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Abstract 
 

Sensory Integration and Cognitive Motor Interference of Postural Control 

in Older Adults with Mild Cognitive Impairment 

Genevieve Bernier Smith 
 
 

Background: Mild cognitive impairment (MCI) is a clinical syndrome characterized by objective 
 

impairment in cognitive function, but preserved independence of daily activities (Petersen, 

2004). Approximately 50% of those with MCI may later develop dementia (Gauthier et al., 2006; 

Petersen et al., 2018). Recent evidence suggests that balance and gait impairments are frequently 

observed in older adults with MCI and incorporating these measures into clinical assessments 

may enhance diagnosis accuracy of MCI (Bahureksa et al., 2016). Older adults with MCI 

demonstrate an increased prevalence of falls compared to cognitively healthy older adults, 

secondary to several factors including impaired postural control and cognitive motor 

interference. This dissertation highlights two domains of postural control proposed by Horak 

(2006): sensory strategies and cognitive strategies (i.e., attention) and has two objectives. The 

pilot study addressed the first objective: to examine if older adults with 

MCI demonstrate impaired sensory integration strategies compared to older adults without 

MCI. While there is some evidence suggesting older adults with MCI demonstrate impaired 

sensory strategies of postural control compared to older adults without MCI during static balance 

conditions with all sensory information available, less is known during static balance conditions 

with limited/unreliable visual and somatosensory input. The dissertation study addressed the 

second objective: to examine whether older adults with MCI demonstrate cognitive motor 

interference compared to older adults without MCI. While some work has examined cognitive 



motor interference during static balance conditions in older adults with MCI with all sensory 

information available, less is known about cognitive motor interference during static balance 

conditions with limited/unreliable somatosensory and visual input. 

Results: In the pilot study, older adults with MCI performed the modified Clinical Test of 
 

Sensory Integration and Balance (mCTSIB) with wearable sensors (APDM) and other physical 

assessments, and results were compared with normative data of healthy controls published by 

APDM. Findings from this study suggest older adults with MCI demonstrated greater magnitude 

of sway area and jerk, indicating impaired sensory integration strategies. In the dissertation 

study, older adults with and without MCI performed the mCTSIB with and without a 

simultaneous cognitive task (serial subtraction by 3’s) and other physical assessments. Findings 

from this study suggest (1) older adults with MCI demonstrate cognitive motor interference 

compared to older adults without MCI, and (2) older adults with MCI demonstrate prioritization 

of cognitive task during static standing balance conditions with increased postural task 

complexity. Conclusion: The findings from this dissertation suggest older adults with MCI 

demonstrate impaired sensory integration strategies and cognitive motor interference compared to 

older adults without MCI. Results also suggest older adults with MCI demonstrate altered task 

prioritization compared to cognitive healthy older adults. This has important clinical 

implications. Future work should explore different components of task prioritization to develop 

the most effective dual task paradigms for fall prevention programs in older adults with MCI. 

Future work should also examine whether assessing sensory integration, cognitive motor 

interference, and task prioritization during static balance conditions can enhance accuracy of 

diagnosing MCI and predict progression from MCI to dementia. 
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Introduction 
 

Postural control is a complex motor skill that includes multiple sensorimotor processes 

with the goal of achieving postural stability and postural equilibrium (Horak, 2006). Horak 

(2006) proposed six domains of postural control: (1) biomechanical constraints (strength, 

coordination), (2) movement strategies (anticipatory, reactive, voluntary), (3) dynamic control 

(gait), (4) orientation in space (perception, verticality), (5) cognitive processes, and (6) sensory 

strategies. Physiologic changes with aging impacting postural control include changes in the 

sensory, cognitive, and musculoskeletal systems (Horak et al., 1989). Macroscopic and 

microscopic changes of the central nervous system include structural changes to the brain, such 

as degeneration of gray matter, demyelination of white matter, ventricular enlargement, sulci 

widening, decreases in number of axons, and decreases in synaptic function (Lee & Kim, 2022). 

Age-related changes in the peripheral nervous system include desensitization of 

mechanoreceptors, reduction in the number of motor and sensory axons and neurons, and 

decreased synaptic function (Stelzel et al., 2017). Neuroimaging results in healthy older adults 

during static balance challenges report increased cortical activation in the prefrontal cortex, 

supplementary motor area, and premotor cortex when the balance condition includes a sensory 

challenge, motor challenge, or cognitive challenge (Wittenberg et al., 2017). 

Aging also causes changes in the regions of the central nervous system that process and 

integrate sensory information from the vision, vestibular, and somatosensory systems (Wang et 

al., 2025). Changes to vision include reduced depth perception, altered field of view, decreased 

visual acuity, and decreased contrast sensitivity (Wang et al., 2025). Visual system impairments 

can impact postural control as older adults may misjudge the distance between objects and 

themselves, such as steps or uneven surfaces, increasing the risk of falling (Wang et al., 2025). 
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Changes to the vestibular system include decreased number of hair cells, slower reaction times, 

and decreased otolith function, and this can increase balance impairments and the risk for falls in 

older adults as the ability to stabilize gaze during head movements becomes more difficult 

(Wang et al., 2025). Changes to the somatosensory system include slowed transmission of 

sensory signals and decreased proprioceptive feedback, which impacts postural control in older 

adults as the speed and accuracy of motor responses is slowed, making it more difficult to 

maintain balance (Wang et al., 2025). 

Older adults demonstrate declines in overall score of the Sensory Orientation Test using 

instrumented testing, which measures postural sway while responding to maintaining different 

visual and somatosensory stimuli compared to younger adults, indicating impaired performance 

(Cohen et al., 1996). Postural control strategies change with age; in younger individuals, the 

sequence of muscle activation is from distal to proximal while standing on a movable platform 

(Woollacott et al., 1986). Older adults demonstrate proximal to distal muscle activation, 

suggesting they rely more on their hip muscles than younger adults when task complexity 

constraints increase (Amiridis et al., 2003; Kasahara & Saito, 2021; Woollacott et al., 1986). 

Sensory integration and re-weighting are a dynamic and complex process (Peterka, 2002). Aflalo 

and colleagues (2026) performed a systematic review and meta-analysis on sensory perturbation 

effects in older and younger adults. They found a significant impact on conditions with limited 

visual input for positional, dynamic, and frequency domains for older adults, but it was only 

significant for the positional and dynamic domains for younger adults (Aflalo et al., 2026). 

During conditions with unreliable somatosensory input, there was a significant impact on older 

adults (Aflalo et al., 2026). Limited research has examined conditions with unreliable visual and 

somatosensory input in older and younger adults, so the meta-analysis was not completed (Aflalo 
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et al., 2026). Age related balance impairments during static stance are perhaps due to the reduced 

ability to integrate and re-weigh input from the vision, somatosensory, and vestibular systems 

(Aflalo et al., 2026). 

In summary, there are physiological changes with the aging process that impact postural 

control. Older adults demonstrate impaired postural control compared to younger adults, likely 

due to the impaired ability to integrate information from the sensory systems. 
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Chapter 1: Background 
 

1.1 Introduction 
 

Postural control is a complex motor skill that includes multiple sensorimotor processes with 

the goal of achieving postural stability and postural equilibrium (Horak, 2006). This dissertation 

will focus on two of the domains of postural control proposed by Horak (2006): sensory 

strategies and cognitive processes. Sensory strategies involve the integration of somatosensory, 

visual and vestibular information and the body’s ability to re-weigh sensory information from the 

visual, vestibular, and somatosensory system under changing task conditions (Horak, 2006). 

