




ABSTRACT
Postural instability, common in older age, has been associated with worse cognitive function; however, the neurobiological basis for these associations are not known. We propose postural instability may be a biomarker of lower cognitive function. We aimed to quantify the neural correlates of postural instability in community dwelling older adults with a range of cognitive function. Postural instability was recorded using conventional [postural sway antero-posterior (AP) and medio-lateral (ML) eyes open/closed/foam surface conditions] and a novel ML visual tracking task (MLVT) at 0.125, 0.25, 0.50 and 0.75 Hz frequencies in 179 participants   [ (82 years old, Female (54%), White (71.1%) ] of the Health Aging and Body Composition Study. An extensive cognitive battery was obtained, and cognitive status was adjudicated as cognitively normal (CN), mild cognitive impairment (MCI) or dementia using Alzheimer’s Disease Research Center protocols. White matter hyperintensities (WMH), grey matter volume (GMV) and mean diffusivity of total and brain regions of interest (hippocampus, precuneus, anterior, middle and posterior cingulum for both hemispheres) were acquired using 3T MRI with diffusion tensor. ANOVA and multinomial linear regression were used for statistical analyses, adjusting for variables potentially influencing postural control and/or cognition: brain atrophy, race, body mass index and education. Postural instability was higher in MCI and dementia groups compared to CN for all MLVT frequencies. For MLVT=0.25, the odds of postural instability were 1.72 (95% CI 1.25, 2.38) times higher in dementia and 1.16 (95% CI 0.87, 1.55) times higher in MCI groups compared to CN. Greater postural instability was also associated with lower total brain GMV in MCI (β=-0.01, p=0.04) and Dementia (β=-0.02, p=0.006), but not in CN; Greater postural instability was associated with lower regional GMV of bilateral hippocampus, precuneus and cingulum in those with Dementia only. The public health relevance of these findings is significant; our results may help understand the role of postural instability as an early indicator of Dementia. Hippocampus and precuneus could be a shared resource for cognition and postural control.
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AD: Alzheimer’s Disease

DAT: Dementia related to AD

CN: Cognitively Normal
MCI: Mild cognitive impairment

GMV: Grey matter volume
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DSM: The Diagnostic and Statistical Manual of Mental Disorders
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COP: Center of Pressure
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1.0  Introduction

Dementia is a major neurocognitive disorder affecting individuals over 65 years of age worldwide. The incidence of Alzheimer’s disease and consequent dementia is higher in European and American subcontinent compared to Asian and African countries. [1] The incidence of dementia rises exponentially with age and is found to plateau after 85 years. [2] 
1.1 DEMENTIA IN THE UNITED STATES
1.1.1 Epidemiology
About 70% of the cases with dementia are associated with Dementia associated with Alzheimer’s Disease (DAT).[3]  Dementia is also associated with other neurodegenerative diseases like Parkinson’s Disease [4], Multiple Sclerosis[5], Fronto-Temporal Dementia[6], small vessel disease [7] and Stroke. [8] 
About 5.4 million Americans are suffering from Alzheimer’s Disease. 
The incidence of dementia in United States was 11% in 2016. 
[10]
 The prevalence of cognitive impairment related to Alzheimer’s Disease is higher in women and more frequent in African Americans in USA. 
 ADDIN EN.CITE 
[11]
 The burden of dementia is expected to rise further with an increase in population of older individuals. This massive burden of disease is associated with an exponential rise in cost of care and hospitalization in patients with dementia.[3]
1.1.2 Cost of Dementia
Dementia poses an extensive economic impact on individuals suffering from dementia along with their care givers. Dementia is associated with a wide range of physical and neuropsychiatric symptoms  along with neurocognitive deficits. [12] Physical symptoms manifest in terms of significant limitation in activities of daily living and in accordance to co-existing neurodegenerative pathology. [13] Individuals suffering from varying levels of cognitive impairment are found to be suffering from comorbid neuropsychiatric symptoms like depression, apathy and irritability. [14] The global cost of dementia was $818 million in 2015. A comparison from 2010 suggested that the cost of dementia increased by 35% in 5 years. Cost in hospital care, long-term care services and Medicare older individual with Dementia in United States was $259 billion [15]. 
The direct cost is associated with the monetary funds invested in diagnosis, hospitalization, medical care costs, nursing care costs and social agency costs. [16] Increase in cost of dementia per person was directly proportional to limitation in activities of daily living. [15] A longitudinal analysis of Health Retirement Study (HRS) cohort revealed that the cost of dementia in 2010 was $56,290 and $41,689 for formal and informal care respectively per person in the study cohort. [17] The average Medicare spending for older adults with dementia is thrice the spending for older adults without dementia.[18] Indirect cost refers to the non-financial burden due to dementia in terms of care provided, emotional burden, quality of life affected, years of income lost and Daily Adjusted Life Years (DALYs)[12]  A survey suggested that those with dementia required 3.2 hours of care per day, lost 4 to 10 years from their life expectancy and lost $7.9 billion in human capital due to poor productivity and premature mortality in 1985.[16] Since the clinical progression of dementia is slow, diagnosis may take years, further adding to the emotional burden. The projected cost of dementia is expected to reach 1.1 trillion by 2050. 
 ADDIN EN.CITE 
[3, 15]

1.2 pathophysiology
Individuals with dementia are hypothesized to have simultaneous ongoing vascular and neuro-degenerative pathological micro changes in the brain. Damage to micro-circulation of the brain causes a breakdown of blood-brain barrier. This breakdown impairs clearance of amyloid β protein from brain parenchyma.  Amyloid β plaques accumulate in cerebral cortex progressing to brainstem nuclei due to an imbalance between production and clearance of Amyloid β. This imbalance triggers a progressive chain of reactions causing synaptic dysfunction followed by neuronal cell death. This process is progressive in nature eventually leading to physical manifestation consistent with Dementia. 
Presence of autosomal-dominant genetic mutations 
 ADDIN EN.CITE 
[19]
 and peculiar environmental factors 
 ADDIN EN.CITE 
[20]
 may increase the predisposition of dementia associated with Alzheimer’s disease. These changes have been observed using PET imaging as well as in post-mortem brains in patients with DAT in the form of accumulation of Amyloid β plaques, neurofibrillary tangles and tau proteins. Involvement of subcortical structures like striatum, thalamus and brain stem nuclei are associated with Dementia due to non-Alzheimer related causes. It has been hypothesized that degeneration of sub-cortical structures could lead to selective pre-synaptic loss of cholinergic neurons in addition to the ongoing vascular neuropathology. [21] The pathology in the brain precedes observed clinical and cognitive findings.
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Figure 1. Pathophysiology of all-cause Dementia
1.3 diagnosis

Dementia as defined, is known to affect one of more domains of cognition like memory, executive function, psychomotor processing and verbal reasoning. Change in cognitive status of an individual has a massive impact on activities of daily living and functional independence.[22] Individuals with Alzheimer’s Disease were traditionally diagnosed on the basis of being symptomatic or asymptomatic.[23] However, with the recent changes in DSM-V diagnostic criteria, there is a new set of individuals that could be a part of prodromal stage of dementia. Symptomatic individuals who meet the clinical criteria for dementia have marked structural changes in the brain in the form of grey and white matter changes, changes in hippocampal and overall brain volume 
 ADDIN EN.CITE 
[24]
 along with a multitude of physical & functional impairments. 
 ADDIN EN.CITE 
[25]
 
Individuals who do not quite meet the criteria for diagnosis fall into pre-clinical stages of dementia.  [26] It has been conceptualized that the pathophysiological process of Amyloid β deposition and progressive cognitive decline might follow a similar trajectory as those with diagnosed dementia. Therefore, identification of older adults in pre-clinical stages could open more avenues for interventions before the evident cascade of physical and functional impairment. 


