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Abstract

Dementia is characterized by a long preclinical phase that may last years to decades before the
onset of mild cognitive impairment. Slow gait speed and subjective memory complaint commonly
co-occur during this preclinical phase, and each is a strong independent predictor of cognitive
decline and dementia. Motoric cognitive risk (MCR) syndrome is a pre-dementia syndrome that
combines these two early harbingers of dementia. The risk of cognitive decline or dementia is
stronger for MCR than for either slow gait speed or subjective memory complaint alone. Slow gait
speed and subjective memory complaint have several common risk factors: cardiovascular disease,
diabetes mellitus, abnormal cortisol profiles, low vitamin D levels, brain atrophy with decreased
hippocampal volume, and increased deposition of beta-amyloid in the brain. The underlying
pathogenesis of MCR remains poorly understood. Metabolomics and proteomics have great
potential to provide new insights into biological pathways involved in MCR during the long
preclinical phase preceding dementia.
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1. Introduction

An estimated 40-50 million people are currently living with dementia worldwide (GBD
2016 Dementia Collaborators, 2019GBD 2016 Dementia Collaborators, 2019) of which 60—
70 % is attributed to Alzheimer’s disease (AD) (World Health Organization, 2017). In the
US alone, the number of people living with AD is estimated to grow to 13.8 million by 2050
(Alzheimer’s Association, 2017). Currently there is no effective therapy to prevent dementia.
Total annual payments for health, long-term, and hospice care for people with Alzheimer’s
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disease in the US is projected to increase from $259 billion in 2017 to more than $1.1
trillion in 2050 (Alzheimer’s Association, 2017). Recent studies show AD is a multifactorial
and heterogeneous disease with multiple contributors, including cerebrovascular disease
(Schneider et al., 2007; Toledo et al., 2013; Attems and Jellinger, 2014; Sweeney et al.,
2019; De Rueck et al., 2018). In spite of intensive research and new knowledge on the
pathogenesis of dementia appears in the literature weekly if not daily, there are currently no
effective therapies to prevent, slow, or stop dementia (Alzheimer’s Association, 2017).

Dementia is characterized by a long preclinical phase in which there are very subtle
cognitive alterations that are detectable years before the clinical criteria for mild cognitive
impairment (MCI) are met (Sperling et al., 2011). The preclinical phase of dementia may
take several years to decades (Villemagne et al., 2013; Jack et al., 2013). Recent data show
that older adults with subjective cognitive decline and normal cognitive testing during this
preclinical phase are at an increased risk of developing MCI and dementia (Jessen et al.,
2014a,b; Rabin et al., 2017). Subjective cognitive impairment may precede MCI by up to 15
years (Reisberg et al., 2008). The National Institute on Aging-Alzheimer’s Association
preclinical AD working group has included subjective cognitive decline as a feature of this
preclinical phase (Sperling et al., 2011).

Slow gait speed among cognitively normal older adults predicts cognitive decline and
dementia (Cohen et al., 2016; Chhetri et al., 2017). Decline in gait speed may occur as early
as 12 years before the onset of MCI (Buracchio et al., 2010), a transitional stage from usual
aging to AD dementia. Cognition and gait share many common domains such as shared
cortical regions in the brain, executive function, and risk factors such as cardiovascular
disease and diabetes mellitus (Cohen et al., 2016; Chhetri et al., 2017; Montero-Odasso and
Hachinski et al., 2014). These two harbingers of dementia have been integrated in a
predementia syndrome known as motoric cognitive risk syndrome (MCR). MCR is
characterized by the combination of slow gait speed and subjective cognitive complaint in
older adults without dementia (Cohen et al., 2016; Chhetri et al., 2017). MCR may be an
important research tool to understand the pathophysiology that occurs during the long
preclinical phase that leads to dementia. The biological pathways that lead to MCR have not
been well-characterized. The identification of specific pathophysiological processes,
therapeutic targets, and pathways for intervention that occur during this long preclinical
phase are a major priority to slow or prevent progression to dementia (Alzheimer’s
Association, 2017; Sperling et al., 2011).

The purpose of this review is to gain insight into potential biological mechanisms of MCR
during this preclinical phase and mechanisms by which MCR is connected with risk of
dementia (Fig. 1).

In light of the current literature, we identify specific gaps in knowledge that need further
research. We have organized this review as a set of responses to specific questions: 1) What
is the predictive value of slow gait speed and subjective memory complaint, respectively, for
adverse aging outcomes including dementia? In this review, we focus on subjective memory
complaint, since the memory domain has been most commonly addressed in general studies
of subjective cognitive complaint (Rabin et al., 2015) and MCR (Chhetri et al., 2017). 2)
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What risk factors and biomarkers are shared between slow gait speed and subjective memory
complaint? What is the predictive value of MCR for adverse aging outcomes including
dementia? What do slow gait speed and subjective memory complaint have in common that
might provide clues to the underlying biology of MCR? For this review, we identified
relevant articles by searching PubMed under combinations of the terms “Alzheimer’s”,

“biomarker”, “cognition”, “cognitive decline”, “dementia”, “epidemiology”, “gait”,
“motoric cognitive risk”, “risk”, and “walking”.

2. Gait speed in older adults

Gait speed, or walking speed, has been termed the “sixth vital sign”, given its ease of use
and strength in predicting adverse health outcomes (Fritz and Lusardi, 2009; Middleton et
al., 2015). In most studies, normal gait speed is measured and timed over of a distance of 6
m (20 feet) with an allowance for acceleration and deceleration and with instructions to walk
at a “normal” or “usual” pace and not as fast as possible. Reference data have been
established for normal gait speed (Bohannon and Andrews, 2011). Normal gait speed in men
is relatively unchanged at 1.43 m/s in ten-year age strata from 30 to 59 years and then
declines thereafter (Bohannon and Andrews, 2011). In women, mean normal gait speed
peaks at 1.39 m/s in the 40 — 49 year age strata and then declines with older age (Bohannon
and Andrews, 2011).

3. Gait speed as a predictor of cognitive impairment and dementia

3.1. Cognitive decline

Slow gait speed predicted greater decline in cognition over time in many longitudinal cohort
studies (Marquis et al., 2002; Inzitari et al., 2007; Alfaro-Acha et al., 2007; Soumaré et al.,
2009a,b; Deshpande et al., 2009; Taniguchi et al., 2012; Mielke et al., 2013; Veronese et al.,
2016; Tian et al., 2016; Hsu et al., 2017; Park et al., 2017). A systematic review showed that
slow gait speed at baseline, defined using study-specific criteria, predicted the risk of
cognitive impairment (HR 1.20, 95 % CI 1.10, 1.31) (Clouston et al., 2013). In meta-
analyses involving 29,520 adults from 27 studies, slow gait speed was associated with
poorer cognitive function in cross-sectional studies, and slow gait speed at baseline predicted
great cognitive decline in longitudinal studies (Peel et al., 2019).

3.2. Dementia

Early studies showed that gait abnormalities or amount of walking predicted dementia
(\Verghese et al., 2002). These initial findings led to a large number of studies showing that
slow gait speed itself predicted dementia. In 2002, Verghese and colleagues showed that gait
abnormalities in community-dwelling adults, aged =75 years, predicted dementia (Verghese
et al., 2002). Further studies showed that slow gait speed independently predicted dementia
in study cohorts from Australia (Waite et al., 2005), the Netherlands (Ramakers et al., 2007),
the US (Wang et al., 2006; Verghese et al., 2007; Gray et al., 2013; Camargo et al., 2016),
France (Abellan van Kan et al., 2012; Dumurgier et al., 2017), and Sweden (Welmer et al.,
2014). A meta-analysis involving 23,512 older adults from 13 studies showed that poor gait
performance, which included both slow gait speed and clinical gait abnormalities, predicted
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dementia, with a pooled HR 1.53 (95 % CI 1.12, 1.43) for any dementia (Beauchet et al.,
2016a,b). Another meta-analysis of 13,130 older adults from five studies showed that slow
gait speed predicted dementia (HR 1.93, 95 % CI 1.41, 2.65) (Kueper et al., 2017).