Cognitive processes include attention, learning, memory, executive function, language, and 

perceptual motor control, but the primary focus will be attention (Harvey, 2019). 

The aging population is increasing in the United States; it is estimated by 2060, 1 in 4 

Americans will be over 65 years old (Vespa et al., 2020). Changes in the musculoskeletal, 

sensory, neurological, and cognitive systems associated with aging impact postural control 

(Horak, 2006). Older adults demonstrate impaired postural control during static balance 

conditions compared to younger adults, and this increases the risk of falls in older adults (Cohen 

et al., 1996; Horak, 2006). 

Cognitive decline is a consequence of aging. The most common cause of dementia is 

Alzheimer’s disease, making up approximately 60% of cases, followed by vascular dementia, 

and then Lewy body’s dementia (Holmes et al., 1999). Alzheimer’s disease is the 5th leading 

cause of death in the United States and 6th most burdensome disease to patients, caregivers, and 

the healthcare system (“2021 Alzheimer’s Disease Facts and Figures,” 2021). It is estimated by 

2050, Alzheimer’s disease will cost the healthcare system approximately $1 trillion worldwide 

(“2021 Alzheimer’s Disease Facts and Figures,” 2021). 
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Mild cognitive impairment (MCI) is considered the prodromal stage of dementia for 

some individuals (Petersen et al., 1997). MCI is defined as an individual who has memory 

complaints that are not normal for their age, but no difficulty performing activities of daily living 

independently (Petersen et al., 1997). The prevalence of MCI increases with age; approximately 

6% of people 60-64 years old have MCI and this increases to approximately 25% in people 80- 

84 years old (Petersen et al., 2018). MCI is considered a prodromal stage of dementia for some 

individuals, as more than 50% of those with MCI will go on to develop dementia (Gauthier et al., 

2006; Petersen et al., 2014, 2018). Even though up to 40% of people with MCI may remain 

stable or revert to normal cognitive function, MCI has been classified in Diagnosis and Statistical 

Manual (DSM-5) among mild neurocognitive disorders (Gauthier et al., 2006). There is 

emerging evidence that impairments in balance and gait are commonly seen in MCI and their 

inclusion in clinical assessment may help improve diagnostic accuracy of MCI (Bahureksa et al., 

2016). 

Older adults with MCI have a higher prevalence of falls than older adults without MCI. In 

cognitively healthy older adults, the prevalence of falls is approximately 33% (Tromp et al., 

2001). The prevalence of falls increases to approximately 43% in persons with MCI and 

increases to 65% in persons with dementia (Allan et al., 2009; Hopkins et al., 2023). Risk factors 

for falls in older adults with MCI include slowed gait speed, cognitive motor interference, and 

postural control (Hopkins et al., 2023). 

This chapter will focus on the association between cognition and postural control and the 

neuropathology of sensory integration strategies and cognitive processes (attention) of postural 

control in older adults with MCI during static standing balance. 
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1.2 Association between Cognition and Postural Control 
 

In a review by Takakusaki et al. (2017), the neuropathology of postural control is 

outlined. The sensory information from the visual, vestibular, and somatosensory systems acts on 

various parts of the central nervous system to maintain postural control (Takakusaki, 

2017). These multi-sensory inputs are integrated across the nervous system to create an internal 

model of body configuration and space to drive both automated and cognitive components of 

balance (Takakusaki, 2017). Automated postural control is mediated through descending 

brainstem pathways to the spinal cord, mainly the vestibulospinal, reticulospinal, and tectospinal 

tracts (Takakusaki, 2017). When performing an unfamiliar or complex task, the cognitive 

components of postural control are activated (Takakusaki, 2017). The temporoparietal cortex 

integrates multi-sensory input into the internal model of body configuration and body motion in 

space, the frontal cortex plans and programs postural adjustments based on the internal model of 

the body configuration and the environment, then the cortex influences the nervous system 

through the corticospinal and corticoreticular tracts (Takakusaki, 2017). The basal ganglia and 

cerebellum are involved in both the automated and cognitive processes of postural control, which 

modulate other loops within the brainstem and cortex (Takakusaki, 2017). 

There is an association between cognition and static balance in cognitively healthy older 

adults (Boolani et al., 2019; Divandari et al., 2023). Executive function and processing speed 

influence static balance in healthy older adults (Divandari et al., 2023). Cognitive tasks were 

found to be associated with certain postural control conditions as measured by the modified 

Clinical Test of Sensory Integration and Balance, depending on whether it was a low level or 

higher-level cognitive task (Boolani et al., 2019). Lower-level cognitive tasks were associated 

with the vestibular composite score (eyes closed on foam and eyes open on firm surface) 
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(Boolani et al., 2019). Rapid visual input processing speed was associated with the visual 

composite score (eyes open on firm surface, eyes closed on firm surface) (Boolani et al., 2019). 

Decision processing is associated with postural control conditions when somatosensory input is 

unreliable, perceptual inhibition is associated with postural control conditions where visual 

information is removed, and visuospatial ability is associated with postural control conditions 

with visual and somatosensory input removed or unreliable (Redfern et al., 2019). 

Research suggests associations between cognition and static balance in older adults with 

mild and moderate impairment. Taylor et al. (2021) found executive function, specifically verbal 

fluency and visuospatial ability, was independently and significantly associated with standing 

balance in older adults with cognitive impairment (Taylor et al., 2021). Reaction time and center 

of pressure maximum excursion were independently associated with the total score of the 

Montreal Cognitive Assessment (which measures cognitive function), after adjusting for age and 

sex in older adults with mild-moderate impairment (Cui et al., 2023). 

Less is known about the association between cognition and static balance in older adults 

with only MCI. In older adults with MCI, poor executive function was associated with worse 

postural control and mobility (Taylor et al., 2017). Cognitive function (as measured by the total 

MMSE score) has also been correlated with postural control, as measured during all balance 

conditions of the modified Clinical Test of Sensory Integration and Balance (Ide et al., 2022). 

In summary, the automated and cognitive processes of postural control involve several 

aspects of the central nervous system and peripheral nervous system. Research suggests there is 

an association between cognition and static standing balance in cognitively healthy older adults, 

older adults with mild to moderate cognitive impairment, and older adults with MCI. 
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1.3 Neuropathology of Sensory Strategies of Postural Control in Older Adults with 

MCI 

 
Sensory strategies of postural control are the body’s ability to re-weigh and integrate sensory 

information from the visual, vestibular, and somatosensory systems (Horak, 2006). Older adults 

with MCI demonstrate differences in postural sway measures compared to cognitively healthy 

older adults during static balance conditions with varying sensory information, suggesting 

worsening postural stability (Baydan et al., 2020; Dickin & Rose, 2004; Qi et al., 2023). This 

could be partly explained by the abnormal neuropathology in persons with MCI. Older adults 

with MCI demonstrate hippocampus atrophy (Jack et al., 1999). After accounting for 

hippocampus atrophy, older adults with MCI were found to have impaired gray matter network 

functional connectivity (Tijms et al., 2018). Hippocampus atrophy and impaired gray matter 

network functional connectivity were both found to be predictive of a faster transition from MCI 

to dementia (Jack et al., 1999; Tijms et al., 2018). Additional research suggests altered gray 

matter networks at baseline could predict future hippocampus atrophy up to a year later in 

persons with MCI (Dicks et al., 2020). 

Altered neuropathology has been associated with impaired postural control in older adults 

with MCI. Makizako et al. (2013) examined 42 individuals with MCI, assessed them with 

functional magnetic resonance imaging and a variety of balance and gait tests, and followed 

them for a year to assess fall risk. Results from this study found altered gray matter networks in 

the superior and middle frontal gyrus were associated with a higher risk of falls and impaired 

balance and gait in older adults with MCI (Makizako et al., 2013). 

