

The study protocol took on average 45 min to complete. If the
informal caregiver was present, the interviewer asked him/her to
fill the Part C. After the interview, the health professional (GP or
nurse) complete the Part B.

Regular meetings occur between the interviewers and the
coordinator of the study with the purpose of supervising and
monitoring of the data collection. The planning of data collection,
the discussion of cases and the analysis of problems related with
the scoring of the scales included in the study protocol were the
main aspects discussed in the meetings.

The final sample comprised 436 patients with probable
dementia. The ratio of execution was 76.2%. The observed differ-
ences between the expected and collected samples are associated
with some constrains related with the data collection, namely,
difficulties/mistakes in the referral of cases and the high number
of refuses to participate in the study (Figure 1).

Statistical Analysis

Given the presence of non-response related with the data collection,
some groups were over- or underrepresented. A weighting adjust-
ment procedure was implemented considering the projections
of the population distributed by sex and age groups for 2012 (2).
Descriptive analysis of the final weighted sample was performed to
obtain a sociodemographic description of this population.

RESULTS

The sociodemographic characteristics of the sample (N = 436) are
presented in Table 3. The sample included mostly women (58.7%).
The mean age was 75.2 years old (SD = 7.2 years old). The education
level with higher representation was primary level (1-4 years), and a
relevant percentage of the sample was illiterate (21.0%). Sixty-one
percent were married/living with partner, 93.3% had children and
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TABLE 3 | Sociodemographic characteristics of the sample.

Sociodemographic characteristics N %
Sex 436
Male 41.3
Female 58.7
Age 436
Years, mean (SD) 75.2(7.2)
Education level 434
Iliterate 21.0
1-4 years 69.7
5-6 years 4.5
7-9 years 2.1
10-12 years 1.9
>12 years 0.8
Marital status 435
Single 5.9
Married/lived with partner 60.9
Separated/divorced 4.5
Widowed 28.7
Children 316
No 6.7
Yes 93.3
n, mean (SD) 3.4 (2.3
Grandchildren 242
No 16.2
Yes 83.8
n, mean (SD) 3.9 (3.6)
Living arrangement 432
Alone 16.7
Partner 62.9
Children 33.6
Other relative 21.2
Other 1.1
Context 416
Rural 47.9
Urban 52.1
% 50
4E 43.3
40
35 29.5
30
25
20
i 13.3
10 45 41 5.4
5 ! | |

Very mild Mild Moderate Moderately  Severe  Very severe

cognitive  cognitive  cognitive severe cognitive  cognitive
decline decline decline cognitive decline decline
decline

FIGURE 2 | Distribution of the sample according to the stage of the GDS
scale.

83.8% had grandchildren. The majority of the patients lived with
a spouse or partner, with an expressive percentage living alone
(15.7%). The distribution of people by urban/rural contexts was
balanced (52.1% in urban areas and 47.9% in rural areas).

The distribution of the sample according to the stage of the
GDS scale is presented in Figure 2. Forty-three percent of the
sample was classified with mild cognitive decline, followed by
29.5% classified as very mild cognitive decline, and 13.3% as

moderate cognitive decline. The most severe stages included 14%
of the sample, with the stage “very severe cognitive decline” reach-
ing 5.4%. In the group of people evaluated by the GP (N = 249),
39% had a formal diagnosis of dementia.

CONCLUSION

The research design covering a large geographical area and the
high participation of GPs in pre-screening patients from where
the random sample was extracted are the main strengths of this
study. The participation rate of GPs in the second phase of patients’
assessment is the major limitation. The complex methodological
process to obtain data on probable dementia patients in primary
care, described earlier reflects the difficulty to tackle dementia
in Primary Health-Care Services. Nevertheless, this procedure
may configure a pathway of care that ultimately saves time and
financial resources to GPs, preventing the comprehensive assess-
ment of older patients that are not at risk of developing dementia.

The study protocol proved to be a valuable tool for a com-
prehensive assessment to identify patients and characterize their
health needs and staging the cognitive decline. Based on GDS, the
distribution of patients by different levels of probable dementia
corroborate the findings of Lopponen et al. (8) and Prince et al.
(31) for developed countries.

The enrollment of the primary health-care team and of the primary
caregivers in the research facilitates the access to relevant data and
mobilizes attention of professionals and family to an under diagnosis
and under treated disease that leaves patients and carers helplessness.

It is barely feasible or adequate to assess every old adult
for cognitive decline and we know that dementia seems to be
reducing its prevalence at least in UK (32). Selecting people
with mental health concern before sampling appears to be a
good methodological approach to arrive to a clear distribution
of patients across different stages of probable dementia. This will
contribute to design effective pathways of care for people with
cognitive decline. Mobilizing and training GPs and other primary
care professionals will foster referral of patients to customized
bundles of care, leading to a global and effective plan for dementia.
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Background: The role of cerebrospinal fluid (CSF) biomarkers, and neuroimaging in
the diagnostic process of Alzheimer’s disease (AD) is not clear, in particular in the older
patients.

Objective: The aim of this study was to compare the clinical diagnosis of AD with CSF
biomarkers and with cerebrovascular damage at neuroimaging in a cohort of geriatric
patients.

Methods: Retrospective analysis of medical records of >65-year-old patients with
cognitive impairment referred to an Italian geriatric outpatient clinic, for whom the CSF
concentration of amyloid-p (Ap), total Tau (Tau), and phosphorylated Tau (p-Tau) was
available. Clinical diagnosis (no dementia, possible and probable AD) was based on the
following two sets of criteria: (1) the Diagnostic Statistical Manual of Mental Disorders
(DSM-IV) plus the National Institute of Neurological and Communicative Disorders and
Stroke and the Alzheimer’s Disease and Related Disorders Association (NINCDS-ADRDA)
and (2) the National Institute on Aging-Alzheimer’s Association (NIA-AA). The Fazekas
visual scale was applied when a magnetic resonance imaging scan was available.

Results: We included 94 patients, mean age 77.7 years, mean Mini Mental State
Examination score 23.9. The concordance (kappa coefficient) between the two sets
of clinical criteria was 70%. The mean CSF concentration (pg/ml) (+SD) of biomarkers
was as follows: Ap 687 (+318), Tau 492 (+515), and p-Tau 63 (£56). There was a trend
for lower Ap and higher Tau levels from the no dementia to the probable AD group. The
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percentage of abnormal liquor according to the local cutoffs was still 15 and 21% in
patients without AD based on the DSM-IV plus NINCDS-ADRDA or the NIA-AA criteria,
respectively. The exclusion of patient in whom normotensive hydrocephalus was sus-
pected did not change these findings. A total of 80% of patients had the neuroimaging
report describing chronic cerebrovascular damage, while the Fazekas scale was positive
in 45% of patients overall, in 1/2 of no dementia or possible AD patients, and in about
1/3 of probable AD patients, with no difference across ages.

Conclusion: We confirmed the expected discrepancy between different approaches to
the diagnosis of AD in a geriatric cohort of patients with cognitive impairment. Further
research is needed to understand how to interpret this discrepancy and provide clinicians

with practical guidelines.

Keywords: Alzheimer, aging, clinical criteria, biomarkers, neuropsychological tests, cerebrovascular disease

INTRODUCTION

For decades, Alzheimer’s disease (AD) has been diagnosed only
based on clinical criteria (1). With the increasing knowledge of
the pathogenic processes underlying this and other dementias,
several biomarkers have been proposed to support the diag-
nosis, also at early stages (2-4). Biomarkers are defined as any
objective measurement of an in vivo pathological process (5).
Cerebrospinal fluid (CSF) proteins [amyloid-f (Ap) protein,
total Tau (Tau), and phosphorylated Tau (p-Tau)] and func-
tional and anatomical neuroimaging findings represent the
most studied biomarkers of AD.

The role of these biomarkers in the diagnosis of AD in clini-
cal practice has not been completely clarified yet, as both the
American (1) and International Working Group Guidelines (6)
underline. Understanding their role in the diagnostic work-
flow might be particularly challenging in an older population
(>85 years) presenting with cognitive impairment. There is
evidence suggesting that, as age increases, the prevalence of
pathological patterns that have been associated with the disease,
increases also in subjects without cognitive impairment (7, 8).
Also, the association between the presence of neuritic plaques
in autoptic specimens and dementia is less strong in older peo-
ple (9, 10). Changes in neuroimaging may be less salient in the
older ages, in which atrophy often coexists with cerebrovascular
damage. Furthermore, chronic cerebrovascular disease is such
a frequent neuroimaging finding that its contribution to the
cognitive deficit remains difficult to define, especially when
not properly quantified (11). Finally, in the oldest patients, the
burden of comorbidities often makes the scenario more com-
plex (6). All these reasons increase the chance of conflicting
findings between biomarkers and clinical symptoms. The whole
picture is further complicated by the fact that the existing sets
of diagnostic criteria for AD proposed by different scientific
societies assign a different place to some clinical symptoms and
signs. In fact, the diagnostic criteria have changed over time,
integrating the new knowledge upon the disease mechanisms
and biomarkers and reflecting different disease definitions
(1, 6, 12). However, the newer criteria have not replaced the
older ones, which are still being used in clinical research, and

in particular in studies evaluating therapies for AD (13). The
dimension of the problem can be substantial and represents
a barrier to a straightforward diagnostic process in routine
practice, especially in those clinical settings providing care to
less selected older patients such as geriatrics.

With such a background, the objective of our study was to
represent the level of discrepancy between different diagnostic
approaches, describing a population of older patients with
cognitive impairment referred to an Italian geriatric outpatient
clinic. In particular, we compared the diagnosis based on clini-
cal criteria with the CSF biomarkers and with cerebrovascular
damage finding at neuroimaging.

MATERIALS AND METHODS
Study Design and Population

This is a retrospective cross-sectional study of medical records
of 65-year-old or older patients, referred to the Alzheimer
Evaluation Unit (UVA) of the Division of Geriatrics of the
IRCCS Ca Granda Ospedale Maggiore Policlinico in Milan
between June 2009 and October 2014. Ethical approval was
not required for this study in accordance with the institutional
guidelines.

We included in the study all those patients with a cognitive
impairment who underwent at physicians discretion a lumbar
puncture during the diagnostic workup and for whom the
concentration of Af, Tau, and p-Tau in the CSF was available.
There was no exclusion criterion. In particular, as per our prac-
tice, patients undergo a lumbar puncture with liquor collection
and examination: (i) in the context of differential diagnosis of
dementia, when the treating physician deems it as necessary to
help confirm or rule out a clinical suspicion of AD, and (ii) in the
context of diagnosis and therapy (i.e., ex juvantibus) of normo-
tensive hydrocephalus.

All patients undergo the lumbar puncture only if a specific
written informed consent was provided by the patient or by
her/his next of kin.

Retrospectively, but in a blind fashion with respect to the
actual diagnosis made by the treating physician, we characterized
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the patients according to different diagnostic approaches.
We first classified the patients using two different sets of clinical
diagnostic criteria for AD (not taking into account the labora-
tory findings) and then compared the clinical diagnoses with
the results of CSF biomarkers. Second, we described the preva-
lence of signs of vascular damage at neuroimaging according to
different approaches, i.e., standard descriptive reports versus
visual quantitative scales, and its correlation with the clinical
and the liquor-based classifications. Within this framework, we
also evaluated the contribution of neuropsychological (NPS)
tests in making the diagnosis of AD. In fact, it is known that
many patients with cognitive impairment have poor awareness
or understanding of their cognitive impairment (14). Thus, an
objective cognitive assessment lies at the core of an appropriate
diagnostic workup for cognitive decline. Moreover, NPS tests
can help define early or prodromal states like a mild cognitive
impairment (MCI), in which biomarkers might be already
positive (6, 15, 16). Finally, all the patients for whom a brain
magnetic resonance imaging scan was available were included
in the sub-study on neuroimaging.

To have an objective comparison across different diagnostic
tools, we included all patients with a CSF record, regardless
of the final diagnosis made by the treating physician. Patients
with a clinical suspicion of normotensive hydrocephalus were
included in the main analyses as expected negative cases
(i.e., cases in which CSF biomarkers were expected to be nega-
tive). They were then excluded as a sensitivity analysis.

Data Collection

Patient medical records temporarily close but preceding the
time of the lumbar puncture were evaluated for the purpose of
our study. The study investigators were guarantor for protecting
the confidential data from any inappropriate use beyond the
purpose of this study.

Clinical Diagnostic Criteria and NPS Assessment

Two investigators (GD and AG) screened the patient charts
independently and retrospectively reanalyzed medical records
of patients included in the study, being blinded to the diagnosis
that was made by the treating geriatrician. Clinical diagnosis of
dementia and of AD was based on the criteria of the Diagnostic
Statistical Manual of Mental Disorders (DSM-IV) (17) and of
the National Institute of Neurological and Communicative
Disorders and Stroke and the Alzheimer’s Disease and Related
Disorders Association (NINCDS-ADRDA) 1984 (18), respec-
tively (Appendix in Supplementary Material). Patients were also
classified according to the criteria for dementia and AD of the
National Institute on Aging-Alzheimer’s Association (NIA-AA)
2011 (1) (Appendix in Supplementary Material). Based on each
of the two sets of clinical criteria, patients were classified into
no dementia, possible AD, and probable AD. The results of the
following clinical investigations were taken into account for the
classification of each patient upon those criteria, when available:
the multidimensional geriatric assessment, blood tests, NPS
tests, and neuroimaging. In particular, we relied on the results
of the NPS assessment, when available, in case of inconsistency
between the NPS report and the record of the geriatric visit for

what concerned the presence of memory deficits and the level
of impact on function. In order to preserve the comparative
analyses of our sub-study, when we applied the clinical diagnos-
tic criteria, we used the neuroimaging reports only to rule out
the presence of a clear alternative diagnosis (i.e., normotensive
hydrocephalus, multi-infarct disease, and tumor). The descrip-
tive finding of “leukoaraiosis” or “chronic cerebrovascular
disease” was not considered sufficient for meeting the criterion
of an alternative (i.e., vascular) etiology of dementia.