4. Risk factors and biomarkers associated with slow gait speed

4.1.

Demographic and lifestyle factors

Aging is accompanied by a progressive loss of muscle mass from middle-age at the rate of ~
1 % per year (Wilkinson et al., 2018). In people aged 75 years, muscle mass is lost at a rate
of 0.64-0.70 % per year in women and 0.80-0.98 % per year in men, and muscle strength is
lost at a greater rate of 2.5-3.0 % in women and 3-4 % per year in men (Mitchell et al.,
2012). The age-related loss of muscle mass and strength is characterized by muscle fiber
atrophy and loss (Wilkinson et al., 2018), reduced satellite cell function (Snijders and Parise,
2017), alterations in the neuromuscular junction (Gonzalez-Freire et al., 2014),
mitochondrial dysfunction (Habiballa et al., 2019), and increased oxidative stress and
inflammation (Scicchitano et al., 2018).

Gait speed has a well-documented decline with older age, as noted above (Bohannon and
Andrews, 2011). Slower gait speed has been described among blacks compared with whites
(Blanco et al., 2012; Xie et al., 2017. Slow gait speed and greater decline in gait speed over
four years were associated with lower total wealth among 7225 adults, aged =60 years, in
the English Longitudinal Study of Aging Zaninotto et al., 2013). In France, adults aged 55—
69 years in less skilled occupational categories had significantly slower gait speed compared
with those in more skilled types of jobs (Plouvier et al., 2016). In the LIFEPATH project,
higher socioeconomic status was associated with faster gait speed in an analysis of 109,107
adults, aged 45-90 years, from 37 different studies conducted worldwide (Stringhini et al.,
2018).

Higher body mass index is associated with lower gait speed. In 6,229 adults in the
Atherosclerosis Risk in Communities Study, among those who maintained normal,
overweight, and obese status across the previous 25 years, mean gait speed measured in
“late-life” (=65 years) was 0.97, 0.89, and 0.81 m/s, respectively (Windham et al., 2017).
Participants who had an increase in body mass index (BMI) over 25 years had slower late-
life gait speed, suggesting that being overweight in older age was not protective of mobility
function (Windham et al., 2017).

Socio-demographic correlates of slow gait speed included low social networks in 2565
adults, aged =60 years, in Singapore Shafie et al., 2017). Bus passes are offered for free to
adults, aged =62 years, in the United Kingdom in order to reduce social exclusion (Webb et
al., 2016. Among 4650 older adults who were eligible for free bus pass, those who were pass
holders had significantly faster gait speed than non-holders Webb et al., 2016). The
relationship of social networks and free bus passes with gait speed was attributed in part to
greater physical activity among older adults with greater social interactions. Lower physical
activity is associated with slow gait speed. Exercise and increased physical activity reduce
the risk of slow gait speed (Pahor et al., 2014; Brach et al., 2017).
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A high intake of fruit and vegetables, as indicated by higher plasma carotenoid
concentrations, was associated with a slower decline of gait speed (Lauretani et al., 2008). A
dietary pattern consistent with a Mediterranean diet was associated with slower decline of
gait speed over time in community-dwelling adults in the US (Shahar et al., 2012) and lower
risk of mobility disability among adults in rural Italy (Milaneschi et al., 2011). In the
INCHIANTI Study, higher plasma -3 polyunsaturated fatty acid (PUFA) concentrations
were associated with faster gait speed (Abbatecola et al., 2009). Lower dietary protein intake
was associated with slower gait speed in 554 community-dwelling women, aged 65-72 y in
Finland (Isanejad et al., 2016). In a meta-analysis of 9,800 adults from seven studies, protein
intake of < 0.8 g/kg/day was associated with slower gait speed compared to protein intake >
1.3g/kg/day (Coelho-Janior et al., 2018). Low protein intake predicted mobility limitation in
older community-dwelling adults (Houston et al., 2017). Vitamin K is a fat-soluble vitamin
found primarily in green leafy vegetables. In 1089 adults, mean age 74 years, in the Health,
Age and Body Composition Study, lower vitamin K status was associated with slow gait
speed Shea et al., 2016).

4.3. Systemic inflammation

An age-related proinflammatory state is common in older adults and is characterized by
increased circulating levels of cytokines and acute phase proteins (Ferrucci et al., 2005.
Elevated systemic inflammation is associated with slow gait speed in cross-sectional studies
and predicts decline of gait speed and incident mobility disability in longitudinal studies.
High circulating C-reactive protein CRP was associated with slow gait speed among 1320
adults, aged 65-74 years, in the International Mobility Aging Study conducted in Canada,
Colombia, and Brazil (Sousa et al., 2016). In 680 older adults in the MOBILIZE Boston
Study, elevated soluble vascular cell adhesion molecule-1 (sVCAM-1) was associated with
slow gait speed (< 0.6 m/s) in adults with a history of hypertension (Tchalla et al., 2015).
sVCAM-1 is considered a marker of endothelial dysfunction (Tchalla et al., 2015. In 1680
adults, aged =60 years, in the National Health and Nutrition Examination Survey NHANES
(1999-2002), circulating CRP was inversely associated with gait speed (Kuo et al., 2006).
Another analysis from NHANES showed that a combination of high serum CRP and low
serum 25(0OH)D concentrations was associated with slow gait speed (Kositsawat et al., 2013.
In the Health, Aging and Body Composition Study, eight serum inflammatory markers were
associated with gait speed in 1269 adults, aged 70-79 years (Hsu et al., 2009).

Longitudinal studies show high circulating IL-6 predicted both decline of gait speed and
increase in mobility disability. In 333 adults, aged =70 years, in the Einstein Aging Study,
higher serum IL-6 was associated with slower gait speed. Participants in the highest IL-6
quartile had a 1.75 cm/s/y faster decline in gait speed compared with those in the lowest
quartile (Verghese et al., 2011). Community-dwelling adults, aged =71 years, with elevated
circulating IL-6 at baseline were at higher risk of developing mobility disability over four
years of follow-up (Ferrucci et al., 1999). In 718 women, aged =65 years, in the Women’s
Health and Aging Study I, participants with high serum IL-6 combined with low serum
insulin-like growth factor | were at higher risk of developing mobility disability over three
years of follow-up (Cappola et al., 2003). In 880 high-functioning adults, aged =65 years, in
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the MacArthur Studies of Successful Aging, slow gait speed at baseline was significantly
associated with higher plasma IL-6 but not CRP. Neither plasma IL-6 or CRP predicted
decline in gait speed assessed seven years later (Taaffe et al., 2000). The participants
measured at follow-up were high-functioning older adults who were more physically active,
which may partially explain the lack of association between systemic inflammation and gait
speed decline (Taaffe et al., 2000).

Elevated serum CRP independently predicted decline of gait speed in 624 adults followed in
the Einstein Aging Study (Verghese et al., 2012. In 2437 adults, aged 47-87 years, in the
English Longitudinal Study of Aging, participants with a trajectory of serum CRP that was
consistently low had faster gait speed than those with a consistently high or medium-to-high
trajectories of serum CRP over ten years of follow-up (Lassale et al., 2019). Higher serum
tumor necrosis factor receptor 1 concentrations predicted the inability to walk 400 m over
six years of follow-up in 621 adults, aged =70 years, participating in the INCHIANTI Study
(Vasunilashorn et al., 2013. In 2979 community-dwelling adults, aged 70-79 years, higher
serum IL-6, TNF-a, and CRP, respectively, were predictive of incident mobility disability
over 30 months of follow-up (Penninx et al., 2004).