[27] ADDIN EN.CITE  National Institutes of Health has recommended that individuals with one or more apolipoprotein (APOE) ε4 allele, carriers of autosomal dominant mutations, pre-symptomatic biomarker-positive and some or no cognitive impairment qualify to fall into pre-clinical stages of dementia. 


[27] ADDIN EN.CITE 
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Figure 2. Summary of Clinical, Structural, and Functional Progression to Dementia with available interventions in Older Adults
1.4 TREATMENT

Current treatment strategies for dementia are based on pharmacological and non-pharmacological strategies for symptomatic treatment. In older adults with DAT, cholinesterase inhibitors [28], statins [29] and estrogens 


[30] ADDIN EN.CITE  have been used for prevention purposes. Use of memantine alone and in combination with cholinesterase inhibitors is the current choice of pharmacological intervention in those with mild to moderate dementia. 


[31] ADDIN EN.CITE  Non-pharmacological interventions like bright light therapy, aromatherapy, acupuncture, cognitive rehabilitation, transcutaneous electrical nerve stimulation and music therapy are used as an adjunct to drug therapy in older adults with dementia. 


[30, 32] ADDIN EN.CITE 

Recent clinical trials neither reduced Amyloid β burden nor improved clinical outcomes in those with dementia. 


[27] ADDIN EN.CITE  There is a consensus that such individuals might not find current treatment strategies beneficial due to an excessive impact on their cognitive and physical status before initialization of intervention. Pharmacological interventions in older adults with MCI have been tested in phase I and phase II trials. [33] There is no successful treatment for older adults with dementia or MCI so far. 


[27] ADDIN EN.CITE  Therefore, current interventions have shifted their focus on individuals with lower initial clinical and structural burden of disease. Presence of definitive structural changes and absence of clinical symptomatology may open avenues for testing of disease-modifying interventions and/or preemptive/prophylactic pharmacological and physical interventions aimed at preventing progression to dementia. 


[27] ADDIN EN.CITE  
1.5 biomarkers of dementia
Biomarker is a “ characteristic that is objectively measured and evaluated as an indicator of normal biological processes, pathogenic processes, or pharmacologic responses to a therapeutic intervention.” [34] Biological markers can be used as a provisional identifier of a disease. However, progressive diseases with a long pre-symptomatic phase warrant identification of biomarkers as surrogate end points for quantification of disease. [35] Primary clinical endpoints like diagnosis of dementia often take a long time to manifest despite the onset of structural changes in the brain. Postmortem studies have identified instances where the extent of structural changes was proportionately higher than clinical presentations. This reinforces that presence of temporal lag between onset of structural changes and emergence of clinical impairments. Therefore, it is imperative to identify more promising objective biomarkers for identification of dementia in its pre-clinical stages. 


[27] ADDIN EN.CITE 
Symptomatic individuals who meet the clinical diagnostic criteria of dementia have marked structural changes in the brain in the form of grey and white matter changes, changes in hippocampal and overall brain volume 
 ADDIN EN.CITE 
[24]
 along with a multitude of physical & functional impairments. 
 ADDIN EN.CITE 
[25]
 Clinical tests, blood work, CSF examination and neuroimaging have been used to identify symptomatology and burden of dementia in older adults throughout the spectrum of clinical cognitive impairment. 


[27] ADDIN EN.CITE  
Cognitive testing measuring episodic memory, task switching, executive dysfunction and reasoning have been identified as behavioral markers for early identification of dementia. 


[27] ADDIN EN.CITE  Antemortem indicators of amyloid deposition is indicated with lower levels of Amyloid β1-42 in CSF and increased retention of radioactive tracers in PET imaging in pre-clinical and demented older adults. 
 ADDIN EN.CITE 
[36-38]
 Increased accumulation of Aβ is correlated with lower scores on cognitive tests. 
 ADDIN EN.CITE 
[39-41]
 Increased level of tau protein in CSF is an indicator of neuronal injury. Decreased uptake of fluorodeoxyglucose 18F (FDG) has been used as a biomarker of AD-related synaptic dysfunction. 
 ADDIN EN.CITE 
[42, 43]
 fMRI, WMH and volumetric analysis on MRI has been used as a biomarker for structural changes as well as neuronal loss. 
 ADDIN EN.CITE 
[44]
 Evident changes on MRI 
 ADDIN EN.CITE 
[45-47]
 PET and CSF 
 ADDIN EN.CITE 
[48, 49]
 have been observed in CN older adults. 


[27] ADDIN EN.CITE  
There is a dearth of biomarkers that predict either progression from pre-clinical stages to dementia or predict emergence of physical symptomatology in CN older adults with Aβ accumulation. 
 ADDIN EN.CITE 
[50]
 The extent to which current blood, CSF, clinical and neuroimaging markers predict dementia in cognitively normal and MCI individuals is unclear. This uncertainty exists because the causal link between Amyloid β accumulation and clinical symptomatology is yet to be proven. 
 ADDIN EN.CITE 
[27]
 Despite use of multitude of clinical cognitive tests for quantification of cognitive impairment in older adults, there is need for a standardized measurement to suit older adults with subclinical cognitive impairments. [51] There is need for greater reproducibility of neuroimaging cognitive outcome to establish cut off points in older adults with MCI or pre-clinical dementia. [52] 
1.6 postural instability in older adults with dementia
Abnormalities in brain parenchyma, including structural change and accumulation of Amyloid β,  have been found in CN, MCI as well as those with dementia. Therefore, there is a critical need for identifying additional biomarkers that can distinguish between various clinical stages and predict progression to dementia. These biomarkers could help to identify asymptomatic individuals at high risk of dementia and design interventions for limiting progression to dementia. Sperling et al has studied the implications of delaying the progression of cognitive impairment to dementia. A hypothetical intervention that delayed onset of dementia by 5 years would lead to 57% reduction in patients with DAT and lower Medicare cost by 54%


[27] ADDIN EN.CITE 
Clinical manifestations of dementia are highly correlated and varying levels of structural changes in the brain 
 ADDIN EN.CITE 
[53, 54]
 like brain atrophy, reduced hippocampal volume, white as well as grey matter changes 
 ADDIN EN.CITE 
[55]
, partial dependence in ADL [56] , impaired balance 
 ADDIN EN.CITE 
[57]
, increased frequency of falls [58, 59] reduced physical activity [60] [61], increased fall risk 
 ADDIN EN.CITE 
[62]
, mobility decline [63] and lower gait speed 
 ADDIN EN.CITE 
[64]
. Since alteration in these factors have been identified in individuals with diagnosed as well as in those within prodromal stages of Dementia, they are being explored extensively in healthy older individuals. 
1.6.1 Age and postural instability

Postural stability is the ability of an individual to maintain center of pressure (COP) within the limits of stability. This ability is heavily dependent on an interplay between sensory input from visual, vestibular, proprioceptive and cognitive pathways in the brain. [65] Postural instability increases with increase in age. [66] Hence, maintaining balance and mobility for activities of daily living gets more challenging. Limited neuroplasticity could inhibit older individuals from formulating new pathways to maintain postural stability. A change in postural strategies is observed in older individuals over time to compensate for lack of age related visual input and processing delay. 
 ADDIN EN.CITE 
[67]
 There has been variability in literature with regards to increased dependence on somatosensory [65] or visual afferent stimuli. [68] Older adults also take a longer time to react to external perturbations compared to younger adults. [69] Therefore, factors like altered sensory reweighting, greater reaction times, increased body excursions, lower strength of hip musculature and decreased coactivation of antagonistic hip musculature compared to younger adults might influence postural response in older adults. 