Ogama and colleagues (2014) examined 200 adults with MCI and Alzheimer’s disease 

and divided them into two groups: fallers and non-fallers. Participants completed a variety of 



9  

different balance and gait tests. This study found increased white matter lesions in the basal 

ganglia, temporal, and parietal lobes were associated with the fallers group, and the increased 

white matter lesions were associated with impaired postural control, as defined by poor 

performance on the balance and gait tests (Ogama et al., 2014). Kannan et al. (2022) examined 

10 older adults with MCI using electro-echocardiogram and a variety of different voluntary and 

reactive balance tests. Results from this study suggest decreased volitional balance control was 

associated with decreased white matter integrity in the corticospinal, corticothalamic, 

parietopontine, and frontopontine tracts, and decreased gray matter volume in the cerebellum, 

brainstem, and thalamus (Kannan et al., 2022). 

In summary, older adults with MCI demonstrate altered neuropathology in the various 

locations in the central nervous system, including the hippocampus, basal ganglia, cerebellum, 

and demonstrate altered white matter integrity and gray matter network functional connectivity 

(Jack et al., 1999; Makizako et al., 2013; Tijms et al., 2018). These various locations in the 

central nervous system have been associated with postural control, helping to explain why older 

adults with MCI demonstrate impaired sensory integration strategies of postural control. 

 
 

1.4 Neuropathology of Cognitive Motor Interference of Postural Control in Older 

Adults with MCI 

The cognitive processes of postural control include attention, learning, memory, 

executive function, language, and perceptual motor control (Harvey, 2019). A common method 

to assess the interaction of attention with motor performance is the dual task procedure, 

quantified by cognitive motor interference, where an individual is asked to perform two tasks 

simultaneously. Research suggests postural control becomes impaired with the addition of the 
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secondary task in cognitively healthy older adults (Petrigna et al., 2021). Additional research 

suggests older adults with MCI demonstrate differences in postural sway measures while 

performing a postural control task and cognitive task simultaneously compared to cognitively 

healthy older adults, indicating worsening stability (Hauer et al., 2003; Xu et al., 2024; Zhou et 

al., 2023). Older adults with MCI demonstrate neuropathologic findings on magnetic resonance 

imaging, functional magnetic resonance imaging, and electro-echocardiogram, which may help 

explain this phenomenon. 

In a review by Takakusaki et al. (2017), automated processes of postural control are 

proposed to be mediated by descending pathways from the vestibulospinal, tectospinal, and 

reticulospinal tracts (Takakusaki, 2017). Balancing in unfamiliar environments require cognitive 

processes of postural control, which project to the temporoparietal cortex (Takakusaki, 2017). 

The basal ganglia and cerebellum are involved in both the automated and cognitive processes of 

postural control (Takakusaki, 2017). 

There has been limited published work examining neuropathology in dual task 

procedures in older adults with MCI. In a systematic review and meta-analysis by Wittenberg 

and colleagues (2017), 83 studies examining static and dynamic balance in healthy older adults 

were included. Results from this study suggest as task complexity increased, decreased alpha 

power on electro-echocardiogram was observed in the prefrontal cortex, premotor cortex, and 

supplementary motor area in cognitively healthy older adults (Wittenberg et al., 2017). Rosso 

and colleagues (2017) examined cognitive motor interference in young versus older cognitively 

intact adults. Results suggested increased brain activation on functional magnetic resonance 

imaging in the prefrontal cortex and temporal cortex in the older adults compared to the younger 

adults (Rosso et al., 2017). Kayha et al. (2022) examined older adults with and without MCI 
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while performing a balance task with a secondary cognitive task and found the older adults with 

MCI demonstrate decreased alpha power on electro-echocardiogram. Finally, older adults with 

MCI were found to have increased activation in the prefrontal cortex compared to older adults 

without MCI during the performance of a secondary cognitive task (Xu et al., 2024). 

In summary, older adults with MCI demonstrate altered neurologic findings on different 

imaging assessments compared to older adults without MCI. Some of these findings are 

associated with falling, impaired postural control, and the cognitive processes of postural control. 

There is limited work examining neuropathology during the performance of the dual task 

procedure, but results suggest older adults with MCI demonstrate decreased alpha power on 

electro-echocardiogram and increased brain activation in the prefrontal cortex compared to older 

adults without MCI (Kahya et al., 2022; Kannan et al., 2022; Xu et al., 2024). 

 
1.5 Conclusion 

 
In conclusion, this chapter focused on the association between cognition and postural control 

and the neuropathology of sensory integration strategies and cognitive processes (attention) of 

postural control in older adults with MCI during static standing balance. There are declines in 

the sensory, neurological, musculoskeletal, and cognitive systems with aging that impact the 

sensory strategies and cognitive processes (attention) of postural control. Changes in the 

cognitive system, as seen in older adults with MCI, further impact the sensory strategies and 

cognitive processes (attention) of postural control. Older adults with MCI demonstrate altered 

neuropathology as seen on brain imaging, which can likely explain this phenomenon. 
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Chapter 2: Postural Control in Older Adults with MCI: A 

Literature Review 

2.1 Introduction 
 

Alzheimer’s disease is the 5th leading cause of death in the United States and 6th most 

burdensome disease to patients, caregivers, and the healthcare system (“2021 Alzheimer’s Disease 

Facts and Figures,” 2021). It is estimated by 2050, Alzheimer’s disease will cost the healthcare 

system approximately $1 trillion worldwide (“2021 Alzheimer’s Disease Facts and Figures,” 2021). 

Mild cognitive impairment (MCI) is considered the prodromal stage of dementia for some 

individuals (Petersen et al., 1997). MCI is identified as objective cognitive impairment on 

neurocognitive testing in the absence of significant impairment in the instrumental activities of daily 

living (Dunne et al., 2021). 

Older adults with MCI have a higher prevalence of falls than older adults without MCI. In 

cognitively healthy older adults, the prevalence of falls is approximately 33% (Tromp et al., 2001). 

The prevalence of falls increases to approximately 43% in persons with MCI and further increases to 

65% in persons with dementia (Allan et al., 2009; Hopkins et al., 2023). Risk factors for falls in older 

adults with MCI include slowed gait speed, impaired dual task performance during gait (gait with 

cognitive tasks), and postural control (Hopkins et al., 2023). 

Postural control is a complex motor skill that involves multiple sensorimotor processes with 

the goal to achieve postural stability and postural equilibrium (Horak, 2006). Horak (2006) proposed 

six domains of postural control: (1) biomechanical constraints (strength, coordination), (2) movement 

strategies (anticipatory, reactive, voluntary), (3) dynamic control (gait), (4) orientation in space 

(perception, verticality), (5) cognitive processes, and (6) sensory strategies. Sensory strategies are the 

body’s ability to re-weigh sensory information from the visual, vestibular, and somatosensory 

systems (Horak, 2006). Cognitive processes include learning, attention, memory, executive function, 
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language, and perceptual motor control (Harvey, 2019). This chapter will focus on reviewing the 

literature examining two of the domains of postural control proposed by Horak (2006): the sensory 

strategies and cognitive processes (i.e., attention) between older adults with and without MCI during 

static balance conditions. While research has examined sensory strategies and cognitive processes of 

postural control during gait in older adults with MCI (Bahureksa et al., 2016; Salzman et al., 2025; 

Sayyid et al., 2024), this hasn’t been well described for static balance conditions. Static balance is 

essential for maintaining stability during everyday tasks, such as dressing, cooking, and reaching for 

objects. It is critical for safety and living independently in the community. The purpose of this 

chapter is to highlight differences in postural control outcomes during static balance conditions in 

older adults with MCI to provide rehabilitation professionals with the most effective treatment 

strategies to reduce the risk for falls. 