We looked for the NPS assessment that preceded or coin-
cided with the date of the lumbar puncture. In patients with
multiple assessments, we used the outcome of the assessment
that was temporarily closer to the date of the lumbar puncture.
We used the outcome of NPS tests performed after the lumbur
puncture only if temporarily very close (no more than 1 month
later). The battery of NPS tests was administered by an expert
neuropsychologist. Global cognitive functioning was assessed
by means of the Mini Mental State Examination (MMSE) (19)
and general intellectual functioning was investigated by using
Raven’s colored progressive matrices (20). For temporal orienta-
tion, the first item of the MMSE was considered. Anterograde
long-term memory was rated with the prose recall test (21) and
the delayed recall of the Rey-Osterreith complex figure test
(17). Verbal short-term memory was assessed by means of the
forward digit span test (18). The digit cancelation test (21) was
administered to examine visual attention. Executive prefrontal
functions were evaluated using the backward digit span test (17),
the trail-making test (22), and the phonological fluency test (23).
Spatial skills were divided into spatial orientation, assessed by
the second item of the MMSE, and spatial abilities, explored by
means of the copy of geometrical figure test (20) and the copy
of the Rey-Osterreith complex figure test (17). Language was
examined using the picture-naming test (24). All tests, excepted
for the orientation one, have been validated and standardized
in a sample of healthy Italian subjects. Most of the normative
data are referred to the study from Spinnler and Tognoni (21).
According to the outcome of the NPS assessment, patients were
classified into: normal cognition, MCI, or diffuse/severe cogni-
tive impairment. Patients classified as MCI were divided into the
following four subtypes: only memory domain affected, single-
domain MCI with a deficit other than on memory domain, mul-
tiple domain MCI with memory domain affected, and multiple
domain MCI with deficits other than on memory domain.

CSF Biomarkers

The lumbar puncture was performed according to procedural
standards. The dosage of AP protein, Tau, and p-Tau in the
liquor was performed on site. The cerebrospinal fluid sample
was centrifuged at 4°C and stored at —30°C until analysis.
Ap42 protein, Tau and p-Tau 181 were determined by ELISA
kits (Innogenetics). The local laboratory cutoff points for nor-
mal protein concentrations are as follows: AB42 > 600 pg/ml,
Tau < 500 pg/ml, and p-Tau < 61 pg/ml.

Neuroimaging
Available brain MRI images were examined independently and
retrospectively by three operators blinded to the patient clinical
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history. The Fazekas visual scale (25) was applied on at least one
long TR sequence, Flair or T2. Given the smallest number of miss-
ing data, for the purpose of the analysis, only axial plane images
were considered. The Fazekas scores range from 0 (normal) to
3 (extensive, diffuse, and confluent lesions of the subcortical
white matter). For the purpose of our analyses, we dichotomized
the Fazekas scores into negative (0 or 1) and positive (>2).
We chose this cutoff in order to be more specific in this popula-
tion at high prevalence of chronic cerebrovascular damage.

We decided not to include the assessment of atrophy accord-
ing to the qualitative versus quantitative approach in our com-
parative analyses, because only a very small subgroup of patients
had suitable MRI images to apply atrophy quantitative scales.
Functional neuroimaging (positron emission tomography) was
available only for few patients.

Statistical Analysis

Descriptive statistics (mean, SD, median and range in case of
numerical variables, and frequency in case of categorical varia-
bles) were used to present the classification of patients according
to the clinical criteria (DSM-IV plus NINCDS-ADRDA versus
NIA-AA), the CSF biomarkers, and the neuroimaging biomark-
ers of cerebrovascular disease. First, the two different clinical
criteria were compared and the concordance was measured by
Cohen’s kappa calculation (to take into account the effect of
chance). Distributions of biomarkers were compared with the
clinical diagnoses according to the NIA-AA criteria, using cross
tabulations and Pearson y? or Kruskal-Wallis test, in the whole
cohort and by age groups. As sensitivity analyses, the com-
parison was repeated (i) excluding patients that underwent the
lumber puncture in the context of a suspicion of normotensive
hydrocephalus and (ii) taking into account the NPS diagnosis.
Inter-rater reproducibility for the MRI visual scales was also
calculated as Kappa.

RESULTS

The clinical records of 94 patients were examined. Table 1
shows the baseline characteristics of the study cohort. In most
of the cases (68%), the lumbar puncture was performed in the
context of a differential diagnosis for AD. In 11 of these 64
patients, alternative dementia etiologies were considered: Lewi
Body Dementia in four patients; Fronto-Temporal Dementia in
six patients (in one of these patients normotensive hydrocepha-
lus etiology was also under consideration); and subclinical
hypothyroidism in one patient. In 30 patients, normotensive
hydrocephalus was the main diagnostic hypothesis and the
main reason for the lumbar puncture.

Table 2 summaries the availability of data for the comparison
of the different diagnostic tools.

Classifications According to Clinical

Diagnostic Criteria and CSF Biomarkers

A total of 55 (58%), 13 (14%), and 26 (28%) patients were classi-
fied as being affected by no dementia, possible AD, and probable
AD, respectively, according to the DSM-IV plus NINCDS-ADRDA
criteria; 39 (41%), 27 (29%), and 28 (30%), respectively, according

TABLE 1 | Baseline characteristics.

Characteristics Distribution
Mean age (SD), years 77.7 (5.2)
Female, n (%) 58 (61.7)
Mean MMSE (SD) 23.9 (4.1)
Mean basic ADL score (SD) 4.7 (1.6
Mean instrumental ADL score (SD) 4.3 (2.5)20
History of hypertension, n (%) 58 (61.7)
History of diabetes mellitus, n (%) 18 (19.1)
History of dyslipidemia, n (%) 40 (42.5)
Smoker, n (%)

Yes 53 (563.4)

No 10 (10.6)

Ex 31(33.0)
History of coronary artery disease, n (%) 9(9.6)
History of stroke or TIA, n (%) 8(8.5)
History of peripheral artery disease, n (%) 4(4.2)
Carotid atherosclerosis, n (%) 43 (45.7)¢

n, number; MMSE, Mini Mental State Examination; ADL, activity of daily living;

TIA, transient ischemic attack.

aInformation missing for one patient.

bln 35 patients (30 men), The maximum number of applicable items was less than 8.
cStenosis of at least 20% at the US scan.

TABLE 2 | Availability of data on the different diagnostic approaches in the study
cohort.

Diagnostic approach Number of patients with data

(% of the total cohort)

Clinical criteria 94 (100)
CSF biomarkers 94 (100)
NPS assessment 71 (75)
Neuroimaging—standard report 76 (81)
Neuroimaging —Fazekas scale 40 (42)

CSF, cerebral spinal Cerebrospinal fluid; NPS, neuropsychological.

TABLE 3 | Comparison of Diagnostic Statistical Manual of Mental Disorders
(DSM-IV) plus National Institute of Neurological and Communicative Disorders
and Stroke and the Alzheimer’s Disease and Related Disorders Association
(NINCDS-ADRDA) and National Institute on Aging-Alzheimer’s Association (NIA-
AA,) criteria for the diagnosis of Alzheimer’s disease (AD).

Clinical diagnostic NIA-AA criteria
criteria
No Possible AD, Probable Total,
dementia, n (%) AD, n (%) n (%)
n (%)

DSM-IV plus No dementia, 39 (71) 16 (29) 0(0) 55 (58)
NINCDS- n (%)
ADRDA  possible AD, 0 (0) 185 205 13(14)
criteria

n (%)

Probable AD, 0(0) 0(0) 26 (100) 26 (28)

n (%)

Total, n (%) 39 (41) 27 (29) 28 (30) 94 (100)

to the NIA-AA. As pre-specified, criterion on the presence of
memory deficits was fulfilled using the objective outcome of the
NPS assessment. In fact, 64% of those patients who had no objec-
tive memory deficit at the NPS tests had expressed a memory
complaint during the clinical visit.

Table 3 compares patient classification according to the
DSM-IV plus NINCDS-ADRDA with the NIA-AA clinical
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criteria. Every patient who was classified as demented according
to the DSM-IV criteria was also classified as demented accord-
ing to the NIA-AA criteria; whereas 29% classified as demented
according to the NIA-AA criteria were not demented according
to DSM-1IV criteria. The crude concordance between the two
sets of criteria for the diagnosis of dementia was 83%, with a
kappa coeflicient of 67%. The crude concordance for the specific
diagnosis (no dementia, possible and probable AD) between the
two criteria was 81% with a kappa of 70%.

The mean (SD) value of A, Tau, and p-Tau in the study
population was 687 pg/ml (318), 492 pg/ml (515), and 63 pg/ml
(56), respectively. According to the local laboratory cutoffs, Ap
and Tau values were on average normal whereas mean p-Tau
values were abnormal (high).

There was a statistically significant difference in the CSF
concentration of AP and Tau but not of p-Tau, across the three
diagnoses made according to both NINCDS-ADRDA and
NIA-AA criteria (Figure 1). In particular, there was a trend
for lower AP values and higher Tau levels going from the no
dementia group to probable AD group, more evident in the case
of the NINCDS-ADRDA diagnoses.

When the biomarkers levels were dichotomized based
on local lab cutoffs into positive (i.e., abnormal) or negative
(i.e., normal), the frequency of biomarkers positivity differed
across the diagnoses in a statistically significant way only for
AP, with both DSM-IV plus NINCDS-ADRDA and NIA-AA
classification (4). Every biomarker tended to be more frequently
positive in the case of patients with a diagnosis of probable AD
compared to patients with a diagnosis of possible AD or no
dementia (Table 4). Compared to patients with no dementia,
patients with possible AD tended to present with positive
biomarkers more frequently when DSM-IV plus NINCDS-
ADRDA criteria were used but less frequently when NIA-AA
criteria were used (Table 4).

Then, the CSF biomarkers were considered as a whole and the
patient classified as having positive liqguor only when the level of
all the three proteins was abnormal (i.e., reduced AP, elevated
Tau, and p-Tau). In this case, only 18 patients (19%) had positive
liquor. Patients with positive liqguor were on average younger than
those with negative liqguor [mean age 74.7 (SD +3.7) versus 77.2
(SD +2.7), p for Kruskal-Wallis test = 0.002].

Table 5 shows the distribution of the liguor biomarker accord-
ing to the different diagnoses and to different age groups. The
trend for positive liqguor was the same in the whole population
and in the two age groups, with a higher prevalence of positive
liquor in probable AD than in possible AD and no dementia, in
both clinical classifications. The prevalence was again higher in
those with no dementia than in those with possible dementia in
the case of NIA-AA criteria. In any age group and in any clinical
diagnosis group, a negative liguor was more prevalent than posi-
tive liquor (Table 5).

When we considered age cutoffs progressively lower than
80, the percentage of patients with positive liquor became
higher than the percentage of patients with negative liquor
only among patients with a diagnosis of probable AD (any set
of criteria) younger than 76 years (66% positive versus 33%
negative).

Thirty of the 94 patients underwent a lumbar puncture in
the context of a clinical suspicion of normotensive hydrocepha-
lus. When re-classified in a blinded fashion according to the
two sets of clinical criteria, these patients were all classified as
with no dementia according to the DSM-IV criteria. According
to the NIA-AA criteria, 19 (63%) patients were not demented
and 11 (27%) patients had a possible AD. Table 6 shows the
comparison between the clinical (NIA-AA criteria) and the lig-
uor diagnoses when patients with normotensive hydrocephalus
were excluded. The trend did not change compared with the
main analysis.

NPS Assessment

The outcome of the NPS assessment was available for 71 patients.
Only one patient had a normal test performance; 44 patients were
diagnosed as affected by diffuse cognitive impairment; and 26
patients were diagnosed as affected by MCI. Age was no signifi-
cantly different between patients with diffuse cognitive impair-
ment (mean 76.4 years, SD +3.8) and patients with MCI (mean
76.4 years SD +5.5). Twenty-six of the 27 patients classified as
with no dementia according to the NIA-AA criteria (96.3%) were
diagnosed as affected by MCI, most of them (88%) with deficits
in multiple cognitive domains. In particular, the definition into
MCI subtypes was available for 25 patients: three (12%) patients
were classified as single MCI with only memory domain affected;
15 (60%) patients were classified as multiple domain MCI with
memory domain affected; and seven (26%) patients were classi-
fied as multiple domain MCI with deficits other than on memory
domain. No patient was classified as single-domain MCI with a
deficit other than on memory domain.

Tables 7 and 8 show the frequency of liquor positivity accord-
ing to the NPS outcome and MCI phenotypes, respectively.
There was no statistically significant difference in the frequency
of positivity across NPS definitions. In particular, the biomarker
liquor tended to be more frequently positive in patients with
MCI than in patient with diffuse cognitive impairment.

Cerebrovascular Burden

at Neuroimaging

MRI images were available for 40 patients. Thirty-two of these
40 (80%) patients had a diagnosis of cerebrovascular damage
according to the qualitative report made by the radiologist.
Mean Fazekas score was 1.55 + 1. According to the Fazekas
score 18 of the 40 (45%) patients were positive. Table 9 shows
the mean Fazekas scores and positivity according to the clinical
diagnostic criteria. According to both clinical classifications,
Fazekas was positive in about half of the patients with no
dementia or possible AD, while it was positive in about one-
third of the patients with probable AD. When only patients
with a diagnosis of probable AD according to the NIA-AA
criteria were considered, the proportion of patients with a
positive Fazekas in progressively younger subgroups remained
the same or increased compared with the whole population
or with the oldest ones (Table 10). The results were the same
for patients with probable AD according to DSM-IV plus
NINCDS-ADRDA criteria.
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FIGURE 1 | Distributions of amyloid-B (Ap), total Tau (Tau), and phosphorylated Tau (p-Tau) values in no dementia, possible Alzheimer’s disease (AD) and probable
AD patients according to Diagnostic Statistical Manual of Mental Disorders (DSM-IV) plus National Institute of Neurological and Communicative Disorders and Stroke
and the Alzheimer’s Disease and Related Disorders Association (NINCDS-ADRDA) and National Institute on Aging-Alzheimer’s Association (NIA-AA) criteria. Legend:
mean (SD) concentration is provided for each diagnostic category. *Kruskal-Wallis test for difference in the protein distribution across diagnostic groups.

When in the same patients with a clinical diagnosis of prob-
able AD (according to NIA-AA or NINCDS-ADRDA criteria)
the Fazekas results were cross-tabulated with the CSF results
(Table 11), there was no statistically significant difference in
frequency distribution.

DISCUSSION

Our retrospective analysis of a cohort of patients with a cogni-
tive deficit referring to a geriatric outpatient clinic (mean age
78 years), confirmed a non-negligible discrepancy between the
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TABLE 4 | Relationship between CSF biomarkers and clinical diagnosis.