4.4. Mitochondrial dysfunction

4.5.

The post exercise recovery rate of phosphocreatine (PCr), Apcy, @ measured by 31P-MRS,
reflects the capacity of muscle mitochondria to synthesize ATP, or mitochondrial oxidative
capacity. Low Apc, in the vastus lateralis was independently associated with slow gait speed
in adults (Choi et al., 2016). The inefficiency in muscle bioenergetics partially accounted for
the differences in gait speed (Zane et al., 2017). Low Apc, in the vastus lateralis was also
associated with decreased plasma lysophosphatidylcholines (LPC) (Semba et al., 2019a,b,c).
Lysophosphatidylcholines are involved in the biosynthesis and remodeling of cardiolipin and
signaling of G-coupled protein receptors. Mitochondrial DNA (mtDNA) was sequenced in
1758 participants in the Lifestyle Interventions and Independence for Elders (LIFE) Study
and 730 participants in the Health, Aging and Body Composition Study (Manini et al.,
2018). The m.12705C > T, ND5 variant was significantly associated with gait speed.
Significant pooled effects related to stopping during the long-distance walk test were noted
across oxidative phosphorylation complexes | and 11 (Manini et al., 2018). Growth and
differentiation factor 15 (GDF-15), a divergent member of the transforming growth factor-p
(TGF-B) superfamily, has recently been implicated in muscle wasting, cachexia, and age-
related mitochondrial dysfunction (Tsai et al., 2016; Fujita et al., 2016). Elevated plasma
GDF-15 was associated with slow gait speed in healthy adults, aged 22-93 years, in the
Baltimore Longitudinal Study of Aging (Semba et al., 2019a,b,c).

Endocrine abnormalities

Vitamin D has been implicated in skeletal muscle health because clinical vitamin D
deficiency is characterized by muscle weakness and gait impairment, vitamin D receptors
are found in skeletal muscle (Bischoff-Ferrari, 2012), and vitamin D supplementation
improves skeletal muscle strength (Beaudart et al., 2014). Vitamin D deficiency was strongly
associated with slow gait speed in a meta-analysis of circulating hydroxyvitamin D
concentrations and gait in 22 studies (Annweiler et al., 2017. Low serum 250HD
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concentrations predicted mobility disability in 2099 community-dwelling older adults
Houston et al., 2013. In 1445 men participating in the Framingham Offspring Study, serum
free testosterone was positively associated with usual gait speed and was associated with a
lower risk of developing mobility disability Krasnoff et al., 2010).

Normal aging is associated with the general increase in daily serum cortisol levels without
much alteration of the normal circadian rhythm pattern (Yiallouris et al., 2019). The activity
of the hypothalamic-pituitary-adrenal-axis (HPA axis) activates cortisol secretion in
response to stress. In humans there is a circadian rhythm in which cortisol levels are higher
in the morning (cortisol awakening response, CAR) and then declines during the day.
Chronically elevated cortisol levels can adversely affect the brain, skeletal muscle, bone,
glucose metabolism, and immune function (Yiallouris et al., 2019). A meta-analysis of six
studies of adults, aged 50-92 years, showed that a smaller diurnal drop of cortisol was
associated with slow gait speed (Gardner et al., 2013). A reduced CAR was associated with
slow gait speed in 86 adults, aged 56—72 years (Pulopulos et al., 2016).

4.6. Altered lipid metabolism

Targeted metabolics using liquid chromatography-tandem mass spectrometry (LC-MS/MS)
showed that hexoses, sphingomyelin (SM) 16:1, SM 18:0, SM 18:1, phosphatidylcholine aa
32:3, lysophosphatidylcholine (LPC) 17:0, LPC 18:1, and LPC 18:2 were associated with
slow gait speed in 504 adults, aged =50 years, in the Baltimore Longitudinal Study of Aging
(Gonzalez-Freire et al., 2019). In longitudinal analyses, LPC 18:2 independently predicted
the decline of gait speed over time (Gonzalez-Freire et al., 2019). LPC 18:2 can serve as
ligand for specific G protein-coupled signaling receptors and as a precursor in the
biosynthetic pathway of cardiolipin, an important dimeric phospholipid found almost
exclusively in the inner mitochondrial membrane (Semba et al., 2019a,b,c). In 77 older men,
mean age 79.2 years, elevated plasma acylcarnitines were associated with slow gait speed
(Lum et al., 2011). Elevated plasma acylcarnitines are a marker of defective beta-oxidation
of fatty acids and impaired mitochondrial oxidative capacity (Semba et al., 2019a,b,c). Low
HDL cholesterol was associated with slow gait speed in women but not in men in a
subsample of NHANES (1999-2002) (Okoro et al., 2006).

4.7. Chronic diseases

Slow gait speed in community-dwelling older adults was associated with subclinical
atherosclerosis, such as increased coronary artery calcification and increased intima-media
thickness (Elbaz et al., 2005; Hamer et al., 2010. Cardiovascular burden was associated with
mobility disability in 2725 adults, aged =60 years, in the Swedish National Study of Aging
and Care Welmer et al., 2013). Increased cardiovascular risk predicted slow gait speed
(Elbaz et al., 2014) and mobility disability (Heiland et al., 2017. In 3604 adults, aged 65-85
years, in the Three-City Study in Dijon, France, those with hypertension at baseline had a
greater decline in gait speed compared to normotensive adults over mean seven years of
follow-up (Dumurgier et al., 2010). Increased metabolic syndrome indicators predicted gait
speed decline in older women (Fredman et al., 2010). In older adults, slow gait speed was
associated with chronic obstructive pulmonary disease (Eisner et al., 2008; llgin et al.,
2011), knee osteoarthritis (Hayashi et al., 2016; White et al., 2017), chronic kidney disease

Ageing Res Rev. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Semba et al. Page 8

(Zemp et al., 2019), and depression (Sanders et al., 2016; Hayashi et al., 2019). In a cross-
sectional analysis of 32,683 female and 8,112 male participants of the National Walkers’
Health Study, compared with men and women who walked at a speed of < 1.2 m/s, those
who walked > 2.1 m/s had 48 % and 52 % lower odds for antihypertensive, 68 % and 59 %
lower odds for antidiabetic, and 53 % and 40 % lower odds for LDL cholesterol-lowering
medications, respectively, when adjusted for age, smoking, and diet (Williams, 2008).

Diabetes mellitus was associated with gait abnormalities in the Baltimore Longitudinal
Study Of Aging (Ko et al., 2011) and slow gait speed in the INCHIANT]I Study (Volpato et
al., 2012. In 2573 adults, aged =50 years, in NHANES (1999-2002), diabetes mellitus was
associated with slower gait speed (Kalyani et al., 2013). Slow gait speed was associated with
greater insulin resistance in 844 adults, aged =65 years, from a community-based study in
Taiwan (Yang et al., 2017). In nondiabetic adults, aged 50-85 years, in NHANES (1999—
2002), gait speed was associated with greater insulin resistance in men but not women (Kuo
et al., 2009). Slow gait speed was associated with abnormal daily glucose profiles and 69
adults, mean age 75.0 years, with diabetes mellitus (Ogama et al., 2019).

4.8. Skeletal muscle alterations

Low knee extension strength was a strong predictor of gait speed decline in 934 adults, aged
>65 years, in the INCHIANTI Study (Hicks et al., 2012. Low knee extension strength also
predicted greater gait speed decline in 6766 adults, aged 67-93 years, in the Foundation of
the National Institutes of Health Sarcopenia Project (Fragala et al., 2016. Higher
intermuscular fat infiltration in the thigh predicted greater decline of gait speed in 2306 older
adults in the Health, Aging and Body Composition Study Beavers et al., 2013).