 

2.1 Sensory Strategies in Older Adults with MCI 
 

Sensory strategies of postural control include the body’s ability to integrate information from 

the visual, vestibular, and somatosensory systems (Horak, 2006). Research suggests that sensory 

integration is a complex, dynamic process whereby all three systems rely on different cues depending 

on environment and task constraints (Peterka, 2002). 

There is evidence suggesting age-associated declines in overall score of the Sensory 

Orientation Test using instrumented testing, which measures postural sway while manipulating 

different visual and somatosensory stimuli (Cohen et al., 1996). Postural control strategies also 

change with age; in younger individuals, the sequence of muscle activation is from distal to proximal 

while standing on a movable platform (Woollacott et al., 1986). Older adults demonstrate proximal 

to distal muscle activation, suggesting they rely more on their hip muscles than younger adults 
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when task constraints increase (Amiridis et al., 2003; Kasahara & Saito, 2021; Woollacott et al., 

1986). 

Most of the research examining sensory integration in older adults with and without MCI 

utilizes instrumented testing, with the most common instrumented test being posturography with 

force plates (Borges et al., 2016; Deschamps et al., 2014; Leandri et al., 2009; Mignardot et al., 2014; 

Shin et al., 2011). Typically, participants are asked to stand in “quiet stance,” with feet shoulder 

width apart, eyes open, on a firm surface. The rest of the literature will be described in terms of 

which input was manipulated among the visual and somatosensory systems: (1) information available 

from all systems, (2) altered visual input, (3) altered somatosensory input, and (4) altered visual and 

somatosensory input. 

Outcome measures include time-domain measures of postural control correction (i.e., Root 

Mean Square (RMS) sway, mean velocity, path length, percentage equilibrium, sway index values) 

and smoothness of postural correction (i.e., jerk). RMS sway is the root mean square of the center of 

pressure displacement; path length is the total length of the center of pressure displacement; and 

mean velocity is the velocity of the center of pressure displacement (Mancini et al., 2012). Jerk is a 

time derivative of acceleration that serves as a marker of the smoothness of postural corrections 

(Mancini et al., 2012). The summary of the sensory integration of postural control can be found in 

Table 1. 

Table 1. 
Sensory Integration during Static Balance Conditions for Older Adults with MCI 

 
Paper Sample 

Size 
Participant 
Mean Age 
(yrs) 

All 
Information 
Available 

Changing 
Visual Input 

Changing 
Somatosensor
y Input 

Changing 
Visual and 
Somatosensory 
Input 

Borges et 60 70 No group Greater AP — — 
al., 2016   differences COP   

    Displacement,   
    greater ML   
    COP   
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    Displacement, 
greater total 
COP path 
length, greater 
COP 
velocity 

  

Leandri et 
al., 2009 

30 76 No group 
differences 

Greater AP 
COP 
displacement 

— — 

Shin et al., 
2011 

87 72 Greater ML 
COP 
displacement, 
greater COP 
ML 
velocity 

Greater ML 
COP 
Displacement, 
greater COP 
ML 
velocity 

— — 

Deschamps 
et al., 2014 

175 77 Greater COP 
mean velocity, 
greater ML 
COP 
velocity, 
greater AP 
absolute 
average 
maximal 
velocity 

Greater COP 
mean velocity, 
greater AP 
absolute 
average 
maximal 
velocity 

— — 

Mignardot et 
al., 2014 

611 77 No group 
differences 

No group 
differences 

— — 

Jeon et al., 
2015 

41 70 Greater AP and 
ML COP 
displacement 

— — — 

Baydan et 
al., 2020 

20 78 No group 
differences 

Greater 
percentage 
equilibrium 

No group 
differences 

Greater 
percentage 
equilibrium 

Goyal et al., 
2020 

15 76 Greater AP 
COP 
displacement 

Greater COP 
displacement 

— — 

Kuan et al., 
2021 

60 74 Higher sway 
index values 

No group 
differences 

Higher sway 
index values 
 

No group 
differences 

 Qi et al., 39 70 Greater No group Greater 95% Greater 95% 
2023   AP COP 

displacement 
differences ellipse sway 

area 
ellipse sway area 
and root mean 
square of sway 

       
       

Key: Postural control for older adults with MCI compared to older adults without MCI. Dark gray 
boxes refer to differences in postural sway measures found between older adults with and without MCI; a blank 
box with a line through it refers to information not included in the study. 
AP=anteroposterior; ML=mediolateral; COP=center of pressure. 

 
Information Available from All Systems 

 
Static balance conditions where all information is available is when participants are asked to 
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stand with feet shoulder width apart, with eyes open on a firm surface. Older adults with MCI 

demonstrate greater center of pressure mean velocity (Deschamps et al., 2014), greater mediolateral 

center of pressure velocity (Shin et al., 2011), greater anteroposterior center of pressure displacement 

(Goyal et al., 2020; Jeon et al., 2014; Qi et al., 2023), greater mediolateral center of pressure 

displacement (Jeon et al., 2014; Shin et al., 2011), and higher sway index values (Kuan et al., 2021) 

compared to older adults without MCI in static balance conditions where all sensory information is 

available. Higher sway index values indicate greater levels of instability (Kuan et al., 2021). 

There are some studies which contradict the above results and whose findings reported no 

difference in postural sway measures between older adults with and without MCI in conditions where 

information is available from all three sensory systems (Baydan et al., 2020; Leandri et al., 2009; 

Mignardot et al., 2014). Leandri and colleagues (2009) excluded participants with a Berg Balance 

Scale less than 53/56, indicating minimal balance impairment, limiting the potential differences seen 

in postural control as participants needed to have a high score on the Berg Balance Scale to be 

included. Although the investigators didn’t find statistically significant differences in postural sway 

measures between older adults with and without MCI, they did find postural sway measures in the 

older adults with MCI approached statistical significance with increased anteroposterior center of 

pressure displacement (Leandri et al., 2009). Mignardot et al. (2014) examined 611 participants who 

were cognitively healthy or had MCI. However, they only reported center of pressure mean velocity, 

which significantly limited the analysis (Mignardot et al., 2014). In addition, they excluded 

participants who could not stand on one leg for more than 5 seconds, which may have excluded 

participants with impaired postural control, which may also explain the lack of difference found 

between the groups (Mignardot et al., 2014). Baydan et al. (2020) used a MoCA cut off score of 

21/30 to identify individuals with MCI, which is much lower than the standard cut off score of 26 for 

identification of MCI. The MoCA assesses cognitive function in a variety of domains (Nasreddine et 

al., 2005). Nasreddine and colleagues (2006) performed a validation study of the MoCA and found a 
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cut off score of 26 has a sensitivity of 90% and a specificity of 87% at identifying persons with MCI 

(Nasreddine et al., 2005). Qi and colleagues (2023) used a cut off score of 26 to identify individuals 

with MCI. Baydan et al. (2020) used a cut off score of 21, which means participants in the 

“cognitively healthy” group could have, in fact, included persons with MCI, which could perhaps 

explain the contradictory findings. 

In summary, during conditions where information is available from the visual, vestibular, and 

somatosensory systems, results are mixed. Some studies found differences in postural sway measures 

between older adults with and without MCI, defined by greater magnitude of postural sway 

correction (i.e., greater center of pressure of displacement, greater center of pressure velocity, and 

higher sway index values), however, this wasn’t universal among the studies included in this review. 