[65, 66] ADDIN EN.CITE 
Quantification of postural instability in healthy older individuals and those with MCI could be of special interest as association of postural instability with cognitive status in these individuals could point to potential modifiable factors. Postural control, mild to moderate cognitive impairment and minimal alteration in activities of daily living can be improved with use of physical therapy interventions in older adults with mild to moderate dementia. 
 ADDIN EN.CITE 
[70, 71]
 However, the role of early initiation of physical interventions in preclinical older adults for prevention of dementia is yet to be tested.
1.6.2 Age-related Postural Instability and Dementia 

Several cross-sectional studies have examined the association between postural instability and dementia (Appendix A). Postural instability has been found to be greater in healthy older adults compared to younger individuals in static and dynamic tasks. 
 ADDIN EN.CITE 
[72, 73]
 Older individuals show a larger postural sway with closed eyes as compared to younger individuals 
 ADDIN EN.CITE 
[50, 74]
 Alteration of postural control is more intense in individuals with dementia. Individuals with Dementia show a greater sway in posture with eyes closed followed by lack of correction when compared to healthy controls. 
 ADDIN EN.CITE 
[24, 75, 76]
 
Older adults with Dementia with Parkinson’s Disease pathology have impaired postural control compared to healthy older controls. 
 ADDIN EN.CITE 
[77]
 Older adults with DAT also show a similar trend compared to those with MCI and healthy older adults. 
 ADDIN EN.CITE 
[78, 79]

1.6.3 Worse postural instability outcomes in those with dementia 
Greater reaction times, additional attentional demands [80] and executive dysfunction are observed in patients with dementia 
 ADDIN EN.CITE 
[75]
 Cognitive dysfunction makes it difficult for patients to improvise postural stability requirements in real environments with multiple stressors in play and limited anticipated postural control strategies. 
 ADDIN EN.CITE 
[77]
 With cognitive decline, older adults have altered reweighing of sensory inputs [65] and difficulty in maintaining optimal stability in unexpected conditions. 
 ADDIN EN.CITE 
[81]
 This could lead to a further increase in postural instability due to progressive nature of cognitive decline in older adults. 
 ADDIN EN.CITE 
[50]
 Some studies have found that increase in cognitive decline is associated with lower postural instability in older individuals with Dementia. 
 ADDIN EN.CITE 
[24]

Older adults demonstrate poorer postural stability and inefficient recovery during postural tasks. 
 ADDIN EN.CITE 
[82-84]
 Individuals with Dementia have more peculiar response to challenges compared to non-demented older adults. Addition of complexity to postural task like changing the nature of the task from static to dynamic, performing a visual search task or performing dual tasks has been accompanied with greater deviation, increased path length and altered recovery of postural control. 
 ADDIN EN.CITE 
[69, 85]
 Such an increased demand in postural control might exert additional load on the cognitive regions of the brain. Unexpected need for postural control in real life conditions may have a similar effect. Need for more effective cognitive-balance system integration might make older adults slow and inefficient. 
 ADDIN EN.CITE 
[69, 86, 87]
 

The relationship between cognition and postural instability points to the idea of shared resources for maintenance of postural control and cognition. Common regions of the brain might be responsible for maintenance of cognitive and physical functions. The role of hippocampus is been the center of attention in recent studies. [74] This could explain load on one system to be associated with inefficiency in the other. [88] An exploration of neural correlates of postural instability could provide more information in this area of interest.
1.7 Postural instability as a biomarker of dementia

Identification of individuals either at risk or more likely to progress to dementia from pre-clinical stages could produce a massive change in cost of care in individuals with dementia. The role of postural instability as potential biomarker can be explored by evaluating postural instability using criteria for biomarker qualification. [89] Postural instability could help in improving the scientific understanding in terms of biological plausibility for disease progression. [88, 90] Postural instability might also be able to reinforce the concept of shared resources for maintenance of cognition and physical function. 
 ADDIN EN.CITE 
[91, 92]
 Postural instability could be used as a clinical biomarker of dementia in pre-clinical stages. Testing of postural instability being cost-effective and non-invasive might be a more useful tool in clinical practice.
1.8 public health significance

The number of aging individuals in the world is rising faster than ever. [18] Institutional authorities have initiated diligent steps in this direction. Dementia has been declared as a public health priority by the World Health Organization (WHO). President Obama signed a national Alzheimer’s Project into law in January 2011. This law aims to keep track of direct and indirect costs of individual and public programs for Dementia. [93] 
Conversion rate of MCI to Dementia has been estimated to be 5-10% per year.  [94] However, this rate varies by population, age and study setting. [95] Conversion rate for a nationally representative sample of older adults from Health Retirement Study (HRS) was 14.7%. [17] Conversion rate in Vienna Trans-Danube Aging study was 48.7% for amnestic older adults and 26.8% otherwise. [96] Conversion rate in Japan was 16.1%. [97]   There is a need for health care providers to be prepared to address physical and functional impairments due to cognitive decline in older populations. [93] Identification of indicators as early as preclinical state could assist in early diagnosis of Dementia. Identification of individuals more likely to convert to dementia could help put tertiary rehabilitation strategies in place to improve quality of life in such individuals. This could have great potential for reducing the burden of disease due to current annual cost of hospitalizations attributed to Dementia. [3] Identification of postural instability as an early indicator could inform diagnostic decisions as well as risk stratification.
2.0  aim and objectives
2.1 aim

To explore the difference in level of postural instability in cognitively normal, individuals with MCI and Dementia and understand neural correlates of postural instability by cognitive status in older adults.

2.2 objectives
The above aim was accomplished with the following objectives in mind-
a) To quantify and compare postural instability in older adults stratified by cognitive status, e.g. cognitively normal (CN), Mild Cognitive Impairment (MCI) and dementia groups.
b) To measure correlations between postural instability and gray matter characteristics in regions of interest known to be associated with postural control and cognition.
c) To examine if the above associations are independent of biomechanical and demographic characteristics known to influence postural stability.
2.3 hypothesis

We hypothesized that postural instability would be greater in dementia and MCI groups compared to cognitively normal (CN). Additionally, greater postural instability would be associated with worse gray matter (GM) characteristics of hippocampus, independent of neuromuscular and demographic characteristics in these groups. If confirmed, these hypotheses would imply that older adults with worse GM characteristics in the hippocampus (e.g. smaller volume, lower microstructural integrity) would be more vulnerable to postural instability and worse cognitive status. We also propose to explore GM characteristics of other regions known to influence postural control and cognitive function, to uncover potential novel associations. The relationship of postural instability with cognitive status and GM characteristics could provide more insight on shared brain resources and explore the role of postural instability as a biomarker of dementia.
3.0  methods

3.1 population characteristics
3.1.1 Eligibility Criteria for Health ABC Cohort

The Health ABC study was started in 1997-98 as a longitudinal observational cohort study that included 3075 healthy older black as well as white men as well as women who were 70-79 years old and lived in Pittsburgh, PA and Memphis, TN. Participants were included if they reported no difficulty in walking a quarter mile or 400 m, could climb 10 steps and were independent for performing activities of daily living. The participants were also required to be free from life-threatening cancers and had planned to remain with the study for the next three years. 
 ADDIN EN.CITE 
[98]
 Participants were recruited via mail to a subsample of Medicare beneficiaries as well as community residents.