4.9. Cognitive status

Brain cortex networks in the frontal and temporal lobes are involved in the regulation and
control of gait (Montero-Odasso et al., 2014). Executive function, a higher order cognitive
process that includes volition, planning, purposive action, and effective performance, is
associated with gait speed (Martin et al., 2013). Longitudinal studies show that worsening of
executive function are associated with slowing of gait speed (Callisaya et al., 2015; Best et
al., 2015). In cross-sectional studies, meta-analyses show that slow gait speed was associated
with poor cognition (Demnitz et al., 2016; Peel et al., 2019). Compared to gait speed in
healthy controls, reductions in gait speed ranged from 0.11 m/s in cognitive impairment,
0.20 m/s in mild dementia, and 0.41 m/s in moderate dementia (Peel et al., 2019). Global
and executive cognitive functions predicted decline in gait speed in among older adults in
the Health, Aging and Body Composition Study (Atkinson et al., 2007).

4.10. Brain imaging

Slow gait speed was associated with B-amyloid (AB) deposition in the posterior and anterior
putamen, occipital cortex, precuneus, and anterior cingulate, independent of age and APOE
genotype, in a cross-sectional study of 128 non-demented older adults (del Campo et al.,
2016). In 59 cognitively unimpaired adults, aged 5689 years, in the Baltimore Longitudinal
Study of Aging who underwent PET-PiB scans, higher mean cortical Ap predicted greater
decline of gait speed over mean follow-up of 4.7 years (Tian et al., 2017). Decline in lower
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extremity performance was associated with AP burden localized to early deposition regions
of the brain important for motor planning, such as putamen, dorsolateral prefrontal cortex,
lateral temporal lobe, and precuneus, but not later deposition regions such as primary motor
cortex or hippocampus (Tian et al., 2017).

Cerebral small vessel disease is characterized by white matter hyperintensities (WMH) and
lacunar infarcts. In 431 independently living, nondemented older adults, aged 50-85 years,
WMH and lacunar infarcts were associated with slow gait speed (de Laat et al., 2010d).
WMH were inversely associated with gait speed in 770 adults, mean age 57 years, in the
population-based Shunyi study in China (Su et al., 2017), in 265 community-dwelling
adults, mean age 83 years, in the Health, Aging and Body Composition Study (Rosario et
al., 2016), in 321 adults, mean age 78 years, in the Cardiovascular Health Study (Rosano et
al., 2006), in 803 adults, aged 40-75 years, in the Prospective Urban Rural Epidemiological
Study (Smith et al., 2015), and in 429 adults, aged 50-85 years, with cerebral small vessel
disease (de Laat et al., 2011d). In 633 nondisabled adults, aged 65-84 years, in the
Leukoaraiosis and Disability (LADIS) Study, gait speed correlated with the severity of
WMH (Baezner et al., 2008). In mild, moderate, and severe WMH groups, gait speed was
1.24,1.18, and 1.09 m/s, respectively. Slow gait speed was defined as < 1.2 m/s. The ORs
for slow gait speed in the moderate and severe WMH groups compared to the mild group,
were 1.46 (95 % ClI, 0.99-2.16) and 1.72 (95 % CI, 1.11-2.66), respectively, in multivariable
analyses (Baezner et al., 2008).

Older adults with higher WMH had greater decline in gait speed (Silbert et al., 2008;
Soumaré et al., 2009a,b). In a population-based study of 225 adults, aged 60-86 years, white
matter atrophy and WMH were associated with decline in gait speed over mean follow-up of
30.6 months (Callisaya et al., 2013). Hippocampal atrophy was associated with decline in
gait speed (Callisaya et al., 2013). In a longitudinal study of 275 adults with cerebral small
vessel disease, age 50-85 years, gait decline over five years was associated with white
matter atrophy and loss of white matter integrity (van der Holst et al., 2017v). Slow gait in
older adults has also been associated with lower total brain volume (Aribisala et al., 2013),
cerebellar gray matter volume (Nadkarni et al., 2014) and total gray matter volume and
hippocampal volume (Ezzati et al., 2015). In 175 adults, mean age 73 years, a smaller right
hippocampus was the only region of the brain that was related to both slow gait and
cognitive impairment (Rosso et al., 2017).

Fluorodeoxyglucose positron emission tomography (FDG-PET) was used to study
normalized regional cerebral metabolic rates of glucose (normalized-rCMRglc) in 182
community-dwelling women, mean age 69.4 years) who had no IADL and no mobility
limitations (Sakurai et al., 2014). Both usual and maximal gait speed were assessed. Slower
maximal gait speed was associated with lower normalized-rCMRglc in prefrontal, posterior
cingulate, and parietal cortices (Sakurai et al., 2014). There was no association of
normalized-rCMRglc with usual gait speed. In 149 well-functioning women, mean age 70.1
years, with no cognitive impairment or disability, both slower gait speed and lower executive
function were associated with lower normalized-rCMRglc in posterior cingulate and primary
sensorimotor cortices (Sakurai et al., 2017).
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4.11. Other factors

The burden of the cellular senescence biomarker p16'NK4a in vastus lateralis adipose tissue
was negatively associated with gait speed in 11 older women, mean age 72.9 years (Justice
et al., 2018). Elevated serum follistatin concentrations were associated with slow gait speed
in 205 adults, aged =65 years (Liaw et al., 2016). In 665 adults, aged 65-96 years, high
plasma heat shock protein 72, a stress-induced protein that plays a molecular chaperone
function, was associated with slow gait speed (Ogawa et al., 2012. No genome-wide
significant signals for gait speed were found in a genome-wide meta-analysis of 31,478
older adults from 17 cohorts in the CHARGE consortium that involved validation in 2588
older adults in four independent studies Ben-Avraham et al., 2017). The relationship of the
apolipoprotein E genotype and gait speed decline was examined in 627 community-dwelling
adults in the Einstein Aging Study (Verghese et al., 2013a,b). The apolipoprotein E 4 allele
was associated with increased risk of gait speed decline over median follow-up of three
years in men but not women (Verghese et al., 2013a,b). Low serum levels of carnitine, a
quaternary ammonium compound that is found in high concentrations in skeletal and cardiac
muscle, were associated with slow gait speed in older adults (Nagai et al., 2017). Cadmium
is an environmental toxicant that can accumulate in the body through cigarette smoking, diet
(shellfish, offal, vegetables), and polluted air. High blood cadmium was associated with slow
gait speed in adults, aged =50 years, in NHANES (1999-2000) (Kim et al., 2018).

5. Subjective memory complaint in older adults

Subjective memory complaint is common among older adults, with the prevalence generally
ranging from about 20%-40%, depending upon the characteristics of the study population
and the instrument used to measure subjective memory complaint (Jonker et al., 2000). In a
meta-analysis, subjective memory complaint was found in 17.4 % of 15,553 older adults
with normal cognition (Mitchell, 2008). Subjective memory complaint is considered one of
the earliest warning signs of AD (Alzheimer’s Association, 2017).