 

Altered Visual Input 
 

Static balance conditions with altered visual input include either standing on a firm surface 

with closed or standing on a firm surface with eyes open and a moving visual surround. Older adults 

with MCI demonstrate increased center of pressure mean velocity (Borges et al., 2016; Deschamps et 

al., 2014), greater mediolateral center of pressure velocity (Shin et al., 2011), greater anteroposterior 

center of pressure displacement (Borges et al., 2016; Leandri et al., 2009), greater mediolateral center 

of pressure displacement (Borges et al., 2016; Shin et al., 2011), greater center of pressure 

displacement (Borges et al., 2016; Goyal et al., 2020), and greater percentage equilibrium (Baydan et 

al., 2020) compared to older adults without MCI during balance conditions of standing with feet 

together on a firm surface with eyes closed. 

Baydan et al. (2020) asked participants to complete the Sensory Orientation Test (SOT) while 

standing on force plates. The SOT consists of six conditions, each altering sensory information 

available from the visual, vestibular, and somatosensory systems. See Table 2 for an explanation of 

the conditions for the SOT. Condition #3 asks participants to stand on a firm surface with a moving 
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visual surround (altered visual input) and older adults with MCI demonstrated greater percentage 

equilibrium compared to older adults without MCI (Baydan et al., 2020). Percentage equilibrium is a 

measure of magnitude of postural sway correction, defined as the amount of sway to a theoretical 

12.5 degree anterior/posterior maximum sway limit (Baydan et al., 2020). 
 

There are three studies included in this review that contradict the above findings and did not 

find differences in postural control measures between older adults with and without MCI in 

conditions with changing visual input (Kuan et al., 2021; Mignardot et al., 2014; Qi et al., 2023). Qi 

and colleagues (2023) excluded participants with abnormal somatosensory function, so perhaps when 

visual input was limited, this cohort could rely on somatosensory function during this balance 

condition. While some authors excluded participants with abnormal vestibular function (Borges et 

al., 2016) or abnormal somatosensory function (Goyal et al., 2020), this was the only paper to 

exclude participants with abnormal visual, vestibular, and somatosensory function (Qi et al., 2023). 

If prior studies attribute differences in postural sway measures to MCI without adequately controlling 

for sensory, vision, or vestibular factors, it remains unclear whether the observed group differences 

truly reflect cognitive decline or unmeasured confounding factors. Mignardot et al. (2014) only 

assessed mean velocity, significantly limiting the analysis. In addition, participants were excluded if 

they could not stand on one leg for more than 5 seconds, excluding participants with a balance 

impairment (Mignardot et al., 2014). Both reasons could explain why no differences in postural 

control measures were found between older adults with and without MCI. Kuan and colleagues 

(2021) found differences in postural sway measures between older adults with and without MCI that 

approached statistical significance. 

In summary, under conditions with unreliable or absent visual information, results are mixed. 
 

Some studies found older adults with MCI demonstrate differences in postural sway measures 

compared with cognitively healthy individuals, as defined by magnitude of postural sway correction, 

i.e., greater center of pressure displacement and velocity (Baydan et al., 2020; Borges et al., 2016; 
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Goyal et al., 2020; Leandri et al., 2009; Shin et al., 2011). However, a few studies included in this 

review found no differences in postural sway measures between older adults with and without MCI 

(Kuan et al., 2021; Mignardot et al., 2014; Qi et al., 2023). 

Table 2. 
Sensory Orientation Test Conditions 

 
Condition Description Sensory Integration Strategies 

1 Eyes open on firm surface All information available 
2 Eyes closed on firm surface Altered visual input 
3 Eyes open with sway referenced visual surround Altered visual input 
4 Eyes open on sway referenced support surface Altered somatosensory input 
5 Eyes closed on sway referenced support surface Altered visual and somatosensory 

input 
6 Eyes open on sway references support surface 

and surround 
All information available 

 
 

Altered Somatosensory Input 
 

There is limited published research examining postural control conditions with altered 

somatosensory input in older adults with and without MCI (Baydan et al., 2020; Kuan et al., 2021; Qi 

et al., 2023). These balance conditions include the participant standing on either a compliant surface 

(e.g. foam pad) or a moving platform. Qi and colleagues (2023) and Kuan and colleagues (2021) 

asked participants to perform the Modified Clinical Test of Sensory Interaction on Balance 

(mCTSIB), which consists of 4 balance conditions described in Table 3, one of which asks the 

participants to stand on a compliant (foam) surface. Findings from these studies suggest older adults 

with MCI demonstrate greater 95% ellipse sway area (the area of an ellipse covering 95% of the 

sway angle in both the coronal and sagittal planes) (Qi et al., 2023) and higher sway index values 

(Kuan et al., 2021) during this condition compared to cognitively healthy older adults. 

Baydan and colleagues (2020) examined postural control using the Sensory Orientation Test. 
 

Condition #4 asks participants to stand with eyes open on a moving platform, thus changing 

somatosensory information. Results from this study found no differences in percentage equilibrium 
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between older adults with and without MCI. Baydan et al. (2020) used a cut off score of 21 on the 

MoCA, lower than the standard cut off of 26, which means participants in the “cognitively healthy” 

group could have, in fact, included persons with MCI, which could perhaps explain the contradictory 

findings. 

In summary, results are mixed. Two studies found older adults with MCI demonstrate greater 

95% ellipse sway area and higher sway index values than cognitively healthy older adults when 

somatosensory input is altered (Kuan et al., 2021; Qi et al., 2023). One study included in this review 

found no differences in postural sway measures between older adults with and without MCI (Baydan 

2020). 

Table 3. 

Modified Clinical Test of Sensory Integration and Balance Conditions 
 

Condition Description Sensory Integration Strategies 

1 Eyes open on firm surface All information available 
2 Eyes closed on firm surface Altered visual input 
3 Eyes open on foam surface Altered somatosensory input 
4 Eyes closed on foam surface Altered visual and somatosensory input 

 
 

Altering both Visual and Somatosensory Input 
 

There is limited published work examining sensory integration strategies under conditions 

with altered both visual and somatosensory input in older adults with and without MCI (Baydan et 

al., 2020; Kuan et al., 2021; Qi et al., 2023). These conditions include the participant standing on a 

compliant surface with eyes closed, on a moving platform with eyes closed, or on a moving platform 

with eyes open and moving visual surround. Qi et al. (2023) and Kuan et al. (2021) asked 

participants to perform the modified Clinical Test of Sensory Interaction on Balance, and the last 

condition asks participants to stand on a compliant surface (foam pad) with eyes closed. Results from 

Qi et al. (2023) suggest older adults with MCI demonstrate greater 95% ellipse sway area and greater 

center of pressure root mean square sway than older adults without MCI (Qi et al., 2023). Kuan et al. 
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(2021) also asked participants to stand on a foam pad with eyes closed and found no differences in 

sway index values between older adults with and without MCI. Kuan and colleagues only examined 

one postural sway measure (stability index) (Kuan et al., 2021). 

Baydan et al. (2020) asked participants to complete the Sensory Orientation Test and 

measured postural control using force plates. Condition #6 asked participants to stand with eyes open 

on a moving platform, with the visual surroundings moving. Baydan and colleagues (2020) found 

older adults with MCI demonstrate greater percentage equilibrium than older adults without MCI. It 

is important to note Baydan and colleagues (2020) only examined one postural sway measure 

(percentage equilibrium). 