The Healthy Brain Project (HBP) was started as an ancillary study to Health ABC in 2007-08 for participants who could walk at least 20 m and were eligible for 3T brain MRI, yielding a sample of n=315 with baseline HBP data. Of these, 213 had forceplate measurement, cognitive assessment, and neuroimaging assessment. (see Figure 3). The original Health ABC cohort comprised of 3075 eligible healthy older adults out of which 51.6% females and 58.4% were white. 
 ADDIN EN.CITE 
[99, 100]
 Both study protocols were approved by institutional review boards of University of Pittsburgh and University of California, San Francisco. All participants provided written informed consent.
3.2 measurement of postural instability

3.2.1 Conventional Measures- Postural Sway

Conventional measurement of postural instability was based on clinical test of sensory interaction on balance in 2009-10. Postural sway was used to assess the ability of older adults to optimally use visual, proprioceptive and vestibular modalities for control of balance. 
 ADDIN EN.CITE 
[101]
 Ground reaction forces were recorded on a force platform in standing position with feet 16 cm apart on level surface and 7.5 cm thick medium density foam surface with eyes open as well as eyes closed. Antero-posterior (AP) and medio-lateral (ML) direction of postural sway were recorded. Hence, conventional method provided eight postural sway measures for each participant for whom trials lasted more than 15 seconds. Each participant was given 30 seconds of seated rest between each condition. Each participant was given two trials for each condition. Participants wore a safety harness and were accompanied by a research technician to prevent any falls from losses of balance.

3.2.2 Novel Measures- Medio-Lateral Visual Tracking Task (MLVT)
Additionally, participants performed a novel visual tracking task on force platform in order of 0.125 Hz, 0.25 Hz, 0.50 Hz, 0.75 Hz for 60 seconds each. An open circle moved back and forth horizontally at one of the four tracking frequencies on a screen 1.5 m away in front of them. ML-Center of Pressure (COP) was displayed in the form of an X on the screen. The range of movement of the circle was scaled to 16 cm, which was the distance that he feet were apart. Participants were instructed to match the tracking frequency with their ML-COP while they stood on the force platform. Postural response to MLVT was recorded in the form of ML root mean squared error (RMSE) of the discrepancy between COP and the target for each participant. The detailed procedure for acquisition of AP and ML postural sway in variable conditions and MLVT has been described elsewhere. 
 ADDIN EN.CITE 
[101]
 The novel method evaluated the ability of older adults to control their balance while shifting their weight to match an expected range of frequencies.

3.3 Neuroimaging

3.3.1 Acquisition of MRI and DTI

Neuroimaging data was obtained for 315 participants with forceplate and cognitive data. A MRI 3T Siemens Tim Trio with a 12-channel head coil MR scanner at University of Pittsburgh was used. White matter hyperintensities were obtained from T2-flair images. Localization was done using an automated seed selection. Total grey matter volume was estimated by summing of all voxels that were categorized as grey matter. Brain atrophy was measured by subtracting grey and white matter volume from total intracranial volume. 

Mean Diffusivity (MD) was obtained from Diffusion Tensor Imaging (DTI) after thorough processing. The process of image acquisition and processing has been described elsewhere. 
 ADDIN EN.CITE 
[102]
 

3.3.2 Set of Regions of Interest (ROI) defined apriori

Neuroanatomical boundaries of several grey matter regions of the brain for mean diffusivity were identified using an atlas established earlier.   Regions of interest were identified as hippocampus, precuneus, anterior, middle and posterior cingulum for both hemispheres due to their known contribution to cognitive and sensorimotor functions. 
 ADDIN EN.CITE 
[102]
 
3.4 adjudication of cognitive status

Participants of Health ABC study underwent measurement of cognitive outcomes and adjudication of cognitive status for HBP during the tenth year of Health ABC follow up (2010-11). Neuropsychological tests included evaluation of estimated premorbid intelligence, memory, language, visual perception and executive function. The neuropsychological battery of tests [103] included: The American version of National Reading Test (AMNART); Ravens’s Colored Progressive Matrices; California Verbal Learning Test (CVLT); Rey-Osterreith figure; Boston Naming Test; Verbal Fluency Test; Visuo-perceptual/Visuo-constructional: Block design and copy of a geometric figure and Stroop Test. 

This process of adjudication identified participants as Cognitively Normal (CN), Mild Cognitive Impairment (MCI) and Dementia. Detailed adjudication procedure has been described elsewhere. 
 ADDIN EN.CITE 
[104]

3.5 covariates

The ability of the body to maintain optimal postural control hinges on effective integration between perception of afferent stimuli from the surrounding environment to the brain, processing of that stimuli and relay of efferent information to the peripheral end organs for relevant execution of demands with regards to stability.  Optimal functioning of central as well as peripheral systems is essential to this complex process. Demographic data on age, [105] gender, [105] education, BMI [106] and race were recorded at baseline for Health ABC study. Additionally, data for neuromuscular factors like knee extensor strength, [107] joint pain, lower extremity vibration sense as a measure of proprioception [108] and Ankle/Brachial index [109] as a measure of peripheral vascular integrity were also measured. 
 ADDIN EN.CITE 
[110, 111]
 Total brain atrophy
 ADDIN EN.CITE 
[24]
 was added as a covariate for all linear regression analyses that include neuroimaging. Variables that were associated with postural instability and/or cognitive status entered the models as covariates. 
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Figure 3. Participant Schema of Analytical Sample
3.6 statistical analysis

Demographic and neuromuscular characteristics for all participants for postural instability data were compared across CN, MCI and Dementia groups using ANOVAs for continuous variables and Fisher’s exact test for categorical variables. The analytic sample did not follow normal distribution, but approximated normality. Therefore, group-wise comparisons for postural sway and RMSE for MLVT were presented as means and subsequent regression analyses were performed using parametric tests. The frequency of 0.25 Hz for the MLVT was chosen for statistical analyses as it is the closest to the frequency of quiet stance in older adults. 
 ADDIN EN.CITE 
[101]
 Other frequencies were examined for completeness. Odds ratios with 95% confidence interval were derived from multinomial logistic regression model to identify association between MLVT and cognitive status. The model was adjusted for time between forceplate measurement visit and cognitive adjudication, as well as demographic (age, gender, race & education) and neuromuscular (BMI, pain, vibration sense, knee extensor strength and ankle/brachial index) variables univariately associated with the predictor and/or the outcome. Pearson’s correlations of RMSE ML-COP for MVLT with total brain measures and regional brain measures were computed. ROI (GMV and MD) by cognitive status was analyzed for available neuroimaging participants. False discovery rate adjusted p value was used for multiple comparisons.  Multivariate linear regression was used to identify association between total GMV, regional GMV adjusted for atrophy, race and education stratified by cognitive status. Participants who had died were excluded from the analytical sample.
4.0  results

4.1 characteristics of analytical sample

Participants in the analytical sample were about 82 years old with 54% females and 71% white. This analytical sample had fewer black participants and similar females compared to the baseline cohort. 