6. Subjective memory complaint as a predictor of cognitive impairment

and dementia

6.1. Cognitive decline

Subjective memory complaint predicted cognitive decline in 230 healthy, cognitively normal
adults, aged > 50 years (Glodzik-Sobanska et al., 2007. In 213 cognitively normal adults,
mean age 67.2 years, subjective memory complaint predicted cognitive decline during seven
years of follow-up Resiberg et al., 2010. In 1107 cognitively normal community-dwelling
women, aged > 65 years, subjective memory complaint predicted worse cognitive
impairment over eighteen years of follow-up Kaup et al., 2015. In 1307 cognitively normal
community-dwelling adults, aged > 70 years, in the GuidAge Study in France, subjective
memory complaint was associated with a greater decline in cognition over five years of
follow-up Dardenne et al., 2017). Subjective memory complaint predicted greater cognitive
decline in 733 community-dwelling adults, aged 59-71 years, over four years of follow-up
(Dufouil et al., 2005). The mean (SD) MMSE score in this study population was 27.6 (2.1)
at baseline. The combination of WMH and subjective memory complaint was even a strong
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predictor of cognitive decline than subjective memory complaint alone (Dufouil et al.,
2005). The annual conversion rate of subjective memory complaint to MCI was 6.6 % based
upon a meta-analysis of 3642 older adults from 11 studies Mitchell et al., 2014). In patients
with cardiovascular disease, subjective memory complaint projected decline of cognition
(Haley et al., 2009).

6.2. Dementia

Many longitudinal studies have shown that older adults with subjective memory complaint
are at higher risk of developing dementia (Tobiansky et al., 1995; Schofield et al., 1997;
Geerlings et al., 1999; St John and Montgomery, 2002; Wang et al., 2004; Kim et al., 2006;
van Oijen et al., 2007v; Verdelho et al., 2011; Waldorff et al., 2012; Jessen et al., 2014a,b;
Mitchell et al., 2014; Abner et al., 2015; Ronnlund et al., 2015; Buckley et al., 2016;
Tsutsumimoto et al., 2017; Peter et al., 2019). A meta-analysis of studies published up to
2014 involving 29,723 adults showed that the average annual conversion rate of people with
subjective memory complaint to dementia was 2.33 % (95 % CI 1.93, 2.78 %) and a RR of
dementia of 2.07 (95 % CI 1.76, 2.44) compared to those without subjective memory
complaint (Mitchell et al., 2014). In 3,672 adults, mean age 71.7 years, among cognitively
intact participants, subjective memory complaint was associated with higher risk of
dementia (HR 4.95, 95 % CI 1.52, 16.11) (Tsutsumimoto et al., 2017). Subjective memory
complaint predicted incident dementia or AD independent of objective memory performance
in a prospective study of 1547 adults, aged 60-90 years, in Sweden (Rénnlund et al., 2015).

7. Risk factors and biomarkers associated with subjective memory
complaint

7.1. Demographic and lifestyle factors

The proportion of adults with subjective memory complaint increased with age (Bassett and
Folstein, 1993; Gagnon et al., 1994; Jonker et al., 1996; Blazer et al., 1997; Jonker et al.,
2000; van Qijen et al., 2007v; Reisberg et al., 2010). Subjective memory complaint was
associated with low education level (Bassett and Folstein, 1993; Gagnon et al., 1994;
Schofield et al., 1997; Dufouil et al., 2005; van Qijen et al., 2007v; Miranda et al., 2008;
Paradise et al., 2011; Kaup et al., 2015), and obesity (Paradise et al., 2011). In a randomized
trial, a walking intervention was compared with a program of flexibility, toning, and balance
in 175 community-dwelling adults, mean age 66.4 years, over a 12-month period (Zuniga et
al., 2016). Subjective memory complaint did not change in either group from baseline
through 6- and 12-month follow-up.

7.2. Diet

Although there is evidence, mostly from observational studies, that links diet with cognition
(Power et al., 2019), the role of diet or nutritional factors with subject memory complaint
has not been well characterized. Vitamin K, in addition to its well known role in blood
coagulation, plays a role in sphingolipid synthesis and neuroprotection in the brain (Ferland,
2013) and may be involved in cognition (Alisi et al., 2019). Lower dietary intake of vitamin
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K associated with more severe subjective memory complaint in 160 adults, mean age 82.4
years, hospitalized or seen at a geriatric care unit in France (Soutif-Veillon et al., 2016).

7.3. Systemic inflammation

Systemic inflammation has been shown to predict cognitive decline in adults (Walker et al.,
2019), but no studies, to our knowledge, have examined the relationship between subjective
memory complaint and plasma biomarkers of inflammation.

7.4. Chronic diseases

Subjective memory complaint was associated with cardiovascular disease, stroke, and
transient ischemic attack in 2546 adults, aged 60—64 years, in Australia (Jorm et al., 2004).
Subjective memory complaint was associated with myocardial infarction (Kaup et al., 2015).
In a cross-sectional study of 45,532 adults, aged 45-64 years, participating in the 45 and Up
Study of healthy aging in New South Wales, Australia, subjective memory complaint was
associated with two cardiovascular risk factors: smoking (OR 1.18, 95 % CI 1.03, 1.35) and
hypercholesterolemia (OR 1.19, 95 % Ci 1.04, 1.36) and with diabetes (Paradise et al.,
2011). In older African-Americans without depressive symptoms, those with subjective
memory impairment had significantly higher cerebrovascular risk factors than those without
impairment (Sperling et al., 2017). Community-based studies have shown that subjective
memory complaint is associated with depressive symptoms (Bolla et al., 1991; Grut et al.,
1993).

7.5. Endocrine abnormalities

Altered activity of the HPA axis has been associated with subjective memory complaint. In
46 healthy adults, mean age 61.8 years, those with subjective memory complaint had higher
basal urinary cortisol concentrations and higher urinary cortisol concentrations after
administration of dexamethasone compared with controls (Wolf et al., 2005). In 64 adults,
mean age 78.6 years, without MCI or dementia, the averaged postpeak cortisol and cortisol
awakening response were significantly associated with subjective memory complaint (Peavy
et al., 2013). In 180 community-dwelling adults without dementia, mean age 71.1 years,
those with subjective memory complaint about problems learning new information had
lower serum vitamin D concentrations compared to those without subjective memory
complaint (Annweiler et al., 2018).

7.6. Amino acid profiles

Serum amino acid profiles were characterized in 46 healthy controls, 24 adults with
subjective memory complaint, 18 with MCI, 29 with probable AD, and (Corso et al., 2017).
Across the four categories from healthy controls to AD, serum glutamic acid, asparatate, and
phenylalanine progressively decreased and serum citrulline, argininosuccinic acid, and
homacitrulline progressively increased (Corso et al., 2017). Serum hawkinsin, methionine,
and succinylacetone were significantly lower in adults with subjective memory complaint
compared with healthy controls (Corso et al., 2017).
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7.7. Apolipoprotein E

Studies of the association between the APOE &4 allele and subjective memory complaints
have shown inconsistent results. Some studies reported a significant association of the
APOE &4 allele with subjective memory complaint (Small et al., 1999; Stewart et al., 2001;
Laws et al., 2002; van der Flier et al., 2008v) while others reported no association (Kim et
al., 2003; Harwood et al., 2004; Jorm et al., 2004; Dufouil et al., 2005; Lautenschlager et al.,
2005; Bartley et al., 2012; Buckley et al., 2013).

7.8. Depressive symptoms

Subjective memory complaint has been associated with depression or depressive symptoms
in cross-sectional studies that excluded subjects with dementia (Stewart et al., 2001; Bartley
et al., 2012; Minett et al., 2005, 2008; Sperling et al., 2017).