Diagnostic Statistical Manual of Mental Disorders-IV plus National

National Institute on Aging- Alzheimer’s Association

Institute of Neurological and Communicative Disorders and Stroke and criteria
the Alzheimer’s Disease and Related Disorders Association criteria
Amyloid- (Af) Total tau (Tau) Phosphorylated tau (p-Tau) Ap Tau p-Tau

Positive, n (%) Positive, n (%)

Positive, n (%)

Positive, n (%) Positive, n (%) Positive, n (%)

No dementia 20 (36) 17 (31)

Possible AD 5 (38) 5(38) 7 (54)
Probable AD 18 (69) 13 (50)

Pearson %, p 0.012 0.251 0.261

19 (35)

13 (50)

16 (41) 12 (31) 15 (39)

8(30) 8 (30) 9(33)
19 (69) 15 (54) 15 (54)
0.013 0.102 0.277

TABLE 5 | Distribution of the biomarker liquor according to the Diagnostic Statistical Manual of Mental Disorders (DSM-IV) plus National Institute of Neurological and
Communicative Disorders and Stroke and the Alzheimer’s Disease and Related Disorders Association (NINCDS-ADDRDA) and National Institute on Aging-Alzheimer’s

Association (NIA-AA) diagnosis and age groups.

Age (years) DSM-IV plus NINCDS-ADRDA criteria NIA-AA criteria
Diagnosis Positive liquor, n (%) Pearson x% p Diagnosis Positive liquor, n (%) Pearson x4 p
Any No dementia 8(15) 0.208 No dementia 8 (21) 0.027
Possible AD 2 (15 Possible AD 2 (4)
Probable AD 8 (31) Probable AD 8(32)
>80 No dementia 2(7) 0.324 No dementia 2(11) 0.321
Possible AD 0(0) Possible AD 0 (0)
Probable AD 1(20) Probable AD 1 (20)
<80 No dementia 6 (24) 0.494 No dementia 6 (27) 0.168
Possible AD 2 (16) Possible AD 1(7)
Probable AD 7 (39) Probable AD 8 (35)

TABLE 6 | Distribution of the biomarker liquor according to National Institute on
Aging-Alzheimer’s Association (NIA-AA) diagnosis in patients without a clinical
suspicion of normotensive hydrocephalus.

TABLE 8 | Positivity of the biomarker liquor according to different mild cognitive
impairment (MCI) phenotypes and age groups.

Age Neuropsychological Negative liquor, Positive liquor,
Diagnosis NIA-AA criteria Positive liquor, n (%) Pearson y% p (years) phenotype n (%) n (%)
No dementia 7 (35) 0.102 >80 Amnestic MCI 0 0
Possible AD 14) Multiple domain MCl+ 3 (60) 2 (40)
Probable AD 9(32) Multiple domain MCl— 5 (100) 0(0)
Any 7en <80 Amnestic MCI 2 (67) 1(39)
Multiple domain MCl+ 7 (70) 3(30)
Multiple domain MCl— 1 (50) 1 (50)

TABLE 7 | Positivity of the biomarker according to different neuropsychological
(NPS) diagnosis.

Positive liquor among
all patients with NPS
assessment (71), n (%)

Positive liquor among
those patients with NPS
assessment with no
normotensive hydrocephalus
suspect (62), n (%)

Cognitive normal 1(100) -
Mild cognitive 7(27) 7 (35)
impairment

Diffuse cognitive 10 (23) 10 (24)
impairment

Total 18 (25) 17 (27)

diagnosis of AD when based on clinical criteria, CSF biomarkers,
or neuroimaging.

First, we confirmed a substantial discordance between
the two sets of clinical diagnostic criteria, i.e., DSM-IV plus

+, with amnestic component; —, without amnestic component.

NINCDS-ADRDA (1984) versus NIA-AA (2011) criteria, with
an agreement of only 70% when adjusted for the effect of chance.
The discordance likely reflects the evolution in the definition
of dementia and AD and was someway expected. However, we
wanted to quantify this discrepancy in a cohort of patients with
a higher probability of a complex phenotype, since 1984 criteria
have been used to define patient eligibility for approval studies
of many current drugs available for AD and are still being used
in research (13, 26-29). According to our data, most (16 out of
27, 59%) of the “possible AD” patients according to the newer
criteria would have been classified as “no dementia” by the older
approach (Table 3) and would have been not eligible for those
studies. The results of those studies are therefore not necessar-
ily applicable to this subset of patients defined as “possible AD”
according to a more comprehensive understanding of the disease.
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TABLE 9 | Cerebrovascular damage at neuroimaging according to the Fazekas scale and clinical diagnosis of dementia.

Diagnosis Diagnostic Statistical Manual of Mental Disorders-IV plus National Institute on Aging-Alzheimer’s Association criteria
National Institute of Neurological and Communicative Disorders
and Stroke and the Alzheimer’s Disease and Related Disorders
Association criteria
Fazekas, mean (SD) Positive Fazekas,? p (Pearson 2 test) Fazekas, mean (SD) Positive Fazekas,? p (Pearson y? test)
n (%) n (%)
No dementia 1.1(1.1) 12 (52) 0.453 1.6(1.1) 10 (53) 0.451
Possible AD 1.2(0.9) 2 (50) 1.6(1.1) 4 (50)
Probable AD 1.4(1.0) 4 (31) 1.3(1.0) 4 (31)
aScore >2.

TABLE 10 | Distribution of the positive Fazekas score in different age subgroups
in people with a clinical diagnosis of probable AD (National Institute on Aging-
Alzheimer’s Association criteria).

Age (years) Positive Fazekas, n (%)
>80 1(33)

<80 3(30)

<75 2 (40)

<72 1(100)

TABLE 11 | Correlation of the biomarker liquor and cerebrovascular burden at
neuroimaging according to Fazekas scores, in subjects with a clinical diagnosis
of probable AD (National Institute on Aging-Alzheimer’s Association criteria) in
different age subgroups.

Negative Fazekas, n (%) Positive Fazekas, n (%) P

Total

Negative liquor 6 (67) 3 (33) 0.764
Positive liquor 3(75) 1(25)

<80 years

Negative liquor 4 (67) 2(37) 0.778
Positive liquor 3(75) 1(25)

>80 years

Negative liquor 2 (67) 1(39) -
Positive liquor 0 (0) 0(0)

<75 years

Negative liquor 1 (50) 1(50) 0.709
Positive liquor 2 (67) 1(33)

>75 years

Negative liquor 5(71) 2 (29 0.537
Positive liquor 1 (100) 0(0)

One of the main differences between the two criteria is
that the older ones, but not the newer, include the presence
of amnesic deficits as a necessary criterion for AD diagnosis.
Interestingly, in our cohort, the majority of patients (64%),
who had no objective memory deficiency at the NPS tests,
had in fact complained about forgetfulness during the clinical
visit. This datum has been already described in the literature
(30). This confirmed the role of the NPS assessment, which
in practice might be sometimes forgone in the assessment of
the oldest old patients. An extended NPS battery helped us
to better define not only the phenotype but also the severity
of the cognitive disorder (6, 31, 32), which, in some cases,
allowed us to suppose a higher functional impairment, or a
higher contribution of the cognitive deficits to the functional

impairment, among other possible health and social contribu-
tors, compared to what the interview with the patients or their
caregivers had suggested.

The distribution of the CSF biomarkers levels in our popula-
tion was quite sparse, even in patients with a clinically probable
AD. In particular, patients with positive liquor biomarkers still
represented a minority among those that would have been
classified as probable AD based on clinical criteria only; they
represented the majority only in a younger (i.e., <76 years)
subset of patients. In 2012, Mattsson et al. investigated the
effect of age on the diagnostic performance of CSF biomarkers
in a large multi-center study population and they found that
although the diagnostic accuracy for AD decreased with age,
the predictive values for a combination of biomarkers remained
essentially stable. In comparison with our population, their
cross-sectional cohort of patients with AD had a lower median
age (71 versus 77.7), an higher percentage of male subjects
(57 versus 38.3%) and a lower MMSE median score (22 versus 23.9)
(33). In that study the clinical diagnosis of AD was based on
DSM-IV plus NINCDS-ADRDA criteria. In our study too,
there was a non-statistically significant trend for an increased
liquor positivity going from “no dementia” to “possible” and
then “probable AD,” only when the DSM-IV plus NINCDS-
ADRDA were used. This suggests a higher concordance between
the CSF biomarkers so far known and the classical AD vari-
ant, rather than with the more comprehensive AD definition.
In contrast, when we looked at the relationship between the
CSF protein distribution and the NPS outcome, we did not
find the expected association between a classical amnesic MCI
phenotype and positive biomarkers.

Our findings confirm that quantitative methods based on
neuroimaging (i.e., the Fazekas scale) can help refine the clas-
sification of patients upon the degree of cerebrovascular dam-
age compared to descriptive radiological reports (34). Yet, the
clinical relevance of neuroimaging remains uncertain among
relatively older patients. Indeed, we less frequently found a
positive Fazekas in patients with probable AD, compared with
patient with possible or no AD, suggesting that the vascular
damage is not a typical pathogenic mechanism of the disease.
However, there was still a substantial percentage (31%) of posi-
tive Fazekas among patients with probable AD. Furthermore,
we found that a positive Fazekas tended to be only slightly
more frequent among probable AD with negative liquor than
among those with a positive liquor, regardless of age. This finally
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suggests that the two pathogenic pathways, i.e., the vascular
and the degenerative, can definitely coexist and not neces-
sarily only in patients who would easily meet the definition
of vascular/mixed dementia (such as patients with a history
of stroke).

The retrospective nature and the small sample size are the
main limitations of our study, which could be only descrip-
tive and explorative in nature. Then, although less selected
in terms of age and clinical complexity than in randomized
controlled trials, our cohort still represented a selected
population. Indeed, including only patients who underwent a
lumbar puncture might have led to the exclusion of the oldest
and most complex patients for whom the lumbar puncture is
more frequently thought not to have a favorable risk-benefit
profile. Finally, we had to deal with missing and incomplete
information, given the retrospective nature of our study and
the use of data from routine practice. The time lag between the
date in which the patient underwent the lumbar puncture and
the time in which some other study variables were collected
could represent a limitation to the actual concurrency of the
cross-sectional comparison. However, this is consistent with
the routine practice.

CONCLUSION

To conclude, we showed a significant degree of discordance
between clinical criteria, NPS assessment, liquor biomark-
ers, and neuroimaging when used to characterize cognitive
disorders in geriatric outpatients. Given the methodological
limitations of our study, prospective larger multi-center studies,
including inception cohorts of unselected patients that undergo
a clinical, laboratory, and neuroradiological assessment, and
with a clinical follow-up, would be theoretically necessary
to better understand the role of biomarkers in the diagnostic
workup of geriatric patients with cognitive disorders. However,
practical and ethical issues might hinder the conduction of
such a type of study, while the current demographic trend
will lead quickly to a further increase of the prevalence of this
patient population. Hence, researchers and clinicians in the
field should make the efforts to combine their experience and
expertise to reach a consensus on the best diagnostic practice in
this population.
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In recent years, an extensive body of literature focused on the gut-brain axis and the
possible role played by the gut microbiota in modulating brain morphology and function
from birth to old age. Gut microbiota has been proposed as a relevant player during the
early phases of neurodevelopment, with possible long-standing effects in later life. The
reduction in gut microbiota diversity has also become one of the hallmarks of aging, and
disturbances in its composition are associated with several (age-related) neurological
conditions, including depression, Alzheimer’s disease, and Parkinson’s disease. Several
pathways have been evoked for gut microbiota—brain communication, including neural
connections (vagus nerve), circulating mediators derived by host-bacteria cometabolism,
as well as the influence exerted by gut microbiota on host gut function, metabolism, and
immune system. Although the most provoking data emerged from animal studies and
despite the huge debate around the possible epiphenomenal nature of those findings,
the gut microbiota—brain axis still remains a fascinating target to be exploited to attenuate
some of the most burdensome consequences of aging.

Keywords: gut microbiota, neurological disorders, inflamm-aging, gut-brain crosstalk, gut metabolism, brain
development, Alzheimer, Parkinson

GUT MICROBIOTA AND CENTRAL NERVOUS SYSTEM (CNS)
IN HEALTH AND DISEASE: | “GUT” A FEELING

Over the past decades, few aspects of human physiology have attracted the interest of researchers
all over the world as the interaction between gut microbiota and human host (1). According to
the current literature, the human holobiont (or superorganism) contains at least the same number
of microorganisms (bacteria, archaea, fungi, and viruses) as its own cells (2). More than a billion
years of mammalian-microbial coevolution have shaped a life-long interdependency (3). Growing
evidence suggests that gut microbiota may be “at the intersection of everything,” being implicated
in virtually all physiological or pathological situations (1). Gut microbiota has been implicated
in the maturation and modulation of the host immune response (4), interactions (positive and
negative) with pathogens (5), regulation of bone density (6), vitamin biosynthesis (7), intestinal
5-10% of daily host energy requirements derives from gut microbiota metabolic activities (8).

Not surprisingly, gut microbiota composition and activities have been associated with a plethora
of conditions, ranging from obesity to cardiovascular disease, chronic inflammatory diseases, and
cancer (9-11).

Recently, a great emphasis has been placed on the role of intestinal microbiota in regulating
the gut-brain axis (12-15). Gut microbiota and brain may influence one another through several
pathways (Figure 1). Gut microbes-brain bidirectional communication is mediated by the vagus
nerve that conveys information from the gastrointestinal tract to the CNS and back from CNS to
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Gut-Brain Axis in Neurodevelopment and Neurodegeneration
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FIGURE 1 | A gut-brain axis supports the interactions between gut microbiota and the CNS through direct and indirect pathways involving vagal nerve activation,
cytokine production, and release of neuropeptide/neurotransmitters and SCFAs. These mediators can pass the BBB and control the maturation and activation of
brain immune cells (microglia). Following its activation, microglia modulates immune surveillance, synaptic pruning, and clearance of debris. On the other side, the
HPA axis can suppress microglia activation, as well as influence cytokine release and trafficking of monocytes from the periphery to the brain. Abbreviations: BBB,
blood-brain barrier; BDNF, brain-derived neurotrophic factor; GABA, gamma-aminobutyric acid; HPA axis, hypothalamic—pituitary-adrenal axis; LPS,
lipopolysaccharide; MAMPs, microbe-associated molecular patterns; SCFAs, short-chain fatty acids; CNS, central nervous system.
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the intestine to modulate intestinal motility, release of neuro-
transmitters and intestinal immune tone (16, 17). The sympa-
thetic branch of the autonomic nervous system is also involved
in intestinal homeostasis and gut immune regulation (18). Gut
microbiota may also synthesize (or modulate the synthesis of) a
number of neurotransmitters, including dopamine (DA), sero-
tonin (5-HT), noradrenaline (NA), and gamma-aminobutyric
acid (19-22). The hypothalamic-pituitary-adrenal axis (HPA
axis) is another bidirectional route of communication through
which host and gut microbes may interact to orchestrate the
core response to both physical and psychological stress chal-
lenges (23-25). Bacterial metabolic activities may influence host
metabolism and lead to the production of metabolites with neu-
roactive properties, including short-chain fatty acids (SCFAs)
and dietary amino acid catabolites (26, 27). Finally, bacterial

mediators in the forms of microbe-associated molecular pat-
terns may drive neuroinflammation (28).