[98] ADDIN EN.CITE  Individuals stratified by group were compared for potential differences in demographic and biomechanical covariates. Race (p=0.03), education (p=0.005) and BMI (p=0.06) differed significantly across CN, MCI and Dementia groups, thus they were considered as covariates in regression analyses. Race, education and BMI were significantly correlated with sway (p<0.10), thus they were also considered as covariates in further regression analyses. 
Table 1. Demographic Characteristics of 179 participants with complete data on cognitive status and 0.25 Hz MLVT  
	
	Cognitively

Normal

n=76
	Pairwise p-value (CN vs MCI)
	MCI

n=63
	Pairwise p-value (MCI vs Dementia)
	Dementia

n=40
	Pairwise

p-value (CN vs Dementia)
	P p Value*

	Age 
	82.2 (2.3)
	0.93
	82.2 (2.5)
	0.12
	83.0 (2.9)
	0.10
	0.18

	Female Sex


	41 (54.0%)
	0.85
	35 (55.6%)
	0.66
	24 (60.0%)
	0.53
	0.82

	White Race


	54 (71.1%)
	0.003
	29 (46.0%)
	0.92
	18 (45.0%)
	0.006
	0.003

	BMI


	26.8 (4.6)
	0.02
	28.5 (3.5)
	0.61
	28.1 (5.2)
	0.17
	00.06

	Education (≤high school)


	27 (35.5%)
	0.15
	30 (47.6%)
	0.05
	27 (67.5%)
	0.001
	00.005

	Joint Pain


	2 (2.6%)
	0.50
	0 (0%)
	N/A
	0 (0%)
	0.99
	00.69

	Knee Extensor Strength


	86.2 (32.3)
	0.99
	86.2 (24.8)
	0.34
	80.5 (33.7)
	0.38
	00.59

	LE Vibration Sense
	18 (23.7%)
	0.97
	14 (22.2%)
	0.07
	15 (37.5%)
	0.07
	00.13

	Ankle/Brachial Index 
	1.1 (0.2)
	0.49
	1.0 (0.2)
	0.40
	1.0 (0.2)
	0.17
	0.35


*Comparisons across groups conducted with ANOVAs for continuous variables and Fisher's exact chi-square tests for categorical variables. 

4.2 Groupwise comparison of postural instability

4.2.1 Conventional Measures

Postural sway differed significantly across groups for AP and ML eyes open (Table 2, p=0.01) on the level platform condition; pairwise comparisons revealed differences were significant for the dementia group compared to the MCI and CN groups. Differences between CN and MCI groups were not significant for any of the conditions. 

Table 2 Means (Standard Deviations) of Postural Sway Measures (root mean square of center of pressure, in cm) in quiet standing in AP and ML directions in eyes closed and open conditions
	
	Cognitively Normal

n=76
	Pairwise p-value (CN vs MCI)
	Mild Cognitive Impairment

n=63
	Pairwise p-value (MCI vs Dementia)
	Dementia

n=40
	Pairwise p-value (CN vs Dementia)
	p-value*

	AP Eyes Open Level
	0.4 (0.2)
	0.14
	0.4 (0.2)
	0.11
	0.5 (0.2)
	0.01
	0.03

	AP Eyes Closed Level
	0.5 (0.2)
	0.73
	0.5 (0.3)
	0.48
	0.6 (0.4)
	0.31
	0.59

	AP Eyes Open Foam*
	1.0 (0.3)
	0.98
	1.0 (0.4)
	0.63
	1.0 (0.3)
	0.75
	0.91

	AP Eyes Closed Foam*
	1.6 (0.5)
	0.59
	1.4 (0.5)
	0.27
	1.3 (0.4)
	0.07
	0.21

	ML Eyes Open Level
	0.2 (0.1)
	0.56
	0.1 (0.1)
	0.006
	0.2 (0.2)
	0.01
	0.01

	ML Eyes Closed Level
	0.2 (0.1)
	0.93
	0.1 (0.1)
	0.02
	0.2 (0.1)
	0.03
	0.05

	ML Eyes Open Foam*
	0.9 (0.6)
	0.34
	1.0 (0.5)
	0.94
	1.0 (0.5)
	0.39
	0.54

	ML Eyes Closed Foam*
	1.4 (0.8)
	0.59
	1.3 (0.7)
	0.75
	1.2 (0.7)
	0.53
	0.76


*n(AP Eyes Open Foam surface) = 158; n(AP Eyes Closed Foam surface) = 112; n(ML Eyes Open Level Surface) =181; n(ML Eyes Closed Level Surface) = 183. Comparisons across groups conducted with ANOVAs
4.2.2 Novel Task Measures (MLVT)

Postural instability differed by cognitive status in terms of the RMSE of sway during MLVT across all frequencies but 0.5Hz.  Differences across the three groups were most significant for the 0.25 Hz frequency (p=0.0001). In pairwise comparisons of RMSE at 0.25Hz, differences were significant for Dementia as compared to both CN (p<0.0001) and MCI (p=0.006) groups, but not between CN and MCI (p=0.12). RMSE at other frequencies also differed significantly between Dementia and CN groups. Additionally, RMSE at 0.75 Hz frequency, but not at other frequencies, differed significantly between CN and MCI groups; RMSE at 0.125 Frequencies differed significantly between MCI and dementia groups.
Table 3. Means (Standard Deviation) of Novel Task Measures- Medio-lateral Visual Tracking (MLVT) root mean square error (RMSE) of mediolateral sway, in cm Among 191 Participants 
	
	Cognitively Normal

n=76
	Pairwise p-value (CN vs MCI)
	Mild Cognitive Impairment

n=63
	Pairwise p-value (MCI vs Dementia)
	Dementia

n=40
	Pairwise p-value (CN vs Dementia)
	p-value*

	Frequency
	
	
	
	
	
	
	

	0.125
	3.2 (1.5)
	0.30
	3.4 (1.2)
	0.05
	3.8 (1.3)
	0.003
	0.01

	0.25
	3.6 (1.2)
	0.12
	4.0 (1.6)
	0.006
	4.9 (1.7)
	<0.0001
	0.0001

	0.5
	5.9 (1.6)
	0.18
	6.3 (1.5)
	0.25
	6.6 (1.0)
	0.03
	0.08

	0.75
	6.2 (1.9)
	0.005
	7.2 (1.7)
	0.69
	7.2 (1.0)
	0.04
	0.01


*191 participants completed MLVT
4.3 correlation of postural instability (MLVT at 0.25 Hz) with wmh, total gmv and gmv-roi 
GMV of total brain was significantly associated with RMSE MLVT (0.25 Hz) in the group with dementia (p=0.001) and in the group with MCI (p=0.01), but not in the CN group (p=0.37). Greater postural instability was associated with significantly smaller GMV of hippocampus bilaterally in the group with dementia, but not in those with MCI or CN. 
In exploratory analyses of GMV of other regions of interest, greater postural instability was associated with smaller GMV of all regions but anterior right cingulum in the group with dementia; In the MCI group, associations were significant for right precuneus, anterior left cingulum and bilateral middle and posterior cingulum. In the CN group, associations with these other regions were not significant.
Neither MD or WMH of total brain were associated with postural instability for any of the three groups.

Table 4. Adjusted* Pearson Correlations (r, p-value [FDR p-value]) of MLVT with WMH, Total GMV and GMV-ROI
	Brain Regions†

(from MRI 1)
	Normal 

(n=71)
	MCI 

(n=61)
	Dementia

(n=36)

	WMH
	-0.11 (0.35)
	-0.12 (0.38)
	0.25 (0.15)

	Total GMV
	-0.11 (0.37)
	-0.32 (0.01)
	-0.54 (0.001)

	Total MD of GMV (smaller sample sizes of 64, 57, and 32, respectively)

	-0.20 (0.12)
	-0.21 (0.12)
	0.08 (0.65)

	Regional GMV
	
	
	

	Left hippocampus
	-0.03 (0.83)
	-0.14 (0.29)
	-0.51(0.002) [0.009]

	Right hippocampus
	-0.13 (0.29)
	-0.10 (0.43)
	-0.48(0.004) [0.009]

	Table 4 Continued

	Left Precuneus
	-0.07 (0.54)
	-0.25 (0.06)
	-0.58 (0.0003)[0.003]

	Right Precuneus
	-0.12 (0.33)
	-0.32 (0.01)
	-0.38 (0.02) [0.03]

	Anterior Cingulum Left
	0.04 (0.72)
	-0.32 (0.01)
	-0.43 (0.01) [0.02]

	Anterior Cingulum Right
	0.04 (0.72)
	-0.22 (0.10)
	-0.08 (0.63) [0.63]

	Middle Cingulum Left
	-0.05 (0.68)
	-0.27 (0.04)
	-0.49(0.003) [0.009]

	Middle Cingulum Right
	0.12 (0.33)
	-0.4(0.001)
	-0.38 (0.02) [0.03]

	Posterior Cingulum Left
	-0.07 (0.54)
	-0.39 (0.002)
	-0.36 (0.03) [0.04]

	Posterior Cingulum Right
	-0.09 (0.45)
	-0.27 (0.04)
	-0.40 (0.02)


MLVT Task is from the lateral center of pressure tracking test, and is measured as the size of the root mean squared error (i.e. the difference between the target position and the center of pressure of the participant), in cm. It indicates a trial of 60 seconds at 0.25 Hz frequency for this table. 