7.9. Brain imaging

Neuroimaging studies have shown that older adults with subjective memory complaint have
greater cortical atrophy in the medial temporal lobe, frontotemporal, and neocortical regions
(Saykin et al., 2006), entorhinal cortex (Jessen et al., 2006; Schultz et al., 2015), fusiform,
posterior cingulate, and inferior parietal cortices (Schultz et al., 2015), and medial temporal
lobe and hippocampus (Striepens et al., 2010; Scheef et al., 2012; Buckley et al., 2016. In
1336 non-demented community-dwelling adults, aged =65 years, in the Three-City Study in
France, subjective memory complaint at baseline predicted subsequent hippocampal volume
change over four years of follow-up Stewart et al., 2011). In contrast, in a study of 305
community-dwelling adults, aged 60-64 years, who were free of MCI and dementia,
hippocampal atrophy over four years was associated with subjective memory complaint at
follow-up (Cherbuin et al., 2015). Neuroimaging studies have not shown a consistent
relationship of subjective memory complaint with WMH (Minett et al., 2005; Miranda et al.,
2008; Haley et al., 2009; Bartley et al., 2012). Neuroimaging studies show that subjective
memory complaint is associated with increased amyloid burden in cognitively normal adults
(Amariglio et al., 2012; Risacher et al., 2015; Snitz et al., 2015; Zwan et al., 2016). A higher
amyloid burden has been described in adults with subjective memory complaint who have
the APOE &4 allele (Risacher et al., 2015; Zwan et al., 2016). In a study of healthy middle
aged adults, participants with subjective memory complaint had reduced metabolic rates for
glucose in the parietotemporal and parahippocampal gyrus compared with controls
(Mosconi et al., 2008). In 109 adults with hypertension, mean age 56.1 years, subjective
memory complaint was associated with cerebral microbleeds (Uiterwijk et al., 2014).

Sixty hypertensive adults, mean age 75 years, with subjective memory complaint and no
objective cognitive impairment, were studied using FDG-PET and diffusion tensor magnetic
resonance imaging (DTI) (Chetouani et al., 2017). Cross-sectional variation in the structure
of the overall white matter was associated with metabolism of Alzheimer-like cortical areas
(Chetouani et al., 2017). Brain glucose metabolism was studied using FDG-PET in 24
women, mean age 70.1 years, with subjective memory complaint (Jeong et al., 2017). The
participants were evaluated at baseline and 24 months later. No women progressed to MCI
or dementia. Regional cerebral metabolic rate of glucose significantly declined in the left
superior temporal, right posterior cingulate, left parahippocampal, right lingual, and right
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angular gyri (Jeong et al., 2017). The reduction in the regional cerebral metabolic rate of
glucose was associated with a decline in executive function (Jeong et al., 2017).

In a study of 18 adults with subjective memory complaint and 27 healthy controls, lower
entorhinal cortical volumes were found in those with subjective memory complaint
compared with controls (Ryu et al., 2017). In additional, changes in DTI were observed in
the hippocampal body and entorhinal white matter compared with controls (Ryu et al.,
2017). Cortical thickness was compared in predefined AD-related brain regions of the
medial temporal lobe between 41 adults with subjective memory complaint and 69 healthy
controls (Meiberth et al., 2015). Subjects with subjective memory complaint had
significantly reduced cortical thickness in the left entorhinal cortex compared with controls
(Meiberth et al., 2015). Subsequent memory effects were studied in 23 cognitively normal
healthy older adults with subjective memory complaint and 41 healthy controls, aged 50-85
years. Those with subjective memory complaint showed lower subsequent memory effects in
the occiptal lobe, superior parietal lobe, and posterior cingulate cortex compared with
controls (Hayes et al., 2017). The intrinsic connectivity network was investigated in 44
adults with subjective memory complaint and 40 normal controls using resting-state
functional magnetic resonance imaging (MRI) and pathological data (Li et al., 2018).
Impaired local intrinsic connectivity networks were found in those with subjective memory
complaint (Li et al., 2018).

7.10. Other factors

Subjective memory complaint was associated with lower hemoglobin, ferritin, and free
thyroxine concentrations in 405 adults, aged =55 years, seen in outpatient clinics (Agikgdz
et al., 2014). Macular thickness was previously reported as a biomarker for AD (Garcia-
Martin et al., 2014), raising interest that this ocular measurement might have relevance in the
pre-dementia stage. The macular thickness of 24 adults with subjective memory complaint,
33 adults with MCI, and 25 healthy controls was compared using optical coherence
tomography (OCT) (Giménez Castejon et al., 2016). Macular thickness was significantly
lower in the MCI and subjective memory complaint groups compared with controls
(Giménez Castejon et al., 2016).

8. Motoric cognitive risk syndrome

Both slow gait speed and subjective memory complaint are early predictors of cognitive
decline and dementia. The motoric cognitive risk syndrome (MCR) was proposed and
validated in 2013 by Verghese and colleagues as a pre-dementia syndrome that identifies a
subgroup of individuals that are at high risk for dementia (Verghese et al., 2013a,b). MCR
was defined based upon four criteria: (1) subjective cognitive complaint from standardized
questionnaires, (2) slow gait defined as one standard deviation or more below age- and sex-
appropriate mean gait values, (3) ability to ambulate, and (4) absence of dementia (Ayers
and Verghese, 2014). The presence of subjective cognitive complaint has not been
harmonized across studies and was most often elicited by the standardized memory loss
question from the 15-item Geriatric Depression Scale (GDS) (Yesavage et al., 1983)
administered by trained research staff: “Do you feel you have more problems with memory
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than most?” with a “yes” responses defined as subjective memory complaint. The GDS was
used to assess subjective memory complaint in 8 of 22 cohorts in the worldwide MCR
prevalence study (Verghese et al., 2014a). In 6 of 22 cohorts, self-report cognitive
questionnaire in the Study of Global Ageing and Adult Health (SAGE) used two self-
reported memory questions: “How would you best describe your memory at present? Is it
very good, good, moderate, bad or very bad?” and “Compared to 12 months ago, would you
say your memory is now better, the same or worse than it was then?” (World Health
Organization, 2006). The worldwide prevalence of MCR, based upon 26,802 adults without
dementia and disability, aged =60 years, from 22 cohorts representing 17 countries was
estimated at 9.7 % (95 % CI 8.2, 11.2 %) (Verghese et al., 2014a). The overall age- and sex-
adjusted incidence rate of MCR, based upon four US cohorts involving 3,128 adults, aged
>60 years, was 65.2/1000 person-years (95 % CI 53.3, 77.1) (Verghese et al., 2014b).

9. MCR as a predictor of cognitive impairment and dementia

9.1. Cognitive impairment

9.2.

In a meta-analysis involving 4936 older community-dwelling adults from five studies, MCR
predicted cognitive impairment HR 1.70, 95 % CI 1.46, 1.98) (Sekhon et al., 2019). The
meta-analysis showed that MCR was a stronger predictor of cognitive impairment than
either slow gait or subjective memory complaint alone (Sekhon et al., 2019. In a pooled
analysis involving 4555 older community-dwelling adults from the Hispanic Established
Populations for Epidemiologic Studies of the Elderly, INCHIANTI Study, Memory and
Aging Project, and Religious Orders Study, MCR predicted cognitive impairment HR 2.00,
95 % CI 1.7, 2.4) (Verghese et al., 2014a,b).

Dementia

MCR predicted dementia in longitudinal studies conducted in Australia, Belgium, Canada,
China, France, Ghana, India, Israel, Italy, Japan, Korea, Mexico, Russia, South Africa,
Switzerland, United Kingdom, and the US (Kumai et al., 2016; Doi et al., 2017; Verghese et
al., 2013a,b; Verghese et al., 20144a,b). In a pooled analysis of 26,802 older adults, MCR
predicted dementia (HR 1.93, 95 % CI 1.59, 2.35) and AD (HR 2.21, 95 % CI 1.49, 3.28)
(\Verghese et al., 2014a). The results were robust even after removing those with possible
cognitive impairment or any diagnostic overlap with other predementia syndromes
(Verghese et al., 2014a). Notably, MCR predicted risk of dementia (HR 2.47, 95 % CI 1.93,
3.17) more than either slow gait alone (HR 1.77, 95 % CI 1.38, 2.27) or cognitive complaint
alone (HR 1.27, 95 % CI 0.99, 1.63) (\Verghese et al., 2014a). In a meta-analysis of 9,156
older adults from seven studies, MCR predicted dementia (OR 2.50, 95 % CI 1.75, 2.39)
(Sekhon et al., 2019). In a study of 590 community dwelling adults, aged =75 years, in
which the prevalence of MCI was 11.1 % at baseline, the incidence rate of dementia was
119.8/1000 person-years in the MCR group and 102.5/1000 persons-years in the non-MCR
group (Kumai et al., 2016).