Through all these pathways, gut microbiota exerts a wide-
spread influence on key neurological and behavioral processes
and may be involved in critical phases of neurodevelopment
and neurodegenerative disorders (12-14, 29). In this scenario,
microbial activities on gut-brain axis seem to be especially
relevant at the two extremities of human life course (13, 15).
Early-life gut microbiota may play a role in shaping neuronal
networks influencing cognitive, emotional, and social domains
(13). Aging is associated with a reduction in microbial com-
plexity, while alterations in intestinal microbiota composition,
structure, and function have been retrieved in older indi-
viduals with Alzheimer’s disease (AD) and Parkinson’s disease
(PD) (30, 31).
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In this narrative review, recent evidence on life-long gut
microbiota-brain axis is summarized, with a particular focus on
aging and age-related neurodegenerative diseases. All accessible
relevant studies written in English were included.

GUT MICROBIOTA AND
NEURODEVELOPMENT: EARLY ORIGINS
OF LATE NEUROLOGICAL DISEASES?

The notion of “developmental origins of health and disease”
poses that prenatal and perinatal life stages are critical periods in
which environmental stimuli exert direct and indirect effects on
the fetus that might be reflected in later health and disease con-
ditions (32). In this context, early host-microbiota interactions
seem to be among the most relevant factors in “programming”
adult phenotypes (33). It has been postulated that a succession
of microbiota components occurs through major steps at birth
(depending on the timing and mode of delivery), then during
breastfeeding and first interactions with the environment, and
finally during and after weaning. Maternal-host factors (genetic
background of mother-infant dyad) and perinatal exposure
to antibiotics are among the most relevant factors in shaping
the newborn’s microbiota (33, 34). Interaction with colonizing
microbiota may prime immune and metabolic functions and
have a long-lasting influence on the risk of developing several
conditions in later life, including gastrointestinal, allergic, auto-
immune, and metabolic diseases (34).

Neurodevelopment is one of the most complex and fasci-
nating aspects of human physiology that may be affected by
early contact with gut microbiota (12-14, 35). Human brain
development starts during the third gestational week and lasts
through adolescence and into early adulthood in humans under
the control of both genetic and environmental factors (36). The
development of cognitive, emotional, and social brain circuits
occur in parallel under the fine modulation by several molecular
regulatory networks (37, 38). Critical windows in brain devel-
opment have been described, during which neural circuits are
particularly sensitive and even vulnerable to external factors,
including gut microbiota composition (39, 40). Interestingly,
early post-natal brain development overlap with gut microbiota
establishment (33, 39, 40).

Animal models, in particular germ-free (GF) mice, have been
crucial for the study of gut microbiota-brain axis in early phases
of neurodevelopment (41). Seminal studies suggest that both
the composition and the metabolic activity of gut microbiota at
specific time points may influence HPA axis development (42)
and have long-lasting impact on behavioral and neuroendocrine
responses to stress (42-45). Gut microbiota may program the
activity of multiple neurotransmitter systems in different brain
regions inducing a long-term modulation of motor control and
anxiety-like behavior in adult life (13, 35, 46). GF mice had
a higher turnover rate of NA, DA, and serotonin 5-HT in the
striatum compared with specific pathogen-free (SPF) mice (46).
The serotonergic system seems to be particularly susceptible to
early-life microbiota dynamics (47-50). Male GF animals showed
a marked elevation in 5-HT and 5-hydroxyindoleacetic acid, its

main metabolite, in the hippocampus compared with convention-
ally colonized control animals (48). Interestingly, post-weaning
restoration of a normal flora failed to reverse the alterations in
brain neurochemistry elicited by the lack of early life exposure
to gut microbiota (48). Also, plasma 5-HT levels are affected by
gut microbiota activity. In a metabolomics study, the colonization
of GF mice induced a significant increase in plasma 5-HT (51),
and bacterial metabolites were shown to stimulate 5-HT synthesis
and secretion by enterochromaffin cells (20, 21). Intriguingly, the
maternal separation in mice, an established model of early-life
stress, induced profound changes in the gut microbiota that
resulted in an anxiety-like phenotype (52).

The gut microbiota may also play a role in synapse maturation
and synaptogenesis. In particular, GF animals when compared
with SPF animals, showed higher striatal expression of syn-
aptophysin and PSD 95, two markers of synaptogenesis and
excitatory synapse maturation, respectively (46). Brain-derived
neurotrophic factor (BDNF) is a key regulator of synaptic plas-
ticity and neurogenesis in the brain and plays a crucial role in
learning, memory, and mood regulation throughout life (53).
In GF mice, Bdnf expression is significantly lower in the hip-
pocampus, amygdala, and cingulate cortex compared with SPF
mice (46). However, some inconsistency were reported about
Bdnf expression in the hippocampus (42, 46, 48, 49).

Intriguingly, most of the reported neurodevelopmental
alterations in GF mice occur differently in the two sexes (42, 46,
48, 49). Gut microbiota influence on neurogenesis is relevant
for the normal gross morphology and ultrastructure of the
amygdala and hippocampus (54, 55). While GF mice exhibit
increased adult hippocampal neurogenesis in the dorsal hip-
pocampus, subsequent post-weaning microbial colonization
failed to reverse these changes, suggesting the existence of a
critical developmental window in early life during which gut
microbiota may program adult hippocampal neurogenesis (55).
Gut microbiota may also be instrumental for the development
of the blood-brain barrier (BBB). GF mice, starting from intra-
uterine life, displayed a life-long increased BBB permeability
compared with mice with a normal gut flora that can partially
be reverted by the exposure to pathogen-free gut microbiota
during adult life (56).

Microglia, the macrophages that constitute the first-line
immune defense of the CNS, play a central role in brain devel-
opment, plasticity, and cognition and have been associated
with the initiation or progression of several developmental and
neurodegenerative diseases, including AD and PD (57, 58).
Very recently, it was shown that microglia exhibited a time-
and sex-specific susceptibility to gut microbiota depletion
in mice (59). In particular, males seem to have their critical
window during early in utero development, while females are
more affected during adulthood. Microbiota alterations may
have both acute and long-term effects on microglial functions.
Remarkably, human fetal microglia showed significant similari-
ties in the expression of key microglial genes when compared
with murine counterparts (59). Finally, GF mice exhibited an
increased myelination of neurons in the prefrontal cortex that
could be reversed by colonization with a conventional micro-
biota following weaning (60).
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Interventions on the early gut microbiota community (through
the use of antibiotics, drastic changes in diet and/or pre/probiotic
administration) may have profound effects on the gut-brain axis
throughout life. For instance, antibiotic use during the first years
of life was associated with neurocognitive outcomes later in life
(e.g., depression, behavioral difficulties) (61).

In summary, several lines of evidence, although obtained
mostly from animal models, suggest a relevant role played by the
gut microbiota during the early phases of neurodevelopment,
with possible long-standing effects later in life. The translatability
of animal model findings to humans is obviously a priority but,
also when ascertained, a comprehensive discussion should be
started before implementing intervention strategies that could
harm the mother-infant dyad in the first critical 1,000 days of
life (62, 63).

THE ADULT “STEADY-STATE”
MICROBIOTA AND CNS: COMMITTING
TO A STABLE RELATIONSHIP

From birth till adulthood, bacterial diversity and functional
capacity expand progressively, although at different rates across
life stages (i.e., faster during infancy and slightly slower in early
childhood) (64, 65).

In adulthood, gut microbial population fluctuates around a
steady state (in terms of composition, diversity, and function)
and remains quite resilient unless gross perturbations occur
(e.g., major health conditions) (66). “Healthy” adult gut micro-
biota are consistently dominated by 2 main phyla (Bacteroidetes
and Firmicutes), but more than 1,000 different bacterial species
have been characterized and represent the vast human microbial
collection (67-69). Each individual is characterized by a specific
combination and proportion of different microbial species and
subspecies (strains) that constitutes a unique microbial finger-
print (69). Despite this taxonomic inter-individual variability,
adult gut microbiota display a relatively consistent functional
capacity in healthy persons (70, 71). Importantly, microbial
diversity and functional redundancy are positively associated
with health, while decreased microbial richness and diversity
and loss of functional redundancy characterize the microbiota
in multiple disease conditions (66, 69, 72). Adult gut microbiota
is influenced by several factors, including host genetics (73),
nutrition and dietary habits (74, 75), xenobiotics (e.g., antibiot-
ics) and other drugs (76-78), exercise (75, 79, 80), and circadian
rhythm (81, 82).

Gut microbiota and brain dynamically interact also during
adulthood. In adult mice, short-term oral administration of
broad-spectrum antibiotics induced a decrease in anxiety and
upregulated hippocampal expression of Bdnf (83). These changes
were associated with a transient perturbation of microbiota but
occurred independent of inflammatory status, vagal or sympa-
thetic integrity, or alterations in gastrointestinal neurotransmitter
levels (83). Adult neuroplasticity is sensitive to several environ-
mental stimuli, including stress and gut microbiota alterations
(84). Adult mice treated with antibiotics showed decreased hip-
pocampal neurogenesis and memory retention (85). This effect

was not completely rescued by the restoration of a normal flora
by fecal transplant, unless supported by exercise or a probiotic
cocktail administration (85).

Recent evidence suggests that complex microbiota-derived
stimuli are requested for microglia maintenance also during
adulthood (26, 59, 86). In particular, SCFAs, derived from bac-
terial fermentation processes, seem to regulate adult microglia
homeostasis (26). Moreover, short-term antibiotic treatment
in adult mice induce a rapid and sexually dimorphic (higher
in females) change in microglial gene expression, reinforcing
the concept that microbiota perturbations may have a relevant
impact of microglia also during adulthood (59).

THE SECOND BRAIN AGING:
LINKING GUT MICROBIOTA TO
NEURODEGENERATION

Aging is a process characterized by progressive functional decline
of all physiological systems. In the gastrointestinal tract, aging
involves the degeneration of enteric nervous system (ENS),
alterations in gastrointestinal motility, perturbations in small
intestinal permeability and mucosal defense system, which may
promote the development of gastrointestinal diseases, affect the
local and systemic inflammatory status, and deeply influence both
the composition and function of resident microbiota (87-89).

Aging is also associated with broad changes in brain and
whole body physiology that may influence gut microbiota-brain
axis. In particular, the HPA axis is deeply perturbed, through a
self-reinforcing cycle mediated by the hyperactivation of the
HPA axis that leads to increased basal glucocorticoid release
and the impaired HPA negative feedback due to reduced central
glucocorticoid receptor expression (90, 91). HPA axis dysfunc-
tions have been associated with decline in hippocampal volume
and cognitive performance, and increased risk of late-life
depression and anxiety (92, 93). Also circadian rhythm disrup-
tion, which is typical of aging, may be involved in this process,
due to the potential effect on both cortisol level fluctuations and
gut microbial activities (94, 95).

The aging brain is also deficient in the synthesis of neurotrophic
factors, including BDNF (96) as well as several neurotransmit-
ters, including 5-HT and DA, all of which lead to neuronal and
cognitive dysfunction (97, 98). BBB breakdown is an early event
in the aging human brain that begins in the hippocampus and
may contribute to cognitive impairment (99).

Aging is also characterized by the progressive decline in
immune function (immunosenescence) associated with a chronic,
low-grade inflammation (inflamm-aging) (100, 101). Both pro-
cesses may have many effects on the CNS, such as microglial
activation, BBB breakdown, and increase in oxidative damage
that may contribute to neurodegenerative and neuropsychiatric
diseases (100). Remarkably, recent data suggest that, in old mice,
gut microbiota contribute to inflamm-aging, and that this inflam-
matory phenotype may be transferred to young GF mice (102).

Major taxonomic shifts and a consistent decrease in microbial
richness and diversity have been reported in people 65 years of
age and older and these changes were associated with worsening
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of health status and frailty (89, 103). Similar findings were also
obtained in mice (104).

The characterization of gut microbiota of centenarians
revealed the presence of significant compositional differences
across life stages till extreme ages (105). In particular, core micro-
biota (mostly composed by the members of Ruminococcaceae,
Lachnospiraceae, and Bacteroidaceae families) seem to accom-
pany human life, decreasing in abundance along with aging
(105). In longevity and extreme longevity, an enrichment in
some subdominant health-associated groups (e.g., Akkermansia,
Bifidobacterium, and Christensenellaceae) occurs, even with the
support of some opportunistic and allochthonous bacteria (105).

Recently, the effects of aging on the microbiota gut-brain
axis were assessed in male mice (106). Aged mice showed
significant shifts in gut microbiota that were associated with
deficits in spatial memory and increases in anxiety-like behav-
iors compared with young adult mice (106). These changes
were positively correlated with the abundance of bacteria from
the Porphyromonadaceae family. Aged mice also exhibited
increased gut permeability that was associated with elevations
in peripheral pro-inflammatory cytokines (106).

These preliminary findings suggest that age-related changes
in gut microbiota may impact behavioral and cognitive functions
and support the relevance of the alteration in gut permeability
and peripheral inflammation in mediating these effects.

As outlined earlier, the possible link between early gut micro-
biota-brain interactions and late onset neurological conditions,
including AD and PD, is an intriguing area of research (15).

Alzheimer’s Disease

In AD, the most common form of age-related dementia, deposi-
tion of protein aggregates composed of amyloid-p (Ap) peptide
and tau in brain tissues impairs cognitive function (107). Both
host- and environmental factors that regulate these processes
have been described, including a potential role for gut microbiota
(108) (Figure 2).