In summary, during conditions with unreliable somatosensory and visual information, results 

are mixed. Two studies included in this review found older adults with MCI demonstrate differences 

in postural sway measures compared to older adults without MCI, as measured by magnitude of 

postural sway correction (i.e., percentage equilibrium, center of pressure velocity, and center of 

pressure sway area) (Baydan et al., 2020; Qi et al., 2023). However, one study did not find any 

differences in postural sway measures between older adults with and without MCI (Kuan et al., 

2021). 

 

 

Summary of Sensory Strategies in Older Adults with MCI 

 
In summary, results from the studies included in this review are mixed during all static 

balance conditions: when information is available from the visual, vestibular, and somatosensory 

systems, when visual input is altered, when somatosensory input is altered, and when both visual and 

somatosensory information are altered. Some studies found older adults with MCI demonstrate 

differences in postural sway measures during static balance conditions when compared to older 
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adults without MCI. However, other studies found no group differences. In general, there is limited 

research examining sensory strategies of postural control during static balance conditions in older 

adults with MCI when somatosensory input and/or visual and somatosensory information is either 

unavailable or unreliable. Postural control while standing is an essential functional activity and is 

important to assess. Future work should consider focusing on sensory integration strategies during 

these static balance conditions as it could inform rehabilitation professionals in fall prevention 

techniques. 

 

2.3 Cognitive Processes (Attention) in Older Adults with MCI 
 

Cognitive processes of postural control include attention, memory, visuospatial, and 

executive functions (Nazrien et al., 2024). Kahneman (1973) first introduced the central resource 

theory of attention, which suggests that all tasks requiring attention draw from a central source of 

cognitive resources. The amount of attention one can allocate is flexible and depends on the 

individual, the task, and the environment (Kahneman, 1973). A common method to assess attention 

is the dual task procedure, where an individual is asked to perform two tasks simultaneously (also 

known as dual task performance or cognitive motor interference). 

Plummer and Eskes (2015) proposed a framework for assessing dual task performance. The 

most common method to assess dual task performance is to measure dual task cost (this is calculated 

by the following formula: single task performance-dual task performance/single task performance) 

(Plummer & Eskes, 2015). If dual task cost increases (performance worsens on the dual task), there 

are three potential reasons: (1) mutual interference (performance of both tasks declines), (2) motor 

interference with cognitive benefit (performance of the motor task declines, performance on the 

cognitive task improves), or (3) motor interference without cognitive benefit (performance on the 

motor task declines with no change in performance on the cognitive task) (Plummer & Eskes, 

2015). Plummer and Eskes (2015) argue that to truly assess dual task performance, one should assess 
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the performance of the motor task as a single task, the cognitive task as a single task, then both tasks 

simultaneously (the dual task). Thus, the research on static balance conditions with a secondary 

cognitive task in older adults with MCI will be described in terms of (1) single task performance 

(motor performance and cognitive performance) and (2) dual task performance (motor performance 

and cognitive performance). Findings are summarized in Table 4. 

 
Table 4. 

 
Dual Task Performance during Static Balance Conditions for Older Adults with MCI 

 

Paper Sample 
size 

Participant 

Mean Age 
(yrs) 

Single Task Performance Dual Task Performance 

Motor 
Performance 

Cognitive 
Performance 

Motor 
Performance 

Cognitive 
Performance 

Hauer et 
al., 2003 

n=60 82 No group 
differences 

Less correct 
calculations 
[counting serial 
addition by 2, 
serial 
subtraction by 7] 

Greater AP COP 
displacement, 
greater ML COP 
displacement, 
greater sway 
area 

No group 
differences 
[performance 
unchanged for 
serial 7’s in both 
groups; 
performance 
worsened for 
serial 2’s in both 
groups] 

       
       
       
       

       
       
       
       
       
       

Goyal et 
al., 2020 

n=15 76 Greater AP + ML 
COP 
displacement, 
greater sway area 

— Greater AP + 
ML COP 
displacement, 
AP + ML 
velocity, greater 
sway area 

Greater error rate 
[serial 
subtraction by 
3’s] 
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Zhou 
et al., 
2023 

n=49 
(males 
only) 

78 No group 
differences 

— No group 
differences 

No group 
differences 
[visual 
word 
search] 

Xu et 
al., 
2024 

n=40 71 — — Greater 
ML COP 
displacem
ent, 
greater 
sway path, 
greater 
root mean 
square of 
sway 

— 

Key: Findings of older adults with MCI (compared to older adults without MCI). Motor performance refers to 
postural control during static balance conditions. Dark gray box refers to differences in postural sway measures 
found between the groups; a blank box with a line through it refers to information not included in the study. 
AP=anteroposterior; ML=mediolateral; COP=center of pressure. 

 
 

Single Task Performance 
 

There is limited published work examining postural control during static balance conditions 

with a secondary cognitive task in older adults with and without MCI (Goyal et al., 2020; Hauer et 

al., 2003; Xu et al., 2024; Zhou et al., 2023). All studies identified asked participants to stand with 

feet together with eyes open on a firm surface (quiet stance). One study added a condition of standing 

with eyes closed (Goyal et al., 2020). All studies utilized instrumented testing, either with force 

plates (Goyal et al., 2020; Hauer et al., 2003; Xu et al., 2024) or the Wii balance board (Zhou et al., 

2023). 

 

Single Task Motor Performance: Goyal and colleagues (2020) found older adults with MCI 
 

demonstrated greater anteroposterior and mediolateral COP displacement and greater sway area 

compared to older adults without MCI. Findings from Hauer et al. (2003) and Zhou et al. (2023) 

suggest no differences in postural sway measures between older adults with and without MCI during 

static standing. Xu and colleagues (2023) didn’t report postural sway measures for single task motor 
performance. 
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Single Task Cognitive Performance: There are several types of secondary cognitive tasks. Al-Yahya 

 

et al. (2011) proposed five categories of cognitive tasks based on cognitive domain: decision making, 

mental tracking, verbal fluency, reaction time, and working memory. The most common cognitive 

tasks in the five articles identified were mental tracking, verbal fluency, and decision making (Al- 

Yahya et al., 2011). 

Hauer and colleagues (2003) asked participants to stand in quiet stance while counting 

forwards by 2’s, backwards by 7’s. Results from this study showed older adults with MCI had worse 

cognitive performance than older adults without MCI as defined by number of correct calculations 

(Hauer et al., 2003). Zhou et al. (2023) asked participants to look at a target board with randomized 

letters, count the frequency of a designated letter, and report the count of the designated letter, but 

did not report single task cognitive performance. Xu et al. (2023) and Goyal et al. (2020) both asked 

participants to stand in quiet stance while counting backwards by 3’s, and Zhou et al. (2023) asked 

participants to complete a visual word search task, but single task cognitive performance was not 

reported. 

 

Dual Task Performance 
 

The most common method to assess dual task performance is to measure dual task cost (this 

is calculated by the following formula: single task performance-dual task performance/single task 

performance) (Plummer & Eskes, 2015). However, only 2 studies included in this review calculated 

dual task cost for motor performance and found no differences in dual task cost for postural sway 

measures between older adults with and without MCI (Leach et al., 2018; Zhou et al., 2023). 