9.3. Other adverse aging-related outcomes

An analysis based upon five longitudinal studies, the Baltimore Longitudinal Study of
Aging, LonGenity, INCHIANTI Study, Tasmanian Study of Cognition and Gait, and Einstein
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Aging Study involving 6,204 community-dwelling adults, aged =60 years, without dementia,
showed that the pooled risk of MCR with falling was RR 1.44 (95 % CI 1.16, 1.79)
(Callisaya et al., 2016). The risks of falls were lower for each separate component of MCR
compared with MCR itself. Slow gait and cognitive complaint were associated with RR 1.30
(95 % ClI 1.14, 1.47) and RR 1.25 (95 % 1.07, 1.46) for falling, respectively. In a study of
4,235 community-dwelling adults, mean age 72.0 years, MCR predicted the risk of
disability, defined as a certified need for long-term care insurance (HR 1.69, 95 % CI 1.08,
2.02) (Doi et al., 2017).

In 11,867 adults without dementia, aged =65 years, from three established cohort studies,
MCR predicted mortality (HR 1.69, 95 % CI 1.46,1.96) over median follow-up of 28 months
(Ayers and Verghese, 2016). Notably, MCR significantly predicted mortality even after
adjusting for both baseline gait speed and memory test scores (Ayers and Verghese, 2016.
MCR predicted mortality among 3778 women, aged =75 years, followed for 19 years in the
Epidémiologie de I’Ostéoporosis EPIDOS study in France HR 1.41, 95 % CI 1.25, 1.48)
(Beauchet et al., 2019). In the same subjects, slow gait speed alone predicted mortality (HR
1.41, 95 % CI 1.27, 1.55), whereas subjective cognitive complaint was not a significant
predictor of death (HR 1.05, 95 % CI 0.98, 1.14) (Beauchet et al., 2019). Interpretation of
these results from the EPIDOS study should be made with caution, as the assessment of
subjective cognitive complaint was based upon the short portable mental status questionnaire
(Pfeiffer, 1975), which is an objective assessment, rather than that based upon subjective
cognitive complaints.

10. Risk factors and biomarkers associated with MCR

10.1.

Demographic and lifestyle factors

The prevalence and incidence of MCR increases with age (Verghese et al., 2014a,b; Doi et
al., 2015). The prevalence of MCR was 8.9 % among adults aged 60-74 years and 10.6 %
among adults aged =75 years (Verghese et al., 2014a). MCR prevalence and incidence do not
appear to differ by sex (Verghese et al., 2013a,b; Verghese et al., 2014a,b). Blacks may be at
a higher risk of MCR than whites (Verghese et al., 2013a,b). Lower education is associated
with a greater risk of MCR (Verghese et al., 2014a; Doi et al., 2015; Maguire et al., 2018;
Aguilar-Navarro et al., 2019; Beauchet et al., 2019). MCR was associated with low physical
activity (Doi et al., 2015; Allali et al., 2016; Doi et al., 2017; Beauchet et al., 2019) and
obesity (Doi et al., 2015; Allali et al., 2016; Doi et al., 2017; Maguire et al., 2018; Beauchet
etal., 2018).

10.2. Genetic factors

The polygenic inheritance of MCR was examined in 4915 adults, aged =65 years, in the
Health and Retirement Study Sathyan et al., 2019). Polygenic scores (PGS) were calculated
as the weighted sum of single nucleotide polymorphisms with effects sizes derived from
genome-wide association studies. The PGS for BMI and waist circumference were
associated with MCR (Sathyan et al., 2019). MCR was associated with polymorphisms in
IL-10 in an Ashkenazi Jewish population (Sathyan et al., 2017).
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10.3. Chronic diseases

10.4. Brain

MCR was associated with hypertension (Beauchet et al., 2018), cardiovascular disease (Doi
etal., 2015; Doi et al., 2017; Beauchet et al., 2019), osteoporaosis (Doi et al., 2015), diabetes
(\Verghese et al., 2014a,b; Doi et al., 2015; Doi et al., 2017; Beauchet et al., 2018, 2019;
Aguilar-Navarro et al., 2019). Meta-analyses showed that MCR was associated with
hypertension, cardiovascular diseases, diabetes, and stroke (Beauchet et al., 2018). In a
meta-analysis involving 50,025 older adults, MCR was associated with pooled risk factors
for cardiovascular disease (Beauchet et al., 2018). MCR was associated with depression (Doi
etal., 2015; Doi et al., 2017; Beauchet et al., 2019).

imaging

Brain imaging was performed in 28 adults with MCR and 143 adults without MCR
(Beauchet et al., 2016a,b). Participants with MCR did not differ in objective cognitive
testing from controls without MCR. Adults with MCR had smaller volumes of total gray
matter, total cortical gray matter, premotor cortex, prefrontal cortex, and dorsolateral
segment of prefrontal cortext compared to those without MCR (Beauchet et al., 2016a,b).
No association was found between WMH and MCR in a MRI study of 358 adults in France
and India (Mergeche et al., 2016). In a study of 139 older adults in India, MCR was
associated with frontal lacunar infarcts (Wang et al., 2016). Gray matter (GM) covariance
networks were studied using voxel-based morphometry and multivariate covariance-based
statistics in a pooled sample of 267 community-dwelling adults, mean age 75.6 years, from
three different cohort studies (Blumen et al., 2018). A significant GM volume covariance
network was associated with MCR that was primarily composed of supplementary motor,
insular, and prefrontal cortex regions, suggesting that MCR is linked with GM atrophy in
brain regions that are associated with control aspects rather than motor aspects of gait
(Blumen et al., 2018). A systematic review showed that MCR was associated with lower
gray matter volume mainly in the premotor cortex in the prefrontal cortex (Sekhon et al.,
2019). There was no significant association of MCR with white matter abnormalities. These
findings suggest that the brain pathology of MCR may involve mainly neurodegeneration
(Sekhon et al., 2019).

11. What do slow gait speed and subjective memory complaint have in

common that might provide clues to the underlying pathophysiology of

MCR?

The underlying pathophysiology of MCR has not been well characterized. Studies aimed at
gaining insight into altered biology in MCR have primarily involved neuroimaging. To date,
there have been no studies, to our knowledge, on circulating proteins or metabolites that may
be associated with MCR. Since a major component of MCR is subjective memory
complaint, there is no animal model for MCR. The lack of an appropriate animal model
greatly restricts mechanistic studies. There have been relatively more studies conducted to
gain insight into the biological mechanisms that could explain slow gait speed compared
with subjective memory complaint. Risk factors and biomarkers that have been associated
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with slow gait speed, subjective memory complaint, and MCR are summarized in Table 1. A
conceptual model based upon known and likely risk factors for MCR is shown in Fig. 2.