In AD, reduced microbial richness and diversity were
observed, with low abundance of Firmicutes and Bifidobacterium
and increased Bacteroidetes that characterized the microbiome
of AD patients (108). Correlations were found between the levels
of Bacteroides, Turicibacter, and SMB53 and the concentration
of glial activation biomarkers in cerebrospinal fluid of AD (108).

An increase in the abundance of the pro-inflammatory
Escherichia/Shigella taxon, and a corresponding reduction in the
anti-inflammatory E. rectale was associated with higher levels of
inflammatory mediators in patients with cognitive impairment
and brain amyloidosis (109). Also in a mouse model overex-
pressing amyloid precursor protein and presenilin 1 (APPPS1),
a distinct microbial signature was observed with an increase
in Rikenellaceae and decreased Allobaculum and Akkermansia
compared with age-matched wild-type controls (110).

Interestingly, reduced levels of Akkermansia characterize gut
microbiota of mice with obesity and type 2 diabetes (111), two
potentially modifiable risk factors for AD (107). Importantly,
both young and old GF APPPSI1 transgenic mice displayed a
drastic reduction of cerebral AP pathology when compared with
control mice, along with a reduced microgliosis (110). Further to

Parkinson’s disease Alzheimer’s disease

a-synuclein aggregation B-amyloid deposition

W he

D\

(Neuro)inflammation
Microglia activation

Gut dysbiosis

FIGURE 2 | Age-related changes in gut-brain axis possibly involved in
neurodegeneration. Abbreviations: AD, Alzheimer’s disease; PD, Parkinson’s
disease.

this, colonization of GF-APPPS]1 transgenic mice with microbiota
from conventionally raised APPPS1 transgenic mice increased
cerebral AP pathology, while colonization with microbiota from
wild-type mice was less effective in increasing cerebral Ap levels
(110). Notably, GF-APPPSI1 displayed increased levels of the
Ap-degrading enzymes insulin degrading enzyme and neprilysin
degrading enzyme, suggesting a mechanism through which gut
microbiota influence cerebral Ap amyloidosis (110).

In the same mouse model of AD, life-long antibiotic treat-
ment induced a considerable perturbation in gut microbial
composition (including an expansion of Akkermansia) that was
associated with marked changes in the circulating cytokine/
chemokine network, a striking reduction in amyloid plaque
deposition, and a concomitant increase in soluble Ap (112). This
was accompanied by alterations in neuroinflammatory milieu
that lead to reduced plaque-localized gliosis and altered micro-
glial morphology (112). Remarkably, early post-natal antibiotic
treatment alone resulted in long-term alterations in gut microbial
genera that were associated with changes in the inflammatory
environment of serum and cerebrospinal fluid and attenuated
Ap amyloidosis in a manner similar to that observed in mice
subjected to life-long antibiotic selection pressure (113). These
findings corroborate the hypothesis of the presence of critical
developmental periods in which the commensal microbiota
manipulation may have long-lasting effects on host immunity
and potential implications for neurodegenerative diseases.

In another model of AD, the 5xFAD transgenic mouse, elevated
levels of APP were found not only in the brain but also in the
different gut districts and this was associated with a distinct fecal
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microbiota profile relative to wild-type animals, with an increase
in pro-inflammatory species (e.g., Clostridium leptum) (114).

Alterations in gut microbiota composition together with
the increase in intestinal permeability with age may lead to the
translocation of microbes or microbial components [i.e., lipopol-
ysaccharide (LPS)] from the gut to induce systemic and CNS
inflammation (115). Interestingly, in vitro and in vivo studies have
demonstrated a possible association between LPS and AD pathol-
ogy. Coincubation of AP peptide with LPS potentiated amyloid
fibril formation (116), and systemic administration of LPS in
wild-type and transgenic AD mice induced neuroinflammation,
amyloid deposition, and tau pathology (117-119). Moreover, in
postmortem brain parenchyma and blood vessels from patients
with AD, levels of LPS and Gram-negative E. coli fragments
were greater compared with control brains and colocalized with
amyloid plaques (120).

While the study of the microbiota gut-brain axis in AD is
still in its infancy, promising preclinical data suggest that the
modulation of gut microbiota through dietary ingredients or
probiotics may provide a means to counteract the development
or progression of neurodegenerative disease. For instance, in a
triple-transgenic mouse model of AD (3xTg-AD), a formulation
of lactic acid bacteria and bifidobacteria changed the composi-
tion of gut microbiota, stimulated the production of beneficial
metabolites (e.g., increased SCFAs), reduced the levels of pro-
inflammatory cytokines, increased gut hormones concentration
and positively modulate quality control processes and proteoly-
sis, reducing AP load and improving cognitive function (121).
Moreover, the administration of the probiotic mixture VSL#3
to aged rats induced a robust perturbation in gut microbiota
composition, that was accompanied by gene expression changes
in the brain cortex, attenuated age-related deficits in long-term
potentiation, decreased microglial activation, and increased
BDNF and synapsin levels (122). In addition, 3-hydroxybenzoic
acid and 3-(3-hydroxyphenyl)propionic acid, the phenolic
products of microbial conversion of grape seed polyphenol
extracts (and other dietary polyphenols), may potently interfere
with the assembly of A peptides into neurotoxic Ap aggregates
in vitro (123).

Despite these interesting preliminary findings, more work is
needed to determine whether gut microbiota modulation may be
employed for the prevention and/or treatment of AD pathogenic
processes.

Parkinson’s Disease

Parkinson’s disease is the second most common neurodegenera-
tive disorder, affecting 2-3% of the population >65 years of age
(124, 125). Degeneration of the dopaminergic nigro-striatal
pathway and widespread intracellular a-synuclein accumulation
are the neuropathological hallmarks of PD that are associated
with bradykinesia and other cardinal motor and non-motor
features (126).

Gastrointestinal dysfunction, in particular in the form of
constipation, is among the most frequent prodromal non-
motor symptoms of PD that may precede motor symptoms
by decades (126). At later disease stages, oral issues includ-
ing drooling and swallowing problems and delays in gastric

emptying further exacerbate gastrointestinal dysfunction (127).
Aggregates of a-synuclein have been retrieved in the mucosal
and submucosal nerve fibers and ganglia of the ENSs of PD
patients at early disease stages (128, 129). In addition, some
observations from experimental models support the intrigu-
ing hypothesis that intestinal a-synuclein may spread to the
brain via postganglionic enteric neurons and the vagus nerve
(130). Interestingly, the risk of developing PD was significantly
decreased in patients who underwent a full truncal vagotomy
compared with those who underwent selective vagotomy and
in the general population (131).

Not surprisingly, gastrointestinal disturbances in people
with PD are accompanied by alterations in fecal and mucosal
microbial populations (31, 132-134). In particular, a reduced
abundance of Prevotellaceae, mucin producers that regulate
intestinal permeability, was commonly reported in PD patients
(31, 132, 135, 136), while Enterobacteriaceae were positively asso-
ciated with the severity of postural instability and gait difficulty
(31). Clostridium coccoides group was high in early PD patients,
while Lactobacillus gasseri subgroup was high in advanced PD
patients (132). A pro-inflammatory dysbiosis, characterized by
low counts of “anti-inflammatory” butyrate-producing bacteria
from the genera Blautia, Coprococcus, and Roseburia and higher
“pro-inflammatory” Proteobacteria of the genus Ralstonia was
also reported in individual with PD (133). Individuals affected
by PD also showed lower levels of SCFA concentrations, derived
from host-microbiota cometabolism, that may have neuroactive
and immunomodulating properties (135). Other evidence of
microbiota dysregulation in PD includes small intestine bacterial
overgrowth and high rates of Helicobacter pylori infection (137,
138). It is worth noting that this infection has also been involved
in the pathogenesis of AD (139). Finally, the total abundance of
intestinal bacterial was found to decrease during PD progression,
with a low count of Bifidobacterium associated with worsening of
PD symptoms (134).

Collectively, these findings suggest that perturbations in
gut microbiota structure and function may be associated
with the development and progression of PD through several
potential mechanisms, including inflammation and bacterial
translocation (Figure 2). However, findings in humans remain
largely descriptive. Again, animal models provided some use-
ful insights into the physiopathological mechanisms linking
gut dysbiosis to PD. Under GF conditions, or when bacteria
were depleted in post-natal life following antibiotic treatment,
transgenic mice overexpressing o-synuclein showed reduced
microglia activation, a-synuclein inclusions, gastrointestinal
symptoms, and motor deficits compared with animals with
a complex microbiota (140). Moreover, administration of a
mixture of microbially derived SCFAs (acetate, propionate,
and butyrate) restored all major features of PD in GF mice,
suggesting that microbial metabolic mediators may promote
microglia activation and a-synuclein aggregation and con-
tribute to motor dysfunction in PD (140). Remarkably, mice
transplanted with PD microbiota compared with mice who
received microbiota from healthy human controls displayed
enhanced motor dysfunction, suggesting that dysbiosis may
be the environmental factor that combined with a genetic
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predisposition (a-synuclein overexpression) influences disease
outcomes in mice (140).

As already outlined for AD, in neurodegenerative diseases,
including PD, the passage of bacterial products from the intes-
tine to the circulation and into brain, or “molecular mimicry”
processes induced by bacterial amyloids may trigger a persistent
neuroinflammation (28, 141, 142) that in turn contributes to
neuronal dysfunction and death (143). In this scenario, it has
recently been proposed that AP production and aggregation may
originally act as an antimicrobial defense and then infectious or
sterile inflammatory stimuli may drive amyloidosis (144).

While it is currently recommended the use of fermented milk
containing probiotics and prebiotic fiber in PD patients with
constipation (145), the possible beneficial effects of the manipula-
tion of gut microbiota (through diet, live bacteria, or microbiota
transplantation) on the initiation or progression of the neurode-
generative process have not yet been explored. Further studies
are also needed to assess the possible interactions among these
interventions and levodopa uptake and availability.

CONCLUDING REMARKS

At the beginning of the twentieth century, the Nobel Prize win-
ner Elie Metchnikoff theorized in his tracts, The Nature of Man:
Studies in Optimistic Philosophy (1903) and The Prolongation
of Life: Optimistic Studies (1907), that health status could be
improved and senility delayed by replacing the native gut
microbes with lactic acid bacteria such as those present in
yogurt (146). In the past few decades, this idea was resumed and
updated under the influence of methodological and technologi-
cal advances in science (147). A more ecological perspective was

then embraced and the concepts of complexity, (dis)harmony,
(Nash)equilibrium, and personalization/precision were intro-
duced to capture the dynamic aspects of gut microbiota-host
relationship (66, 147-149).

While the study of microbiota gut-brain axis is still in
infancy, a number of potential mechanisms (and, hence, plau-
sible targets) have begun to be unveiled. Early-life interactions
between host and colonizing gut microbes seem to influence the
way in which the nervous system starts obtaining information
about the external and internal environment in critical phases
of neurodevelopment. BBB establishment and function, central
inflammatory processes and neurogenesis may be differentially
affected by the gut microbial assemblies and their metabolic
products (Figure 3). Evidence is also accumulating for a role of
life-long microbiota-host interactions in age-related disorders
such as AD and PD.

Taken together, these data open up the possibility of devel-
oping interventions targeting the gut microbiota (in particular
at the extreme ages of life) to improve brain health. Preclinical
studies have suggested the efficacy of the modulation of the gut
microbiota in ameliorating conditions such as depression and
neurodegenerative diseases (150). A new term, “psychobiotics”
(and related “psychobiotic properties”), was coined to define live
bacteria (probiotics) and nutritional support for such bacteria
(prebiotics), but also virtually any exogenous factor, such as diet,
exercise, and drugs, acting on brain through bacterially mediated
effects (19).

Despite the “optimistic nature” of this 100-year-old idea,
future research should tackle several challenging questions before
truly effective interventions in humans may be implemented. For
instance, most of the published studies have only associated the gut
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microbiota with diseases without proving any causation (1, 151).
It is therefore crucial to assess whether changes in microbiota
underpin disease pathophysiology or are just epiphenomena.
Further to this, the microbial properties that are necessary to
support proper neurodevelopment and prevent neurodegen-
eration should be clearly established. In addition, sufficiently
powered, rigorous clinical trials should be conducted to assess
the translatability of animal model findings to human conditions.
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Background: Getting lost behavior (GLB) in the elderly is believed to involve poor top-
down modulation of visuospatial processing, by impaired executive functions. However,
since healthy elderly and elderly with Alzheimer’s disease (AD) experience a different
pattern of cognitive decling, it remains unclear whether this hypothesis can explain GLB
in dementia.

Objective: We sought to identify whether poor executive functions and working mem-
ory modulate the relationship between visuospatial processing and prevalence of GLB
in healthy elderly and patients with AD. Complementary to this, we explored whether
brain regions critical for executive functions modulate the relationship between GLB and
brain regions critical for visuospatial processing.

Method: Ninety-two participants with mild AD and 46 healthy age-matched controls
underwent neuropsychological assessment and a structural MRI. GLB was assessed
using a semistructured clinical interview. Path analysis was used to explore interactions
between visuospatial deficits, executive dysfunction/working memory, and prevalence of
GLB, in AD and controls independently.

Results: For both healthy controls and patients with mild AD, visuospatial process-
ing deficits were associated with GLB only in the presence of poor working memory.
Anatomically, GLB was associated with medial temporal atrophy in patients with mild
AD, which was not strengthened by low frontal gray matter (GM) volume as predicted.
Instead, medial temporal atrophy was more strongly related to GLB in patients with high
frontal GM volumes. For controls, GLB was not associated with occipital, parietal, medial
temporal, or frontal GM volume.

Conclusion: Cognitively, a top-down modulation deficit may drive GLB in both healthy
elderly and patients with mild AD. This modulation effect may be localized in the medial
temporal lobe for patients with mild AD. Thus, anatomical substrates of GLB in mild
AD may not follow the typical top-down modulation mechanisms often reported in the
healthy aging population. Implications advance therapeutic practices by highlighting the
need to target both working memory and visuospatial deficits simultaneously, and that
anatomical substrates of GLB may be disease specific.
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INTRODUCTION

Getting lost behavior (GLB) is defined as the inability to find
one’s way in familiar or unfamiliar environments (1). GLB is
highly prevalent in patients with Alzheimer’s disease (AD), with
an approximate 40% of patients reportedly experiencing some
phenomenon of getting lost (2). This prevalence increases to 70%
in patients with severe AD and often leads to institutionalization,
increased risk of falls and even death (3). Despite its prevalence
and devastating impact, the mechanisms underlying GLB in
AD remain unclear.