†All regions are raw values, and have not been normalized in any way.  

*Adjusted for atrophy which was calculated as the ratio of total gray matter volume by intracranial volume.  
4.4 MULTIVARIABLE associations between postural instability and cognitive status

The unadjusted odds of lower postural stability were higher in those with Dementia [OR=1.80(95% CI 1.36, 2.38)] compared to those with MCI [OR= 1.28(95% CI 0.99, 1.64)] when both groups were compared to CN group. These odds changed minimally and remained significant after adjusting for race, education and time between MLVT at 0.25 Hz measurement and cognitive adjudication in those with Dementia [OR= 1.72(95% CI 1.25, 2.38)] compared to those with MCI [OR= 1.16(95% CI 0.87, 1.55)]. Adjusting for covariates and confounders minimally modified the association between postural instability and cognitive status (Table 5).  
Table 5. Odds Ratios (95% CI) derived from multinomial logistic regression logistic regression for association between Postural Instability (MLVT:0.25Hz) for MCI and Dementia compared to CN (n=191)
	
	Mild Cognitive Impairment
	Dementia

	Model 1†
	1.28 (0.99, 1.64)
	1.80 (1.36, 2.38)

	Model 2†
	1.24 (0.96, 1.60)
	1.75 (1.32, 2.33)

	Model 3†
	1.25 (0.97, 1.62)
	1.68 (1.26, 2.24)

	Model 4†
	1.25 (0.97, 1.62)
	1.79 (1.35, 2.38)

	Model 5†
	1.23 (0.94, 1.61)
	1.82 (1.34, 2.46)

	Model 6†
	1.16 (0.87, 1.55)
	1.72 (1.25, 2.38)


*Reference group is those with normal cognitive status. †Model 1 is unadjusted. Model 2 is adjusted for race. Model 3 is adjusted for education. Model 4 is adjusted for BMI. Model 5 is adjusted for time between force plate visit and cognitive adjudication. Model 6 is fully adjusted. 
4.5 Multivariables associations between postural instability, total gmv and gmv-roi

Among those with Dementia, associations between postural instability and GMV remained statistically significant in the fully adjusted model for total GMV as well as for the hippocampus (Table 6). Associations between postural instability and GMV of other ROIs did not maintain statistical significance after adjustment for the other regions.

Among those with MCI, the multivariable association between postural instability and regional GMV remained significant for right precuneus, left anterior cingulum, right middle cingulum and bilateral posterior cingulum, but not for left middle cingulum.

Table 6 Adjusted Linear Associations between Postural instability (MLVT: 0.25 Hz) and Total GMV and GMV-ROI [β Coefficients (p values)]
	Region
	Model 1
	Model 2
	Model 3
	Model 4
	Model 5

	Total GMV
	
	
	
	
	

	MCI
	-0.01 (0.02)
	-0.01 (0.02)
	-0.01 (0.01)
	-0.01 (0.04)
	-0.01 (0.04)

	                         Dementia
	-0.02 (0.001)
	-0.02 (0.005)
	-0.02 (0.001)
	-0.02 (0.002)
	-0.02 (0.006)

	Left hippocampus
	
	
	
	
	

	MCI
	-0.35 (0.33)
	-0.29 (0.42)
	-0.37 (0.29)
	-0.32 (0.45)
	-0.26 (0.55)

	                         Dementia
	-1.37 (0.002)
	-1.27 (0.003)
	-1.32 (0.002)
	-0.76 (0.001)
	-1.48 (0.001)

	Right hippocampus
	
	
	
	
	

	MCI
	-0.28 (0.51)
	-0.26 (0.54)
	-0.32 (0.45)
	-0.41 (0.35)
	-0.39 (0.40)

	                         Dementia
	-1.47 (0.003)
	-1.37 (0.004)
	-1.24 (0.01)
	-1.80 (0.004)
	-1.39 (0.01)

	Right Precuneus
	
	
	
	
	

	MCI
	-0.36 (0.02)
	-0.35 (0.02)
	-0.37 (0.01)
	-0.37 (0.03)
	-0.34 (0.06)

	                         Dementia
	-0.52 (0.03)
	-0.44 (0.06)
	-0.45 (0.05)
	-0.56 (0.06)
	-0.18 (0.52)

	Anterior Cingulum Left
	
	
	
	
	

	MCI
	-0.49 (0.02)
	-0.47 (0.03)
	-0.55 (0.009)
	-0.56 (0.02)
	-0.58 (0.02)

	                         Dementia
	-0.85 (0.01)
	-0.85 (0.007)
	-0.80 (0.01)
	-1.00 (0.04)
	-0.57 (0.19)

	Middle Cingulum Left
	
	
	
	
	

	MCI
	-0.56 (0.04)
	-0.52 (0.06)
	-0.56 (0.04)
	-0.53 (0.12)
	-0.54 (0.12)

	                         Dementia
	-1.18 (0.003)
	-1.07 (0.01)
	-1.09 (0.004)
	-1.32 (0.01)
	-0.77 (0.11)

	Middle Cingulum Right
	
	
	
	
	

	MCI
	-0.70 (0.002)
	-0.70 (0.003)
	-0.72 (0.001)
	-0.74 (0.007)
	-0.73 (0.01)

	                         Dementia
	-0.84 (0.02)
	-0.70 (0.05)
	-0.66 (0.06)
	-0.82 (0.07)
	-0.36 (0.37)

	Posterior Cingulum Left
	
	
	
	
	

	MCI
	-1.53 (0.003)
	-1.51 (0.004)
	-1.57 (0.002)
	-1.73 (0.003)
	-1.78 (0.004)

	                         Dementia
	-1.83 (0.03)
	-1.24 (0.21)
	-1.34 (0.14)
	-2.58 (0.01)
	-0.25 (0.85)

	Posterior Cingulum Right
	
	
	
	
	

	MCI
	-1.66 (0.03)
	-1.54 (0.05)
	-1.65 (0.04)
	-1.89 (0.05)
	-0.002 (0.03)

	                         Dementia
	-2.92 (0.02)
	-2.39 (0.06)
	-2.52 (0.04)
	-3.77 (0.01)
	-01.93 (0.19)


*Regions of interest chosen based on significant associations in Table 1. **βs for GMV regions are multiplied by a factor of 1000 for ease of presentation. Model 1 is adjusted for atrophy and race. Model 2 is adjusted for atrophy and education. Model 3 is adjusted for atrophy and BMI. Model 4 is adjusted for atrophy and time between force plate visit and cognitive adjudication. Model 5 is fully adjusted.