Slow gait speed and subjective memory complaint have several common risk factors:
cardiovascular disease, diabetes mellitus, abnormal cortisol profiles, low vitamin D levels,
low vitamin K status, brain atrophy with decreased hippocampal volume, and increased
deposition of beta-amyloid in the brain. Brain regions and networks that are shared between
gait and memory complaint can be affected by neurodegeneration and vascular factors
(Montero-Odasso et al., 2014). However, gait speed is not explained solely by neural input
from the brain, as there are pathological processes in skeletal muscle that can also contribute
to a decline of gait speed with aging, such as loss of regenerative capacity, impaired
proteostasis, accumulation of senescent cells, alterations in glucose metabolism, and
impaired mitochondrial function (Aversa et al., 2019; Larsson et al., 2019). Low muscle
strength in the lower extremities, especially in the quadriceps muscle, and impaired skeletal
muscle mitochondrial oxidative capacity and the vastus lateralis, are strongly associated with
slow gait speed. There is also evidence to suggest that the relationship between gait and the
brain is bidirectional. Increased physical activity is known to protect against age-related
decline in gait speed (Pahor et al., 2014; Brach et al., 2017) but also mitigates or even
reverses age-related brain structural and functional deficits (Seidler et al., 2010;
Bolandzadeh et al., 2015).

Increased circulating inflammatory biomarkers are associated with slow gait speed and may
reflect greater cardiovascular disease burden (Ferrucci et al., 2005). Increased cardiovascular
disease is associated with slow gait speed, subjective memory complaint, and MCR (Table
1). Increased plasma CRP and IL-6 have been associated with smaller total gray matter
volume in non-demented older adults (Gu et al., 2017. In 1841 adults, aged 65-80 years,
elevated circulating IL-6 was associated with decreased gray matter and hippocampal
volumes (Satizabal et al., 2012). Decreased total gray matter volume and hippocampal
atrophy have been associated with slow gait speed, subjective memory complaint, and MCR
(Table 1).

Slow gait speed has been associated with low plasma LPC (Semba et al., 2019a,b,c) and
elevated plasma acylcarnitines (Lum et al., 2011). Although plasma LPC and acylcarnitines
have not been characterized in subjective memory complaint or MCR, it is notable that low
plasma LPC have been associated with AD (Cui et al., 2014). In 525 healthy adults, =70
years, low plasma LPC 18:2 predicted progression to amnestic mild cognitive impairment or
AD over 5y of follow-up (Mapstone et al., 2014). Poor memory was associated with
elevated plasma acylcarnitines in 100 adults, mean age 59.3 years, in the Fels Longitudinal
Study (Peterson et al., 2019). Elevated plasma acylcarnitines were elevated in cognitively
impaired adults with AD-related neurodegeneration (Toledo et al., 2017). Elevated plasma
acylcarnitines reflect altered beta oxidation of fatty acids in mitochondria (Semba et al.,
2019a,b,c).

Higher plasma 7-3 polyunsaturated fatty acids (PUFA) were associated with faster gait speed
(Abbatecola et al., 2009). A meta-analysis of intake of two 73 PUFA, docosahexaenoic acid
(DHA; 22:6) and eicosapentaenoic acid (EPA; 20:5), showed that DHA, alone or combined
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with EPA, improved memory function in older adults with mild memory complaints (Yurko-
Mauro et al., 2015). Higher dietary intake of fruit and vegetables or adherence to the
Mediterranean diet have been associated with faster gait speed (Lauretani et al., 2008;
Shahar et al., 2012). Greater adherence to the Mediterranean diet has been associated with
better cognition (Petersson and Philippou, 2016; Aridi et al., 2017).

Elevated plasma GDF-15 was associated with slow gait speed in healthy adults (Semba et
al., 2019a,b,c). In 888 non-demented adults, aged 70-90 years, in the Sydney Memory and
Aging Study, higher serum GDF-15 was associated with lower processing speed, memory,
and executive function (Fuchs et al., 2013). Elevated serum GDF-15 was associated with a
20 % chance of decline from normal to MCI or dementia (Fuchs et al., 2013). In 80 adults
with no cognitive impairment, 144 nondemented adults with cognitive impairment, and 100
adults with Alzheimer’s disease, neural imaging studies showed that WMH was associated
with elevated plasma GDF-15 (OR 3.97, 95 % CI 1.79, 8.83) compared with those with no
cognitive impairment (Chai et al., 2016).

Recommendations for future studies

Current proteomic and metabolomic platforms allow the detection and measurement of
hundreds of circulating proteins and metabolites for discovery phase investigations of
disease phenotypes (Semba et al., 2017; Tanaka et al., 2018; Feldreich et al., 2019; Semba et
al., 2019a,b,c). These platforms could be applied to elucidate the roles of biological
pathways in MCR that involve candidate biomarkers such as amino acids, proteins, peptides,
biogenic amines, steroids, phenols, carbohydrates, bile acids, ceramides, fatty acids,
diacylglycerols, triacylglycerols, lysophosphatidylcholines, sphingomyelins, cholesteryl
esters, acylcarnitines, phosphatidylcholines, indoles, and hormones. Metabolomic
investigations are showing promise in identifying specific lipids (Li et al., 2019) and amino
acids (Tynkkynen et al., 2018) that predict cognitive decline. Other promising areas for
biomarker studies in MCR include systemic inflammation, 73 PUFA, GDF-15, and 25(0OH)
D concentrations. Cross-sectional studies of biomarkers can reveal potential associations but
are limited in making causal inferences. Longitudinal study designs may provide stronger
evidence for biomarkers as independent predictors of incident MCR.

13. Ethical and public health implications of MCR

MCR was originally proposed to have advantages in the clinical setting because of the
relative simplicity of measuring gait speed and assessing subjective memory complaint
(\Verghese et al., 2013a,b; Ayers and Verghese, 2014). MCR could identify a subset of older
adults who are at high risk for progressing to dementia (Verghese et al., 2014a). The
advantage of MCR over MCI was that it did not require detailed neurocognitive assessment
and evaluation by experts. MCR may also take on important significance as a screening tool
and research tool to identify a high-risk population (Chhetri et al., 2017). However, it should
be emphasized that a sizable portion of individuals with MCR do not progress to dementia.
Although the natural history of MCR has not been well characterized, it is likely that many
individuals with MCR remain stable or improve during follow-up. In the natural history of
MCI, which has been better characterized than MCR, three quarters of patients remained
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cognitively stable or even improved over three years (Kaduszkiewicz et al., 2014). Slow gait
speed and subjective memory complaint are heterogeneous risk factors that can have
variable trajectories in older adults, with some individuals remaining stable or improving
(Pahor et al., 2014; Best et al., 2018; Zarit et al., 1981). Thus, caution must be taken in the
interpretation of risk, both in a clinical setting and for individuals who participate in research
studies of MCR (Davis, 2015). MCR may be most useful as a research tool to could help
uncover altered pathways, biomarkers, and therapeutic targets for intervention during the
long preclinical phase of AD.

14. Conclusions

MCR is a relatively new pre-dementia syndrome that combines two early harbingers of
dementia, slow gait speed and subjective memory complaint. Slowing of gait speed and the
appearance of subjective memory complaint co-occur during the long preclinical phase of
dementia. Slow gait speed and subjective memory complaint share several common risk
factors and biomarkers such as cardiovascular disease, diabetes mellitus, abnormal cortisol
profiles, low vitamin D levels, low vitamin K status, brain atrophy with decreased
hippocampal volume, and increased deposition of beta-amyloid in the brain. Future studies
may corroborate the association of these risk factors and biomarkers with MCR. The
application of advanced platforms in proteomics and metabolomics holds great promise for
the discovery of novel biomarkers in biological pathways that are associated with MCR and
altered early in the development of dementia.
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Fig. 1.

H)?pothetical model of the trajectory of cognitive performance in relation to progression to
Alzheimer’s disease (AD). Subjective memory complaint and slow gait speed can occur
during the long preclinical phase and increase the risk of progression to MCI and AD. This
is a hypothetical model and does not imply that all individuals with decline of cognitive
performance will progress to dementia.
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Conceptual model of MCR showing known and probable risk factors. Broken arrows signify

other modulating factors.
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