 

Dual Task Motor Performance: Some of the studies included in this review found older adults with 

MCI demonstrated differences in postural sway measures while performing a static balance condition 
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with a secondary cognitive task compared to older adults without MCI (Goyal et al., 2020; Hauer et 

al., 2003; Xu et al., 2024). Older adults with MCI demonstrate greater anteroposterior center of 

pressure displacement (Goyal et al., 2020; Hauer et al., 2003), greater mediolateral center of pressure 

displacement (Goyal et al., 2020; Hauer et al., 2003; Xu et al., 2024), greater sway area (Hauer et al., 

2003), and greater 95% ellipse sway area and greater center of pressure root mean square sway than 

older adults without MCI (Xu et al., 2024). Goyal and colleagues (2020) found that when participants 

performed the secondary cognitive task while doing light finger touch, the magnitude of sway area 

was less than cognitively intact older adults, but greater in the older adults with MCI, likely 

demonstrating a different postural control strategy in the older adults with MCI. 

Zhou et al. (2023) did not find any differences in postural control measures between older 

adults with and without MCI while performing static postural control tasks with a secondary 

cognitive task (Zhou et al., 2023). They used a visual search task as the cognitive task. Findings of a 

systematic review suggest cognitive tasks that include arithmetic are the most sensitive to identify 

older adults with MCI within cognitive-motor dual task gait paradigms (Bahureksa et al., 2016). 

Research also suggests dual task performance depends on the type and complexity of the cognitive 

task (Petrigna et al., 2021). Perhaps the visual search task was not difficult enough, so participants 

were able to maintain postural stability while performing this cognitive task. 

 

Dual Task Cognitive Performance: Goyal and colleagues (2020) asked participants to stand in quiet 
 

stance with and without counting backwards by 3’s. This study found older adults with MCI 

demonstrated worse cognitive performance, as defined by the number of errors (0.70 +/- 1.25) than 

older adults without MCI while standing in quiet stance (0.25 +/-0.65) (Goyal et al., 2020). Findings 

from other papers suggest no differences in cognitive performance between older adults with and 

without MCI during quiet stance (Zhou et al. 2023, Hauer et al. 2003). Hauer and colleagues (2023) 

found cognitive performance was worse for counting forwards by 2’s and unchanged for counting 
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backwards by 7’s, but this wasn’t different between the groups. Xu and colleagues (2023) did not 

report dual task cognitive performance. 

In summary, there is limited published work examining postural control during static balance 

conditions with a secondary cognitive task in older adults with and without MCI and results are 

mixed (Goyal et al., 2020; Hauer et al., 2003; Xu et al., 2024; Zhou et al., 2023). For single task 

motor performance, differences in postural sway measures were found between older adults with and 

without MCI in one study included in this review (Goyal et al., 2020). For single task cognitive 

performance, this was only reported in 1 paper included in this review and they found older adults 

with MCI demonstrated worse cognitive performance (Hauer et al., 2003) . For dual task motor 

performance, Goyal et al. 2020, Hauer et al. 2003, and Xu et al. 2024 found differences in postural 

sway measures between older adults with and without MCI. However, Zhou et al. 2023 found no 

group differences. For dual task cognitive performance, Goyal et al. 2020 found the older adults with 

MCI demonstrated worse cognitive performance, however results from Hauer et al. 2003 and Zhou et 

al. 2023 suggest no group differences. Dual task cost was only reported in two of the studies included 

in this review. Only one paper included in this review reported the proposed framework 

recommended by Plummer and Eskes (2015), that is, reporting single task cognitive and motor 

performance and dual task cognitive and motor performance. 

 

2.4 Discussion 
 

This review is the first to examine two of the domains of postural control proposed by Horak 

(2006): sensory strategies and cognitive processes (i.e., attention) during static balance conditions in 

older adults with MCI. Static balance is an essential functional task during everyday activities. 

Cognitively healthy older adults demonstrate increased center of pressure displacement and velocity 

compared with cognitively healthy younger adults during static balance conditions (Cohen et al., 

1996; Muir et al., 2013). Research has suggested postural sway measures during static balance 
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conditions can predict fallers in community dwelling older adults (Piirtola & Era, 2006; Quijoux et 

al., 2020). Specifically, increased center of pressure displacement and velocity during static balance 

conditions has been correlated with falls in older adults (Muir et al., 2013). 

Physiologic changes with aging impacting postural control include changes in the sensory, 

neurological, cognitive, and musculoskeletal systems (Horak et al., 1989). Age-related changes in the 

peripheral and central nervous system include desensitization of mechanoreceptors, reduction in the 

number of motor and sensory neurons, and reduced gray and white matter volume in certain brain 

areas (Stelzel et al., 2017). Aging causes changes in the regions of the CNS that processes and 

integrates sensory information from the vision, vestibular, and somatosensory systems (Wang et al., 

2025). In a systematic review by Zhang and colleagues (2020), findings suggest performance on 

multisensory integration tasks were associated with a greater risk for falling (Zhang et al., 2020). 

The findings of this review were mixed. Regarding sensory integration during static balance 

conditions, findings from some studies included in this review suggest older adults with MCI 

demonstrate differences in postural sway measures compared to cognitively healthy older adults 

(Baydan et al., 2020; Deschamps et al., 2014; Goyal et al., 2020; Jeon et al., 2014; Kuan et al., 2021; 

Leandri et al., 2009; Qi et al., 2023; Shin et al., 2011). However, other studies found no group 

differences (Borges et al., 2016; Mignardot et al., 2014). This includes balance conditions when 

information from all systems (visual, vestibular, somatosensory) systems are available, when visual 

input is altered, when somatosensory input is altered, and when both visual and somatosensory input 

is altered. Only one paper included excluded participants with visual, somatosensory, and vestibular 

dysfunction (Qi et al., 2023). This could explain the heterogenous results, as visual, somatosensory, 

and vestibular impairments could be a confounding variable. In addition, the studies used varied 

definitions of MCI and had different characteristics of the participants (i.e., age, level of function), 

making comparison across studies difficult. 

Regarding cognitive motor interference during static balance conditions, findings from Goyal 
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et al. 2020, Hauer et al. 2003, and Xu et al. 2024 suggest older adults with MCI demonstrate 

differences in dual task motor performance (as defined by postural sway measures) compared to 

cognitively healthy older adults during static balance conditions with the addition of a cognitive task. 

However, findings from Zhou et al. 2023 suggest no differences in postural sway measures between 

the groups. Goyal et al. 2020 found older adults with MCI demonstrate differences in dual task 

cognitive performance (as defined by greater error rate), but Hauer et al. 2003 and Zhou et al. 2023 

found no differences in dual task cognitive performance between older adults with and without MCI. 

The study by Goyal and colleagues (2020) only included 5 participants with MCI, limiting 

generalizability of findings and comparison to other studies difficult. 

Only one study included in this review (Hauer et al. 2003) reported single task and dual task 

cognitive and motor performance (the framework proposed by Plummer and Eskes (2015). 

According to the framework proposed by Plummer and Eskes (2015), findings from Hauer et al. 

2003 suggest older adults with MCI demonstrated mutual interference (motor and cognitive 

performance worsened) during static balance conditions while counting forward by 2’s and motor 

interference (motor performance worsened, cognitive performance was unchanged) during static 

balance conditions while counting backwards by 7’s; however, older adults without MCI 

demonstrated no interference (motor and cognitive performance unchanged) while counting 

backwards by 7’s and cognitive interference (motor performance unchanged, cognitive performance 

worsened) while counting forward by 2’s (Hauer et al., 2003). 

In a systematic review and meta-analysis by Petrigna and colleagues (2021), findings suggest 

worsening of postural stability with the addition of a cognitive task in cognitively healthy older 

adults (a significant, small to medium effect size of d=.24) (Petrigna et al., 2021). However, results 

were heterogenous as some studies demonstrated improved postural stability with the addition of a 

cognitive task (Petrigna et al., 2021). Dual task performance depends on the difficulty of the postural 

control task and the cognitive task (Petrigna et al., 2021). Other factors include the characteristics of 
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the participants included in the study and instructions from the examiners while performing the dual 

task (i.e., which task they should prioritize) (Petrigna et al., 2021). More research is needed to 

determine if older adults with and without MCI demonstrate a different strategy for task prioritization 

with dual task performance during static balance conditions with an additional cognitive task. 