4.6 ADDITIONAL analysis with MLVT AT other FREQUENCIES
Because RMSE of MLVT at 0.75 frequency was the only frequency capturing differences between CN and MCI, this difference was tested in multivariable models. This set of analyses was not statistically significant. Pearson correlations, unadjusted and adjusted linear associations between postural instability, total GMV and regional GMV using MLVT 0.75 Hz were assessed. However, these associations were not statistically significant. 
5.0  discussion

5.1 mlvt compared to conventional postural sway measures
Conventional sway measures were different across groups only for AP eyes open and ML eyes open on level surface condition, and distinguished Dementia vs. CN and MCI. Fewer participants could complete the conventional postural task on foam surface. Other studies have found that postural sway worsened from eyes open to closed condition. [74] However, the results from this study did not find any significant changes in postural instability in eyes closed condition on either surface or direction. Addition of complexities to postural tasks like standing on a foam surface [112], addition of cognitive tasks [113] and visual search [114] have found to worsen postural stability in older adults.

Although we focused on 0.25 Hz frequency for MLVT, we observed that performance of the MLVT Task distinguished between groups more consistently for all frequencies. This finding is similar to a previous study. 
 ADDIN EN.CITE 
[115]
 The MLVT Task exposed participants to greater postural control requirements and need for subsequent cognitive input. 
 ADDIN EN.CITE 
[69, 116]
 Need for additional attention, improvisation to accomplish control during postural task may have affected performance. Although all frequencies were able to quantify level of postural instability between MCI vs. Dementia as well as CN vs. Dementia groups, 0.25 Hz was most significant, able to differentiate between individual groups and is known to resemble quiet stance in older adults. 
5.2 postural instability in adjudicated groups

Group-wise comparisons revealed that ML sway was greater in those with MCI and Dementia compared to those who were CN, both for the conventional (eyes open or closed) and the MLVT tasks. This finding is consistent with the hypothesis made prior to analyses. Other studies have also found similar trends in terms of postural instability with regards to cognitive status. 
 ADDIN EN.CITE 
[24, 79]
 Although the data analyzed is not longitudinal in nature, it has been acquired from a same cohort over a period of 2 years; however, adjustment for the interval of time between exams did not modify these associations  
5.3 postural instability, wmh, total gmv and gmv-roi

Greater postural instability was associated with neuroimaging measures in those with MCI and Dementia but not those in the CN group. Probable reason for this dissimilarity could be that the sample sizes for participants in each group was lower.  
Prior studies indicate individuals with lower postural stability have lower cognitive function in language, visuospatial, visuomotor, episodic memory, verbal, executive domains in addition to greater subcortical volume loss. 
 ADDIN EN.CITE 
[25, 120]
 This evidence suggests that control of postural stability and cognitive performance could be controlled by shared brain areas.  Cross-sectional studies have found specific regions of the brain like hippocampus [74] and nucleus accumbens 
 ADDIN EN.CITE 
[25]
 to be associated with postural control and cognitive functions. Our study suggested that smaller GMV of bilateral hippocampus, precuneus, anterior and posterior cingulum were associated with poor postural control in those with Dementia. Individuals with MCI had significantly lower regional GMV for right precuneus, anterior left cingulum, bilateral middle and posterior cingulum.  
The results indicated that middle and posterior cingulum were associated with postural instability in MCI and dementia groups. Cingulum is anatomically a part of limbic lobe. It serves as a bridge between thalamus and hippocampus for conduction of afferent stimuli. It plays an intricate role working memory, emotion and arousal. Some studies have found lower metabolic function in terms of glucose uptake on PET in posterior cingulum in individuals with early Alzheimer’s disease. This finding supports the involvement of cingulum as found in our findings in this study. 


[42, 121] ADDIN EN.CITE  However, postural instability was not associated with any regions in CN group. This could be due to lower variability in observation owing to a floor effect in these those individuals.
White matter hyperintensities have been previously found to influence postural instability in healthy older adults. [117] However, WMH were not related to postural instability in this study. This study explored the relationship between postural instability and cognitive status in CN, MCI and Dementia groups. A comparison of instability between these groups helped understand a cross-sectional view of regions of brain that might affect postural control. Postural instability has been previously found to be associated with cognitive performance in healthy individuals. 


[118, 119] ADDIN EN.CITE  However, adjusted linear associations between total GMV and regional GMV predicting postural instability were not statistically significant for cognitively healthy individuals in this analytical sample. Probable reason for this dissimilarity could be that the sample sizes for participants in each group was lower. 
In summary, the relationship between postural instability, cognition and GMV points to shared neuropathology. Increase in complexity of postural task has been found to increase activation of specific brain regions like left lingual gyrus 
 ADDIN EN.CITE 
[81]
 in healthy individuals and temporal horn area 
 ADDIN EN.CITE 
[118]
 in those with late onset Alzheimer’s Disease. It is plausible that with an increase in neuropathology, more areas of the brain get involved leading to worse postural and functional outcomes. Association between postural instability and regional GMV across MCI and Dementia groups in this study support this idea. Hippocampus has been postulated to be a shared resource for gait. 
 ADDIN EN.CITE 
[64]
 It has also been previously known to be associated with postural control in heathy individuals. [74] This study also found lower bilateral hippocampal GMV to be associated with lower postural instability in those with Dementia but not in those with MCI.
5.4 strengths

Data for this study was obtained from a group of individuals with several measures on health-related outcomes. This study compared level of postural instability in cognitively normal, MCI and Dementia groups. Standardized methods were used for measurement of postural instability as well as cognitive adjudication. [9] Adjudication of cognitive status was based on robust clinical measurement and extensive review of medical history. Identification of correlation of postural instability with total GMV and regional GMV in adjudicated groups was novel.
5.5 limitations

The data obtained was cross-sectional in nature. Therefore, decline in postural instability with decline in cognition could not be extrapolated in time. After adjudication, the sample sizes of each cognitive subgroup were considerably lower. There was a large gap between measurement of postural instability and cognitive adjudication. Participants who died in this gap were excluded from the analysis. All the above factors may have biased the estimates towards the null.
5.6 Future Directions: role of postural instability as a biomarker for dementia
There is a need to study postural instability as a biomarker for dementia. Future studies could focus on consistency between change in postural instability and its temporal relationship with cognitive decline in individuals with no/probable cognitive decline. This study found significant cross-sectional associations between postural instability and structural brain characteristics by cognitive status, but effect sizes were small. Future studies could identify similar cross-sectional as well as temporal association among larger populations. There is also need for more refined methods for research in order to minimize biases in results. Additionally, there is need for studies aiming to identify sensitivity and specificity of postural instability in identification of high risk individuals. Well-planned prospective study design within a large group of healthy older adults could provide a strong statistical evidence for biomarker threshold for risk stratification of Dementia.
6.0  conclusion

Postural instability was greater in individuals with MCI and Dementia. Greater postural instability was associated with lower total GMV as well as lower regional GMV of bilateral hippocampus, precuneus and cingulum in those with Dementia. Hippocampus and precuneus could be a shared resource for cognitive and postural functions. Increase in fund of knowledge on postural instability as an early indicator and a potential biomarker for Dementia may help understand the disease process. Public health significance of this finding could be profound as the ability of postural instability to distinguish between CN, MCI and Dementia could aid in risk stratification for Dementia in older individuals.
APPENDIX A: POSTURAL INSTABILITY OLDER ADULTS REVIEW OF LITERATURE
	No.
	Author, Year
	Aim
	Sample Size
	Study Design
	Exposure
	Outcome
	Covariates
	Results

	1
	Lizama,2014
	To identify the effect of age on ML balance control
	19 young vs 19 old
	Cross sectional
	Tracking of predictable and unpredictable target displacements
	Response delay and amplitude difference between COM and target.
	None
	Older adults showed greater drop in both outcomes for lower frequencies compared to young. 