Early assumptions on the underlying cause of GLB in
patients with AD have focused on visuospatial processing prob-
lems, such as motion perception that guides self-movement
and maintains spatial orientation (4). However, more recent
speculations have centered around GLB as a problem with
higher level cognition such as working memory, defined as the
capacity to temporarily maintain and manipulate information
in memory, and executive functions, which involve mental flex-
ibility, problem solving and decision making (5).

One theory that integrates the functions of both visuospatial
processing and higher level cognition is the top-down modula-
tion hypothesis of cognitive aging. This hypothesis proposes that
working memory and executive functions may exert modula-
tory control over the efficacy of visuospatial processing and its
association with behavioral systems such as navigation (6). For
example, if lost, selective attention is required to moderate visual
perception toward relevant visual information and suppress
attention toward irrelevant information competing for cognitive
resources, additionally, mental flexibility is required to facilitate
strategy switching and working memory is required to engage
visual memory to manipulate information no longer in the
environment (5).

The neural basis for higher level cognition and visuospatial
processing are anatomically distinct, with the former localized
in the frontal brain region (7, 8) and the latter localized in the
occipital, posterior parietal and medial temporal brain regions
(9). Despite the distinct locations, the regions for higher level
cognition and visuospatial processing are functionally integrated
(10). For instance, a fMRI study in healthy adults demonstrated
that the frontal cortex modulated the magnitude of activity in
the occipital cortex during a delayed visual recognition task (11).
Following on from this, a subsequent study identified that the
magnitude of this modulation predicted successful performance
on a visuospatial processing task (12).

In healthy cognitive aging, frontal lobe structures are typically
the first to deteriorate (13). As a result, the elderly demonstrate a
pronounced deficit in suppressing cortical activity associated with
task-irrelevant information processing, compared to younger
adults (6). This deficit with top-down modulation of cortical
activity is believed to be one substrate of GLB in the elderly (14).
Compared to healthy cognitive aging, patients with AD experi-
ence early atrophy in structures critical for learning and memory,
such as the parietal and medial temporal lobe, while structures
important for top-down modulation, such as the frontal lobe,
may become affected at later stages of the disease (15). Due to
the different patterns of neurodegeneration associated with AD

compared to healthy aging, it remains unclear whether the top-
down hypothesis is suitable for explaining GLB in patients with
mild AD.

We sought to identify whether deficits with higher order
cognition, such as executive functions and working memory;,
moderate the effect of visuospatial deficits on prevalence of
GLB. This hypothesis was explored in healthy controls and
patients with AD to identify whether the same mechanisms
are present in the normal and abnormal aging process.
Complimentary to this, we sought to identify whether ana-
tomical mechanisms of GLB in patients with mild AD involve
top-down modulation deficits. Specifically, we predicted that
reduced volume of frontal gray matter (GM) may strengthen
the relationship between GLB and atrophy in regions critical
for visuospatial processing, namely the occipital, parietal and
medial temporal GM.

MATERIALS AND METHODS

Sampling, Screening, Procedure

In this cross-sectional study, patients with mild AD were recru-
ited from a tertiary neurology center in Singapore (National
Neuroscience Institute) between 2013 and 2016. Diagnosis of
mild probable AD was based on the NIA-AA Criteria (16) and
a full medical work-up, which involved medical and caregiver
reports, structural MRI, a comprehensive cognitive evaluation
and blood test to rule out cognitive impairment due to vitamin
deficiency or thyroid abnormalities. Additional criteria for a
diagnosis of mild AD included a Clinical Dementia Rating Scale
(CDR) (17) of 1. Age-matched controls from the community
were recruited at the National Neuroscience Institute from 2010
to 2016 and included elderly who were “cognitively normal,” as
determined by a comprehensive cognitive assessment, a MMSE
score >28 and a CDR of 0. Recruitment of the clinical and con-
trol cohort was non-random and involved consecutive sampling
methods.

Exclusion criteria for all participants included (a) major
visual impairment, such as blindness, visual agnosia or cortical
blindness, (b) a current diagnosis or history of neuropsychiatric
conditions (e.g., psychosis, depression), (c) comorbid neurode-
generative diseases (e.g., Parkinson’s disease), (d) a history of
clinical strokes (e.g., CAA and prior clinical strokes), and (e) a
current or history of alcohol or drug abuse.

Measures

Primary outcome measure, GLB, was indexed using a semis-
tructured clinical interview with a psychologist blinded to
diagnosis. The interview queried the changes, if any, in the
visuospatial abilities of the subject and involved responses
from both the subject and their caregiver, or family member
in the case of controls, for clarification purposes. The subject
was queried on whether they still travel alone, how well they
can recall travel routes (including travel route to the present
location), whether they make wrong turns on familiar paths
and whether they have experienced getting lost in the past
6 months. Caregiver/family member questions sought to
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validate the subject’s responses and focused on whether the
subject still travels on their own and whether there has been
instances of making wrong turns on familiar routes or getting
lost in the past 6 months (see supplementary materials for full
interview). After cross-referencing the accounts of the subject
and caregiver/family member, the presence of GLB was then
recorded as a yes or no by the psychologist based on clear indi-
cations that the subject was not able to orientate themselves
in familiar environments, or that there have been instances of
getting lost.

Cognitive predictor variables included working memory,
which was indexed using the composite score of Wechsler’s
forward and backward digit span tasks [WMS-IV; (18)]; execu-
tive function, which was indexed using the composite score of
the Frontal Assessment Battery [FAB; (19)] and Color Trails 2
task (20); and visuospatial processing, which was indexed using
the composite of Wechsler’s block design [WAIS-IV; (21)] and
Wechsler’s immediate and delayed visual reproduction task
[Wechsler Memory Scale-1V; (18)].

Image Acquisition and Processing

Anatomical predictor variables included the volumetric meas-
ure of frontal, parietal, medial temporal and occipital GM.
Subjects underwent MRI in a whole body MR system which
included a 3T Siemens Tim Trio system (Siemens, Erlangen,
Germany) and a 3T Siemens Prisma system (Siemens, Erlangen,
Germany). Voxel-based morphometry was conducted using
the Computational Anatomy Toolbox (CAT12) package for the
Statistical Parametric Mapping 12 (SPM12) software (http://
www.fil.ion.ucl.ac.uk/spm) in MATLAB. Volumetric MPRAGE
sequences were converted from DICOM to 3D NIFTI format
and manually oriented to be within the standard Montreal
Neurological Institute template space. Images were segmented
into GM and cerebrospinal fluid maps using a unified seg-
mentation pipeline (22), including affine regularization to the
International Consortium for Brain Mapping space template for
East Asian brains, bias corrections, and affine and non-linear
modulated normalization. The generated GM maps were then
smoothed (8 mm full width at half maximum) in SPM12. CAT12
was used to estimate the total intracranial volume for each sub-
ject, and the smoothed GM maps were used to generate global
volumes of GM, and also regional volumes based on regions of
interest defined using the Wake Forest University Pick Atlas v3.0
software toolbox (23).

Statistical Analysis

Group Comparisons

A t-test was used to identify the neuropsychological and anatomi-
cal deficits in the mild AD group as compared to age-matched
healthy controls.

Path Analysis

The a priori cognitive and anatomical models, depicted in Figure 1,
were assessed using moderation path analysis with SPSS Amos ver-
sion 20 (24). Moderation analysis determined whether the effect of

a predictor variable on an outcome was enhanced or attenuated in
the presence of a third moderating variable. In our cognitive model,
the predictor variables included visuospatial skills, the outcome
included prevalence of GLB and the moderating variables included
executive functions or working memory. In our anatomical model,
the predictor variables included regions of visuospatial processing,
namely the parietal, occipital or medial temporal GM, the outcome
included prevalence of GLB and the moderating variable included
the region for higher order cognition, namely frontal GM. The
moderation effect was calculated by mean centering all variables,
then multiplying each predictor variable with each moderating
variable to obtain an “interaction variable”

Path analysis was conducted separately for both the cognitive
and anatomical models and for each diagnostic group (mild
AD or controls) by including diagnosis type as the multi-group
variable. For each analysis, the primary independent variable was
the interaction variable, the secondary independent variables
were the target predictor and moderating variable, while the
dependent variable was the presence of GLB (indexed as a binary
variable). Each analysis also controlled for years of education
(given it was different between mild AD and controls), gender
and MMSE score (given they were different between mild AD
patients with and without GLB). The path analysis model fit
was revised using modification indices and assessed using pre-
viously published recommended criteria: (a) y* p value > 0.05,
(b) Bentler comparative fit index (CFIL: >0.95), and (c) root mean
error of approximation (RMSEA: <0.04) (25).

Due to our non-random sampling methods, we applied
bias-corrected (BC) bootstrap estimation with 1,000 resamples
as a non-parametric approach for estimating effect-sizes, SEs
and biases (26). Bootstrapping is useful in regression because it
measures the variability of the linear approximation of each path
in the model and estimates the bias of this linear approximation
to the population (27). BC bootstrap estimation has further been
shown to be useful as a multiple comparison correction method
for hypothesis testing (28-30). The significance of the BC boot-
strap estimate was indicated by confidence intervals that did not
contain 0. Effect sizes for the direct paths between independent
and dependent variables were indexed using the standardized
coefhicient of the path, where 0.10 indicated a small effect, 0.30
indicated a medium effect and 0.50 indicated a large effect (31).
Effect sizes for the path between the interaction and the depend-
ent variable was indexed by squaring Cohen’s (31) estimations
because interaction effects represent a product of two effects
(32). Thus, a small interaction effect size would be 0.01, moderate
would be 0.09, and large would be 0.25.

RESULTS

Participants

The cohort consisted of 92 participants with mild AD and 46
healthy controls matched on age. Table 1 shows that compared
to the controls, the mild AD group overall had less years of educa-
tion (p = 0.00), a higher prevalence of GLB (p = 0.01), lower
global cognition (p = 0.00), performed worse on all cognitive
domain tasks (p = 0.00) and had significant atrophy in the medial
temporal (p = 0.02) and occipital GM region (p = 0.00). Within
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FIGURE 1 | A priori model of the cognitive and anatomical pathways associated with getting lost behavior (GLB). The cognitive model suggests that the relationship
between visuospatial deficits and prevalence of GLB may be strengthened by poor working memory and executive dysfunctions. The anatomical model suggests
that reduced volume of frontal gray matter (GM) may strengthen the relationship between GLB and atrophy in regions critical for visuospatial processing, namely
occipital, parietal and medial temporal GM.

the mild AD group, those that experienced GLB were more likely
to be male (p = 0.01), have lower global cognition (p = 0.00),
poorer performance on executive function tasks (FAB, p = 0.01
and color trials, p = 0.01), poorer performance on visuospatial
tasks (block design, p = 0.001) and visual reproduction (immedi-
ate recall, p = 0.02) and reduced volumes in the medial temporal
(p = 0.01) and occipital GM regions (p = 0.01). For healthy
controls, no differences were observed between those with and
without GLB.

Path Analysis

Cognitive Model

The cognitive model had good model fit, with chi square
(12) =15.49, p =0.21, CFI = 0.99 and RMSEA = 0.04. Table 2
presents the characteristics of each path in the model, after
controlling for covariates. GLB was not directly associated with
working memory, executive functions or visuospatial skills in
patients with mild AD or healthy controls. The interaction bet-
ween working memory and visuospatial skills was significantly
associated with GLB for both groups, suggesting that visuospa-
tial deficits were associated with GLB only for those with poor
working memory. This interaction was of a moderate effect size
for patients with mild AD and of a moderate to large effect
size for healthy controls. The interaction between executive
functions and visuospatial skills was not significant for either

group.

Anatomical Model
The anatomical model had good model fit, with ¥ (6) = 2.49,
p = 0.47, CFI = 0.99 and RMSEA = 0.00. Table 3 depicts that
for patients with mild AD, GLB was directly related to medial
temporal GM, which was associated with a moderate to large
effect size. GLB was not directly related to parietal, occipital
or frontal GM (p > 0.05). The interaction between frontal and
medial temporal GM was significant, see Figure 2. Frontal GM
did not interact with parietal or occipital GM.

For healthy age-matched controls, GLB was not directly
or indirectly related to frontal, parietal, medial temporal or
occipital GM (p > 0.05).

DISCUSSION

Main Findings

Getting lost behavior in patients with mild AD and healthy age-
matched controls was associated with visuospatial processing
deficits only in the presence of poor working memory, while
controlling for educational attainment, gender and global cogni-
tion. This suggests that for both AD and normal aging, visuos-
patial processing deficits may not be sufficient for GLB, and that
impairments with higher cognitive functions, including working
memory, may be necessary. This finding is consistent with the
hypothesis that GLB may involve a deficit with top-down modula-
tion of visuospatial processing, by impaired working memory.
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TABLE 1 | Participant characteristics.

Mild AD, mean (SD)

Healthy controls, mean (SD)

Total (N = 92) GLB+ (N = 26) GLB- (N = 66) Total (N = 46) GLB+ (N =4) GLB- (N = 42)
Demographics
Age (years) 68.30 (9.28) 71.14 (8.05) 67.18 (9.55) 65.32 (6.04) 63.67 (7.19) 65.48 (5.99)
Gender (males, %) 45 (48) 18 (69) 27 (41) 22 (48) 2 (50) 20 (48)
Years of education 9.62 (3.88) 9.62 (3.5) 9.62 (4.02) 13.02 (2.91) 11.50 (3.87) 13.17 (2.87)
Race
Chinese 86 23 63 43 39 4
Malay 3 3 2 0 0 0
Indian 2 2 1 3 3 0
Other 1 1 0 0 0 0
GLB prevalence 26 (28%) - 4 (8%) - -
Cognitive measures
Global cognition
MMSE (score range 0-30) 24.47 (4.39) 21.46 (4.82) 25.65 (3.61) 28.70 (1.57) 28.25 (0.97) 28.74 (1.64)
Executive function
FAB (score range 0-18) 14.34 (3.11) 13.08 (2.56) 14.83 (3.18) 17.33 (0.96) 17.50 (5.77) 17.31 (1.00)
Color Trails 2 (seconds) 732.98 (135.65) 671.26 (185.28) 757.30 (102.15) 830.11 (26.91) 833.73 (7.01) 829.76 (28.13)
Working memory
Digitspan-forward (score range 0-16) 9.25 (2.44) 8.62 (2.11) 9.50 (2.53) 11.04 (2.22) 10.50 (3.00) 11.10 (2.71)
Digitspan-backward 7.42 (2.09) 7.00 (1.60) 7.59 (2.16) 9.89 (3.08) 10.25 (3.30) 9.86 (3.09)
(score range 0-16)
Visuospatial skills
Block design (score range 0-48) 28.26 (11.23) 22.15(10.68) 30.64 (10.58) 37.13 (7.05) 38.00 (6.92) 37.05 (7.14)
Immediate VR (score range 0-43) 25.15(10.90) 20.77 (11.48) 26.88 (10.25) 36.07 (3.89) 36.75 (3.09) 36.00 (3.98)
Delayed VR (score range 0-43) 14.60 (12.77) 10.69 (11.84) 16.14 (12.88) 27.35 (9.44) 30.50 (4.43) 27.05 (9.76)
Structural imaging (gray matter)
Frontal 71.77 (6.83) 69.84 (6.31) 72.52 (6.92) 73.64 (7.11) 77.55 (9.89) 73.26 (6.84)
Parietal 32.35 (3.41) 31.40 (3.4) 32.72 (3.46) 33.03 (3.16) 34.12 (5.57) 32.93 (2.92)
Medial temporal 46.11 (5.11) 43.76 (4.79) 40.80 (4.39) 48.22 (4.24) 49.15 (5.53) 48.14 (4.17)
Occipital 23.41(2.93) 2217 (2.69) 23.91 (2.97) 25.06 (2.86) 25.79 (4.34) 24.99 (2.85)

AD, Alzheimer's disease; GLB+, getting lost behavior was prevalent; GLB—, getting lost behavior was not prevalent; MMSE, mini-mental state examination; FAB, frontal assessment

battery; VR, visual recall.