	2
	Braver,

2001
	To provide evidence for cognitive aging in terms of attention, inhibition and working memory.
	175 young vs 81 old
	Cross sectional
	Cognitive control task
	Change in performance in response to cognitive load
	None
	Older adults showed worse outcomes in response to increase in cognitive load.

	3
	Wiesmeier, 2015
	To identify which of visual, proprioceptive and vestibular inputs determined age related changes in postural control.
	19 young vs 19 old
	Cross-sectional
	Postural control tasks (AP tilts of force plate) in absence of each sensory stimulus in both groups.
	Postural sway amplitude and velocity in response to postural tasks.
	None
	Older adults favored proprioceptive cues over visual and vestibular cues. Older adults also showed an increase in delay and a decline in amplitude compared to young.

	4
	Beauchet, 2016
	To examine the association between postural sway and hippocampal volume in healthy older adults.
	70 healthy older adults
	Cross-sectional
	Postural sway area, and path length of AP and ML displacements in upright stance with eyes open and closed.
	Hippocampal volume (MRI)
	Age, gender, BMI, lower limb proprioception, distance vision, depression score, total cranial volume and white matter abnormalities.
	The displacements in AP and ML path lengths was significant from eyes open to closed condition. Greater hippocampal volume was associated with increased path length for eyes closed and open conditions.

	5
	Gago, 2015
	To examine the influence of sensory systems on postural instability in AD vs Healthy patients.
	24 AD patients vs 24 healthy older adults
	Cross sectional
	Visual suppression and noise
	Postural sway in both conditions with eyes open and closed.
	None
	Visual suppression worsened postural control. Both audition and vision play a role in postural control in AD patients.

	6
	Van Impe, 2013
	To identify neural substrate of postural task under increased cognitive load
	15 Healthy young vs 15 healthy old
	Cross sectional
	Mental rotation task in sitting and standing on force platform
	Brain activation (fMRI) in response to mental/postural task
	None
	Older adults showed greater sway compared to young adults. Bilateral dorsal premotor cortex, bilateral intraparietal sulcus, right insula, left thalamus and bilateral cerebellum showed greater activations in older adults compared to young.

	7
	Slobounov, 
	To examine how postural control changes with age and conditions. Tasks performed in 2 groups.
	21 elderly subjects divided in 2 groups by age

61 older adults divided into 4 groups by age
	Cross sectional
	Quiet standing eyes open and closed with arms by the side, arms raised to shoulder length. Participants also moved each foot to the side at comfortable speed to their limits of stability.


	COP in quiet standing position. Virtual time to contact was measured as the time taken for COP to contact geometrical limit of stability boundary. COP for stability tasks were recorded in AP, ML and diagonal directions.


	None
	Time to contact limits of stability increased with age indicating poor postural control.

	8
	Beauchet, 2016
	To examine the association of postural sway with hippocampal volume in quiet standing in healthy older adults.
	70 healthy older adults
	Cross-sectional
	Postural sway in quiet standing position in AP and ML direction in eyes open and closed conditions.
	Hippocampal volume measured by MRI(T1)
	Age, BMI, LE proprioception, vision, depression, total cranial volume, White matter abnormalities
	Increase in sway area of both AP and ML postural sway was associated with greater hippocampal volume.

	9
	Jor’dan, 2015
	To investigate the effects of dementia on standing postural adaptation during a visual search task.
	16 older adults with dementia vs. 17 older adults without dementia.
	Cross-sectional
	Postural sway was assessed using AP and ML COP on level surface force platform with and without visual search task
	Postural instability was compared in dementia group vs. non-dementia group. Individuals were classified into dementia group if they had a diagnosis of AD and MMSE score 12-23.
	Age, BMI and education.
	ML sway variability was higher in those with dementia compared to those without during visual search task and both groups in control condition. Sway variability was higher in dementia group in all conditions.

Those with dementia identified fewer letter in visual search task.

	10
	Van Impe, 2013
	To identify neural substrate underlying change in postural adaptation while performing a cognitive task.
	15 healthy young adults vs. 25 healthy older adults.
	Cross-sectional
	Patients performing a postural task while preforming a mental rotation task in sitting and standing position.
	Brain activation/regions associated with mental rotation task measured using fMRI and mean error rate.
	None
	Older individuals showed greater blood oxygenation level-dependent responses in fronto-parietal regions. Activity in left lingual gyrus was highly predictive of degree of success in mental rotation performance while increasing the complexity of postural load.

	11
	Geiracha, 2016
	To evaluate the relationship between cognitive status and postural instability in standing position.
	19 older adults with dementia vs. 28 older adults without dementia.
	Cross-sectional
	Postural instability was assessed on a force platform in AP and ML direction in quiet standing in eyes open, eyes closed and visual feedback conditions.
	Cognitive status

MMSE score-

>27: No cognitive impairment (CI)

24-26: CI without dementia

19-23: mild dementia

11-18: moderate dementia

<10: Severe dementia
	None
	Postural instability differed significantly across groups in terms of postural tasks in eyes open and closed conditions. Dementia group showed 32% poorer performance than controls in visual feedback task.

	12
	Tangen, 2014
	To explore the differences in balance between MCI and AD and examine the relationship between balance and cognitive domains.
	33 older adults with MCI vs. 99 older adults with AD.
	Cross-sectional
	Balance measured using BESTest
	Cognition measured using MMSE, CERAD, verbal fluency test, clock drawing test and trail making test A and B.
	Age, education, employment, cholinesterase inhibitors and presence of cardiovascular disease
	Sway velocity and limit of stability was worse in those with AD compared to SCI. Mild AD performed worse compared to MCI. Executive was associated with BESTTest after adjustment.

	13
	Kido, 2010
	To identify association between postural instability, brain abnormalities and cognitive decline.
	21 older adults with AD and 390 healthy older adults
	Cross-sectional
	Postural instability was measured on a force platform in eyes open, eyes closed and visual task. 
	Brain atrophy, presence of asymptomatic vascular damage (lacunar infarctions/peri-ventricular hemorrhages) measured on MRI
	Age, height, antihypertensive treatment and PVH≥1.
	Postural instability was associated with temporal horn area. Individuals with lower one leg standing time had larger temporal horn area volume. Temporal horn area was significantly larger in those with MCI compared to controls. Reduced postural instability was an independent marker of brain atrophy and pathological cognitive decline.

	14
	Borges, 2016
	To compare postural balance between individuals with and without MCI
	30 older adults with MCI vs. 30 older adults without MCI
	Cross-sectional
	Postural instability measured on a force platform in eyes open and eyes closed conditions in both groups. Maximum displacement, total trajectory and average speed were measured.
	Cognition measured using MMSE
	None
	Those with MCI had worse outcomes in terms of maximum displacement, average speed and trajectory. All groups showed significantly worse outcomes in closed eyes condition. Cognitive performance was highly correlated with total trajectory.

	15
	Lee, 2017
	To assess if control of balance differed between AD and controls; to investigate association between GMV and postural instability in AD.
	107 older adults with AD and 37 controls
	Cross-sectional
	Postural instability was measured on a force platform in eyes open/closed with fixed/moving footplate and fixed/moving visual surround. Unilateral stance (+) were compared with Unilateral stance (UST)(-). Sensory organization test (SOT)(+) were compared with sensory organization test (-)
	Sub-cortical volumes of amygdala, thalamus, caudate nucleus, putamen, globus pallidus and nucleus accumbens.
	Age, gender and MMSE
	Postural instability was associated with nucleus accumbens volume. Cognitive dysfunction was more prominent in those with worse postural instability. All sub-cortical structures except globus pallidus were smaller in those with AD. UST and SOT were worse in AD compared to controls. Those with AD who exhibited poor performance in SOT and UST, had lower putamen and nucleus accumbens volumes
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