TABLE 2 | Regression coefficients and significance of paths in the cognitive
model for patients with AD and healthy controls.

TABLE 3 | Regression coefficients and significance of the paths in the anatomical
model for patients with Alzheimer’s disease.

Relationships Standardized b  SE BC 95% CI Relationships Standardized b SE BC 95% CI

Mild AD Direct relationships

Direct relationships Occipital GM > GLB -0.28 0.18 —-0.611t00.02
Visuospatial skills > GLB -0.17 0.14 -0.03t00.38 Parietal GM > GLB 0.14 0.23 -0.24t00.52
Working memory > GLB -0.09 0.09 -0.22100.04 Medial temporal GM » GLB —0.45 0.21  -0.79to —-0.122
Executive functions > GLB -0.07 0.15 -0.33t00.17 Frontal GM > GLB 0.29 0.21 -0.17t00.55

Interactions .
Working memory x visuospatial 028 008  0.07-0.32* Interactions
skills > GLB Frontal GM x occipital GM > GLB -0.27 0.12 -0.46 to 0.00
Executive functions x visuospatial -0.02 0.14 -0.28100.82 Frontal GM x parlgtal GM > GLB -0.07 0.19 -0.411t00.23
skils > GLB Frontal GM x medial temporal GM -0.22 0.17  -0.41to —0.05*

> GLB

Healthy controls

Direct relationships ng< ?OZ d - BC, bi ted; Cl, confid interval; GLB, getting lost
Visuospatial skills > GLB -0.22 0.26 -0.28100.54 be;jjvfo”r' gMe;’;"y et e’ras correctea; & contience interval =8, geting o8
Working memory > GLB -0.31 0.19 -0.67to 0.01 T ’
Executive functions > GLB -0.39 043 -0.10to1.4

Interactions
Working memory x visuospatial 0.43 018  0.21-0.95™ The anatomical substrates of GLB were not consistent with
skills > GLB the top-down deficit hypothesis for neither patients with mild
Executive functions x visuospatial -0.37 0.38 -0.83t00.43

skills > GLB

P < 0.05.
*p < 0.01.

SE, standard error; BC, bias corrected; Cl, confidence interval; GLB, getting lost

behavior; AD, Alzheimer's disease.

AD or healthy controls. In patients with mild AD, GLB was
directly associated with medial temporal atrophy; however, this
association was not strengthened in the presence of reduced
frontal GM as predicted. Instead, the relationship between medial
temporal atrophy and GLB was strengthened in patients with
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FIGURE 2 | For mild Alzheimer's disease patients with high volume of frontal gray matter (GM), medial temporal lobe (MTL) atrophy was more strongly associated
with the prevalence of getting lost behavior (GLB). For patients with low frontal GM volume, no moderation was observed.

a high volume of frontal GM, indicating atypical modulatory
mechanisms. Alternatively for healthy age-matched controls,
GLB was not associated with occipital, parietal, medial temporal
or frontal GM volumes, suggesting that the prevalence of GLB in
this population may be associated with factors other than neural
degeneration.

Cognitive Model
Getting lost behavior in patients with mild AD was not directly
associated with general cognitive functions, such as work-
ing memory, executive functions or visuospatial processing,
which converges with previous findings (33). Some (33) have
interpreted this lack of association to suggest that GLB may
not be a manifestation of generalized cognitive decline, rather
a navigation specific decline. An alternative perspective identi-
fied by our moderation analysis suggested that the interaction
between cognitive functions may be critical for understanding
GLB in mild AD rather than independent associations. More
specifically, general visuospatial processing deficits may become
associated with GLB in the context of poor working memory,
whereby poor working memory may impede the encoding
and manipulation of information necessary for visuospatial
processing. These findings are consistent with behavioral studies
demonstrating that GLB in mild AD is a primary function of
poor spatial working memory, and that visuospatial information
processing deficits are secondary to these deficits (34, 35). Thus,
one cognitive mechanism of GLB in patients with mild AD may
involve altered top-down modulation of visuospatial processing
by poor working memory.

Similar to patients with AD, healthy age-matched controls
exhibited an association between GLB and visuospatial processing

deficits only in the context of poor working memory. Inter-
estingly, insights from previous studies indicate that the groups
may differ with the function of working memory in top-down
modulation. For instance, in healthy aging, the inability to
suppress task-irrelevant information is a key substrate of GLB
(6). Meanwhile for patients with AD, the inability to store and
manipulate task-relevant visuospatial information is believed
to be primary for GLB (36). Thus, we propose that while the
functional role of working memory in GLB may differ between
healthy elderly and patients with mild AD, the mechanisms by
which working memory deficits affect GLB are similar across
the groups.

Contrary to expectations, executive functions did not play a
top-down modulatory role on the relationship between visuospa-
tial processing and GLB. Executive functions have been implicated
in way-finding, which involves spatial problem solving abilities
when appropriate solutions are not available in memory (5, 36).
Our findings suggest that the information source used to problem
solve, namely working memory, may be more critical for GLB in
elderly with mild AD than the problem solving skill itself. Given
that working memory deficits are a primary diagnostic feature of
AD, we propose that cognitive functions most implicated in the
top-down effects of GLB may be the most vulnerable cognitive
functions in each disease group.

Anatomical Model

Consistent with previous research (37), the medial temporal
lobe was strongly associated with GLB in patients with mild
AD. The effect size was moderate to large, suggesting that
medial temporal atrophy may result in observable deficits with
wayfinding in patients with mild AD. The medial temporal
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region includes the hippocampus, the subicular complex and
the parahippocampal cortical regions, which collectively play
a critical role in the encoding, storage and active manipula-
tion of cognitive maps (38). Accordingly, past research has
demonstrated that patients with lesions to the medial temporal
lobe exhibit deficits with spatial memory, including recalling
locations, drawing maps of the environment and making
judgments about the distance and proximity of locations (39).
Similar spatial memory deficits have been observed in patients
with AD (33). Thus, together with previous literature, our
findings suggest that structures controlling memory functions
may be a primary anatomical substrate of GLB in patients with
mild AD.

To advance our understanding of the anatomical mechanisms
of GLB in patients with AD, we proposed that the association
between medial temporal atrophy and GLB may be strength-
ened by the top-down effects of reduced frontal GM volume.
Contrarily to this hypothesis, we observed that the association
between medial temporal atrophy and GLB was strengthened
in the presence of healthy frontal GM volume. In our cohort,
patients with AD exhibited comparable volumes of frontal
GM to the healthy controls, which is consistent with previous
findings that the frontal lobe in AD often begins to degener-
ate at later stages of the disease (15). This may be one reason
why patients with mild AD did not exhibit typical anatomical
top-down modulation mechanisms as observed in healthy
aging (6). Given that our cognitive model indicated that poor
working memory was necessary for poor visuospatial deficits to
be associated with GLB, it is likely that this cognitive top-down
modulation in patients with mild AD may be localized in the
medial temporal lobe.

The medial temporal lobe and posterior parietal lobe have
been argued to have overlapping but complimentary roles in
spatial navigation (33). However, we only observed the medial
temporal lobe to be associated with GLB in patients with mild
AD. One reason for this may be that only the medial temporal
lobe was reduced in volume for mild AD patients compared to
healthy age-matched controls, while the parietal GM appeared
healthy. Given the medial temporal lobe is one of the first
regions to become affected in AD (15), our findings suggest
that disease-related patterns of atrophy may contribute to
the vulnerability of the spatial navigation network in patients
with mild AD. Thus, anatomical markers of GLB may be
disparate for patients with mild AD and healthy elderly, stress-
ing the need for tailored assessment criteria and treatment
strategies.

Strengths, Limitations, and Future

Research

One strength of this study was that we used a real-world indi-
cator of GLB, clinical interview. This measure was binary and
future research may benefit from studying GLB as a continuous
variable, which will allow the comparison of Alzheimer’s patients
with GLB and without GLB. Such comparisons will identify
neural correlates for GLB not contributed by anatomical changes

accounted for by typical cognitive deficits such as episodic
memory loss. Another strength is that we applied path analysis
to assess simultaneous relationships between variables in a
multivariable pathway, however we note that our cross-sectional
design did not allow us to infer causality. Future research may
benefit from investigating the predictive value of the cognitive
and anatomical mechanisms on the incidence of GLB. One
limitation of the current study was the non-random sampling
procedure, which may limit the generalizability of the results.
We further note that we explored broad neural regions while
specific regions such as the dorsal occipital cortex, the posterior
parietal cortex and the dorsolateral prefrontal cortex have previ-
ously been implicated in GLB (9, 40, 41). The inclusion of broad
regions in the current study was an important preliminary step
for model building, paving the way for future research to specify
the models in more detail. We further note that the cognitive
assessments were not navigation specific, however the trends
were consistent with previous studies (33) utilizing navigation
specific memory and visuospatial tasks.

Conclusion

This study advanced our understanding of GLB by demon-
strating that a cognitive top-down modulation deficit may
drive GLB in both healthy elderly and patients with mild AD.
Specifically, our findings suggest that visuospatial processing
deficits may not be sufficient for GLB, and that its interaction
with higher cognitive functions, including working memory,
may be necessary. In patients with mild AD, GLB may be local-
ized to disease-affected structures, such as the medial temporal
lobe, and anatomical mechanisms of GLB may not involve typi-
cal top-down modulation. Implications of these cognitive and
anatomical findings may advance the assessment and treatment
of GLB in elderly with mild AD, including cognitive training,
neurofeedback, neuromodulation, and pharmacological inter-
vention. Specifically, intervention for GLB may be optimized by
improving working memory simultaneously with visuospatial
processing skills, as opposed to targeting only visuospatial
skills. Additionally, research measuring visuospatial skills
and GLB should consider controlling for working memory.
Furthermore, assessment practices of GLB may be advanced
by identifying that the anatomical mechanisms of GLB may be
disease specific.
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Emerging trends in pervasive computing and medical informatics are creating the pos-
sibility for large-scale collection, sharing, aggregation and analysis of unprecedented
volumes of data, a phenomenon commonly known as big data. In this contribution, we
review the existing scientific literature on big data approaches to dementia, as well as
commercially available mobile-based applications in this domain. Our analysis suggests
that big data approaches to dementia research and care hold promise for improving
current preventive and predictive models, casting light on the etiology of the disease,
enabling earlier diagnosis, optimizing resource allocation, and delivering more tailored
treatments to patients with specific disease trajectories. Such promissory outlook,
however, has not materialized yet, and raises a number of technical, scientific, ethical,
and regulatory challenges. This paper provides an assessment of these challenges and
charts the route ahead for research, ethics, and policy.

Keywords: dementia, big data, ethics, health policy, Alzheimer’s disease, real-world evidence, mild cognitive
impairment, m-health

INTRODUCTION: BIG DATA, HEALTH, AND DEMENTIA

The predicted threefold increase in the prevalence of dementia in the coming decades (1) will
put health-care systems and informal caregivers under an unmanageable pressure. This explains
the current eagerness to find a cure, to slow down progression, and to develop better predictive
tools to spot early signs of cognitive decline that may develop into full-blown dementias. The
identification of biomarkers for Alzheimer’s disease (AD) has paved the way for research into early
determinants, with an emphasis on treating patients before the clinical manifestation of the disease
(2). According to a study of the drug development pipeline for AD in 2017, current efforts focus
mainly on disease-modifying therapies (DMTs) (3), and most of DMT agents in phase IIT AD trials
(as reported on https://clinicaltrials.gov in 2017) address amyloid targets (15 out of 18) (idem). Yet,
the failure rate for these kinds of trials is notoriously high (4).

Increased tau protein in the cerebrospinal fluid (CSF) is also used as a biomarker for patients
affected by mild cognitive impairment (MCI) who are likely to transition to AD (5). Still, the very use
of MCI as a prodromal phase of AD has recently come under attack, as MCI itself reverts to normal
cognitive functioning in many patients (6, 7).

Genome wide association studies have identified genes associated with increased risk of late
onset AD (idem). In particular, APOe4 has been shown to have some, but only limited predictive
value in determining the progression from (MCI) to AD (8).

Further efforts are underway to establish other biomarkers—genetic, biological, and combina-
tions thereof—in both CSF and plasma (2), as well as attempts to look at cognitive decline on
longitudinally longer scales (9).
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Multidimensional models integrating multiple biomarker data
and etiological pathways are regarded as decisively more promis-
ing than reductionist approaches based on single explanatory
hypothesis like those driving clinical research on the amyloid
cascade (4, 10).

Integrative approaches to dementias are ideal candidates
to test an incipient approach driven by the use of big data in
dementia research. Recently, the global surge of interest around
big data has spilled over into the field of dementia, as well as in
many other domains of medicine and health research. Big data
refers to unprecedentedly large amounts of data analyzed through
novel data mining techniques for a variety of different purposes.
Although the concept lacks an agreed-upon definition, it is
generally assumed that big data is characterized by the so-called
3Vs: volume, velocity, and variety (11). This simplified definition
captures some peculiar facts. For starters, the total amount of data
stored in data centers in the world is estimated to reach 915 exabytes
by 2020 (2.4-fold increase with respect to today) (12). In parallel
the amount of data generated by networked end-user devices and
appliances will be more than triple in the same period (12). Data
are being generated at impressive velocity. Both structured and
unstructured data contribute to this rapid growth. Biomedicine
does its part too. Sequencing a whole human genome now take as
little as few hours, and it is estimated that more than 35 petabytes
of genomic data are produced every year (13). But genomic data
are not the only reason why health care is predicted to be one of
the domains in which big data will have a transformative effect
(14). Electronic health records (EHRs)—comprehensive records
of patient health history in electronic format—have now entered
routine clinical practice in most advanced countries. Sensor-
equipped mobile devices, wearables, and appliances keep track of
physical activity, location, sleeping habits, and vital parameters in
real time, 24 h a day. Mobile-based applications (hereafter apps),
loyalty cards, credit cards, and smart objects register accurate
data about our consuming habits. Biomedical research produces
huge amounts of data that scientists can store and share for sec-
ondary use through a variety of data repositories and biobanks.
The ability of such heterogeneous information to provide a
multidimensional account of one’s health state has led some to
speak of it as our “digital phenotype” (15), and to introduce the
notion of “digital health” (16). Interest is rapidly growing around
the potential medical breakthroughs enabled by mining such
unprecedented amounts of data.

Dementia research is among those fields in which big data are
regarded as more promising. Leveraging the collection, aggrega-
tion, and predictive analysis of large data volumes could reboot
dementia research and care as it holds the potential of casting new
light on its etiology, enabling timelier diagnosis and prevention
strategies, and possibly overcoming current therapeutic limita-
tions. In particular, this potential is more likely to be realized by
enabling the integration of EHRs, molecular biomarkers, neuro-
imaging biomarkers, and mobile health (mHealth) data.

In this contribution, we review the existing scientific litera-
ture on big data approaches to dementia including both original
research articles and commercially available mHealth applica-
tions. Based on this synthesis, we identify some major promises
and challenges associated with big data trends in dementia

research and care and chart the route ahead for research, ethics,
and policy (see Figure 1).

METHODS

In spite of their disruptive potential, big data trends in dementia
still remain a relatively unexplored topic. In October 2017, we
conducted a PubMed search [(“big data” AND “dementia”) OR
(“big data” AND “cognitive decline”)] with unrestricted time
range. The search retrieved nine peer-reviewed articles and one
conference paper. The nine scientific articles included editorials
(17, 18) and commentaries aimed at introducing big data princi-
ples to the dementia community, examining the applicability of
these principles to dementia research or discussing the level of
preparedness of the dementia community for big data approaches
(19). While most articles focused primarily on AD dementia, a
recent commentary explored the use of big data resources to
optimize data use in vascular dementia research (20).

The data sources examined in these studies included EHRs
(20), Internet searches (21), and genetic data (22). Additional data
sources such as mHealth data did not appear in the foreground of
current scientific literature. However, a parallel search on the two
main digital distribution services (app stores), namely, Google
Play and iTunes (the latter screened through API search), indi-
cated the current availability of 35 mobile apps aimed at screening
dementia and cognitive decline through self-assessment tools or
digital assistants for health professionals.

Further screening was performed through unstructured online
search and retrieval of secondary sources. This second phase of
analysis revealed that, besides traditional research models, big
data approaches to dementia have also been pursued in the form
of data analytics challenges. For instance, the DREAM Challenge
for AD aimed at: (i) predicting changes in cognitive scores 2 years
after initial assessment; (ii) understanding the biological basis of
resilience to amyloid pathology; and (iii) classifying individu-
als into diagnostic groups using neuroimaging. The challenge
capitalizes on large datasets such as the Alzheimer’s Disease
Neuroimaging Initiative’s database and leverages multiple data
sources including genetics, neuroimaging, cognitive assessment,
and demographic information.

While research articles on big data and dementia still appear
relatively rare, several policy documents produced by inter-
governmental organizations focus on this topic. Between 2013
and 2015, the Organisation for Economic Co-operation and
Development (OECD) released five policy papers addressing
promises and challenges of big data trends in dementia care and
research (23-27).

RESULTS

Promises

As often observed, dementia is “both a global problem and a
pathological conundrum” (18). Therefore, the deployment of big
data techniques should aim both at alleviating the global burden
of dementia and at providing novel explanatory resources for the
further understanding of the disease.
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help reap the benefits of big data in dementia research and care.

FIGURE 1 | Tackling the global dementia epidemic requires the deployment of all possible scientific and health policy means. Yet, success in this ongoing battle also
depends, and in a crucial way, on targeting the right enemy and using available resources efficiently. As the big data turn starts to invest medicine, opportunities
emerge to deploy new, effective weapons against this disabling condition. Our analysis revealed that the prospect of using big data for dementia research and care
is still in its infancy, and that numerous challenges lie ahead on the way to furthering progress in this field. An integrative approach can overcome such obstacles and

Big data may in the future help in cracking the pathological
conundrum of AD by shedding new light on its etiology. The
use of single molecular biomarkers in isolation has so far not
successfully predicted the functional and cognitive outcomes of
dementia (28). Based on this observation, researchers have criti-
cized the disproportionate focus on single molecular biomarkers
such as amyloid-p and tau in dementia research, and called for
more integrative approaches to the study of the etiology (10, 29).
For this reason, big data trends could corroborate a multi-modal
(having different modes of data acquisition from heterogene-
ous data sources) and multi-scalar (from the molecular to the
behavioral and population scale) account of dementia, enabling
statistical associations across different data types and scales. This
might fix the lack of integration that currently affects different
data levels, hence helping to “glimpse the big picture” (30)—from
genes and molecules to cognition and behavior—in dementia
research.

In recent years, attempts to integrate and statistically correlate
information across large population groups have been used to
achieve earlier detection of AD, ideally in the pre-symptomatic
phase. Researchers have utilized multiple data sources including

neuroimaging (31, 32), hand gesture tracking (33), and retinal
scans (34), and developed machine learning algorithms to detect
structural (e.g., changes in brain structure) or functional (e.g.,
changes in time response during the completion of tasks) anoma-
lies years prior to the onset of symptoms. Some of these studies
show prognostic and predictive potential (32, 33). In parallel,
a number of smartphone-based apps claim the ability to detect
early signs of cognitive decline through gaming behavior or
digitalized mental examination. For example, the mobile app Sea
Hero Quest (35) gamified virtual spatial navigation assessment
techniques (36) to find correlations between levels of gaming per-
formance and cognitive decline (37). With over 2.5 million users,
the app can capitalize on larger datasets than most conventional
clinical tools, hence leveraging the potential of big data analytics
to improve screening and early detection. While Sea Hero Quest
is designed for self-assessment, other apps such as CogniSense
(38) and ACEmobile (39) provide digital assistance to clinicians
during the cognitive screening of patients.

Employing big data to reduce the global burden of dementia
(25) implies aggregating large sets of population-scale data to
improve prevention and public health strategies. For example,
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Doubal et al. have argued that the linkage of routine clinical data
at a national or even international level might result in a better
understanding of the risk factors of dementia, resulting in more
effective prevention (20). In a similar fashion, Dacks et al. have
argued that optimizing the use of observational data through
data-pooling and Internet-based tools might support personal,
clinical, or public health decision-making and contribute to
the development of specific interventions that reduce modifi-
able risk factors (40). In parallel, as stated in an OECD report,
integrating data from different size scales (from molecular to
whole population) and information types (from neurophysi-
ological to behavioral) might enable the development of preci-
sion medicine solutions (24). With recent unmet expectations
regarding pharmacological therapy, this personalized turn can
increase therapeutic effectiveness through the customization
of treatments and medical decisions to each individual patient
(41, 42). This is particularly relevant as evidence suggests that
the “biological processes driving the clinical phenotype can differ
remarkedly from patient to patient” (28) and can also depend on
comorbidities, co-medications, and patient genotypes.

Challenges

Big data and digital health tools can streamline the detection of
early signs of cognitive decline. MCI is a prominent example of
a prodromal syndrome that, while not strongly debilitating, can
develop into full-blown dementia (43).

Other entities have recently been suggested to have a similar
predictive value, such as subjective cognitive decline and mild
behavioral impairment (44, 45). Apps that monitor the clinical
presentation of such conditions (such as users’ mood and cogni-
tive performance over time) can greatly facilitate spotting changes
from baseline functioning levels. The ubiquity and ease-of-use
of such tools may enable self-monitoring practices, thus leading
to a widespread increase in the number of patients referred to
neurologists. On the one hand, if this enhances early detection of
patients at risk of developing dementia, such practices can inflate
the number of false positive diagnoses. This is a concrete risk,
especially in light of recent findings showing that conditions like
MCI, for instance, are prone to stabilization or even spontaneous
reversion to normal functioning (46). In the absence of adequate
evidence and guidelines, excessive emphasis on preclinical
syndromes can lead to over-diagnosis and unnecessary medicali-
zation, with consequences for both health systems and patients.
The latter face risks of insurance and employment discrimination,
stigmatization, and direct psychological harm. Health systems, on
the other hand, may have to cope with unnecessary financial and
organizational costs in response to an upsurge of mild/preclinical
syndromes (46-48).

These downstream effects of mHealth applications in demen-
tia demonstrate the need to establish ad hoc regulatory pathways
to validate apps that make medical claims. Regulators such as the
US Food and Drugs Administration (49) and the UK Medicines
and Healthcare Products Regulatory Agency (50) are starting
to venture in this domain. Nonetheless, we observed that many
developers present their applications in ambiguous ways, without
offering sufficient information regarding either the evidence
backing their products, or the way in which they will handle the

personal data of their customers. More effective incentives and
disincentives are still needed to ensure sufficient consumer pro-
tection in this area. In particular, there needs to be more stringent
oversight regarding the health-related claims of apps.

Despite these drawbacks, early detection remains laudable,
as it allows us to treat patients before degenerative trajectories
compromise the odds of slowing or stabilizing cognitive decline.
The collection and analysis of multiple data types describing the
aging trajectory of individual patients can help isolate discrete
stressors and molecular characteristics (including genetic ones),
and cluster them with cognitive or neuro-psychiatric symptoms
that lead to the clinical manifestation of dementia. This kind of
knowledge will improve the clinical understanding of dementia,
as well as the development of personalized therapeutic and
preventive interventions. Creating the evidence base for such
interventions will require large-scale personal data repositories,
giving rise to regulatory challenges in terms of data management,
protection, aggregation, interoperability, privacy, and informed
consent for the collection, use, and sharing of such data. Such
issues are currently being debated in ethics and regulatory circles
(51). Yet, other pressing issues relate to the most adequate means
to generate clinically reliable and usable evidence from heteroge-
neous “real-world data,” such as EHRs, mobile device data, and
socioeconomic data (52). Current discussions on pragmatic trial
designs will likely turn out relevant to research in novel, data-
driven approaches to prevention and therapy in dementia (53).
In the case of a stigmatizing condition like dementia linking data
from within and without the clinical setting to detect early signs
of cognitive decline poses peculiar ethical challenges. At a mini-
mum, patients (or their legal representatives, in case of advanced
dementia) should be made aware of such activities and be given
the option to opt out.

A WAY FORWARD: THE NEED FOR
AN INTEGRATIVE APPROACH

Scientific Evidence and Theory

To overcome the above structural challenges and ensure the
success of big data initiatives for dementia, there is a need for
integrative approaches at the level of research methodology,
digital infrastructures, and financing, as well as ethics and
regulation.

At the scientific level, there is a need for clearly demarcating
the explanatory power of big data driven research. Large-scale
data collection and further mining through analytical tools could
boost dementia research and care management, establishing reli-
able statistical correlations between heterogeneous data sources
whose association could not be detected through small-scale
methods. It is questionable, however, whether big data approaches
alone would suffice to uncover the causal mechanisms of AD
pathology. The idea that large datasets might speak for themselves
(54), independent of explanatory hypotheses (55) has attracted
praise as well as criticism (56, 57). Integrative approaches
are needed to combine the predictive power of big data with
theoretically robust and causally explanatory scientific models. A
valid proposal for such integration has been advanced by Geerts
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et al., who suggested that data-driven analytic approaches in AD
research “need to be organically integrated into a quantitative
understanding of the pathology” involving mechanism-based
modeling and simulation approaches. In their view, this integra-
tion could enable a shift from big data to smart-data, i.e., from
“information” to “actionable knowledge” (28). Similarly, DeKosky
has called for the integration of big data approaches with basic
neuroscience (18).

Integrative and theory-mediated big data approaches are well
placed to overcome current limitations in dementia research.
Taking a stance from systems biology and complexity theory,
Geerts et al. argued that the integration of big data analytics
with modeling and simulation might overcome the explanatory
failures of reductionist biological approaches focused on single
molecular biomarkers in isolation. In their view, this holistic
approach has already shown benefits in PD-dementia, as it has
led to a better understanding and optimization of deep-brain
stimulation protocols (28).

Digital Infrastructure

Current digital infrastructures of dementia research and care
need to be upgraded. As stated in a recent OECD report, secure
infrastructures for data storage, processing, and access need
to be sustained through complementary resources (27). While
ongoing digitalization and automation in dementia care offer
novel opportunities for large-scale data acquisition (58), further
efforts are required to sustain the secure and reliable sharing of
such information, and to guarantee the interoperability of dif-
ferent data-repositories (e.g., genetic biobanks, neuroimaging
repositories, and eHealth data platforms). Active cooperation
between public and private actors has been recognized as a viable
strategy for increasing funding opportunities and favoring the
digital transformation of dementia research and care (26). Yet, the
appropriation of health data by large ICT corporation can cause
public unease, thus undermining the development of data-driven
medicine. A recent controversy over Googles access to NHS
data through its Al subsidiary DeepMind shows that sufficient
safeguards are not yet in place (59).

Ethical Guidelines

Ethically robust guidelines for the collection and sharing of
personal health data would facilitate big data research while
maintaining public trust and protecting data subjects. Existing
oversight mechanisms (such as ethics review) and conventional
informed consent models appear “ill suited” for large-scale data
collections (60, 61). As far as research on large-scale repositories
of structured and unstructured data is concerned, ad hoc criteria
for assessing research protocols employing novel data analytics
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