Aging results in changes in cognitive function, such as memory, attention, problem solving, 

and decision making, which is associated with balance disorders (Wang et al., 2025). These age- 

related changes in cognitive function become more apparent in older adults with MCI. Older adults 

with MCI demonstrate greater activation of the prefrontal cortex compared to older adults without 

MCI, suggesting the older adults with MCI are compensating for dysfunction in other systems or 

using more brain network resources than cognitively healthy older adults (Xu et al., 2024). In older 

adults with MCI, reduced volitional balance control was associated with reduced white matter 

integrity in motor pathways and reduced gray matter volume, suggesting altered neuropathy is 

associated with impaired postural control (Kannan et al., 2022). 

In this review, postural sway was defined as the magnitude of postural sway correction, i.e., 

center of pressure displacement, center of pressure velocity, percentage equilibrium, or the root mean 

sway of sway. None of the papers identified in this review examined jerk, which is a time derivative 

of acceleration (Mancini et al., 2012). Jerk has been investigated as a reliable and sensitive measure 

of smoothness of postural corrections in movement disorders (Kejia Wang et al., 2014; Mancini et 

al., 2012; Sankarpandi et al., 2017). Jerk has also been found to be a sensitive predictor of falls in 

community-dwelling older adults (Qiu et al., 2018). Future research should consider examining jerk 

as a postural control outcome measure in older adults with MCI. 

Older adults with MCI demonstrate a higher prevalence of falls compared with older adults 

without MCI, and one risk factor for this increased fall risk is postural control (Hopkins et al., 2023). 

Future research should consider examining the two domains focused on in this review in older adults 

with MCI during static balance conditions: sensory strategies and cognitive strategies. Specifically, 
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investigators should consider including a variety of balance conditions while altering sensory input in 

the visual, vestibular, and somatosensory systems. There is limited published research assessing 

cognitive motor interference during static balance conditions in older adults with MCI. Future work 

should consider examining performance of the motor task, performance of the cognitive task, then 

performance of both tasks simultaneously to determine why postural control becomes impaired 

during the performance of a secondary cognitive task in older adults with MCI. This could provide 

essential information to healthcare providers about the optimal rehabilitation strategies to implement 

to decrease fall risk in persons with MCI. 

 

2.5 Conclusion 
 

In conclusion, this review is the first to focus on the literature examining two domains of 

postural control defined by Horak (2006): sensory strategies and cognitive processes (i.e., attention) 

during static balance conditions between older adults with and without MCI. Static standing balance 

is an essential function during daily activities, such as dressing, cooking, and reaching into cabinets. 

Results of this review are mixed. Regarding sensory strategies, while some research suggests older 

adults with MCI demonstrate difference in postural sway outcome measures compared to older adults 

without MCI during static balance conditions, this isn’t universal among the studies included in this 

review. This includes balance conditions when information from all systems (visual, vestibular, 

somatosensory) systems are available, when visual input is altered, when somatosensory input is 

altered, and when both visual and somatosensory input is altered. For cognitive motor interference 

during static balance conditions, while some research suggests differences in postural sway outcome 

measures for single and dual task motor performance and differences in single and dual task 

cognitive performance between older adults with and without MCI, some studies found no group 

differences, and some studies did not report these outcome measures. Limited work has investigated 

cognitive and motor performance during both single and dual task static balance conditions in older 



32  

adults with and without MCI. As a result, the extent to which task prioritization differs between the 

groups remains unclear. This information will help clinicians understand postural control strategies 

during static balance conditions in older adults with MCI, which can enhance the effectiveness of fall 

prevention programs, promote safety and independence, and reduce future fall risk in this population. 

 

2.6 Dissertation Aims 
 

This dissertation has two objectives. The first objective is to examine if older adults with 

MCI demonstrate impaired sensory integration strategies compared to older adults without MCI. 

The second objective is to examine whether older adults with MCI demonstrate cognitive motor 

interference compared to older adults with MCI. The pilot study focused on the first objective. 

The dissertation study focuses on the second objective. 
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Chapter 3: Sensory Integration of Postural Control in Older Adults 

with MCI: A Pilot Study 

3.1 Introduction 
 

Mild cognitive impairment (MCI) is a clinical syndrome characterized by an objective 

impairment in cognitive function across multiple domains (executive function, memory, 

attention, language and visuospatial skills) in the presence of preserved independence in basic 

activities of daily living (ADL) and minimal limitations in instrumental ADL (Petersen, 2004; 

Petersen et al., 2014). The prevalence of MCI is between 3% and 19% and increases with age, 

lower levels of education and in males (Petersen et al., 2018). More than 50% of those with MCI 

go on to develop dementia, suggesting that MCI may be a prodrome of dementia (Gauthier et al., 

2006; Petersen et al., 2014, 2018). In contrast, up to 40% of people with MCI may remain stable 

or revert to normal cognitive function (Gauthier et al., 2006). It is unclear what factors predict 

the reversal of MCI to normal cognition, though this may be related to non-amnestic forms of 

MCI, absence of apolipoprotein E alleles, and absence of amyloid deposition (Gauthier et al., 

2006). Even though some people with MCI may revert to normal cognition, MCI has been 

classified in Diagnostic and Statistical Manual (DSM-5) among mild neurocognitive disorders 

(Sachs-Ericsson & Blazer, 2015). There is emerging evidence that impairments in balance and 

gait are commonly seen in MCI and their inclusion in clinical assessment may help improve 

diagnostic accuracy of MCI (Bahureksa et al., 2016). 

Older adults with Mild Cognitive Impairment (MCI) have a higher prevalence of falls 

than older adults without MCI. In cognitively healthy older adults, the prevalence of falls is 

approximately 33% (Tromp et al., 2001). The prevalence of falls is approximately 43% in 

persons with MCI and 65% in persons with dementia (Allan et al., 2009; Hopkins et al., 2023). 
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Falls are a major cause of morbidity and mortality in older adults (Tinetti et al., 1988). Risk 

factors for falls in older adults with MCI are multifactorial and include cognitive impairments, 

gait abnormalities (reduced speed and impaired dual task performance), and postural 

control/balance abnormalities (Robbins, 1989; Tell et al., 1998). Effective fall prevention and 

reduction strategies require a better understanding of postural control in older adults. 

Postural control is a complex motor skill that includes multiple sensorimotor processes to 

achieve postural stability and postural equilibrium. Horak (2006) proposed six domains of 

postural control: (i) biomechanical constraints (strength, coordination), (ii) movement strategies 

(anticipatory, reactive, voluntary), (iii) dynamic control (gait), (iv) orientation in space 

(perception, verticality), (v) cognitive processes, and (vi) sensory strategies. Sensory strategies 

involve the integration of somatosensory, visual and vestibular information and the body’s 

ability to re-weigh sensory information from the visual, vestibular, and somatosensory systems 

under changing task conditions (Horak, 2006). Age related declines in sensorimotor processes 

and their influence on postural control have been well documented (Osoba et al., 2019; Rankin et 

al., 2000; Woollacott & Shumway-Cook, 1990). Aging is associated with a reduction in muscle 

strength, delayed anticipatory and reactive control, impaired vestibular, somatosensory and 

visual function, and impairment in cognitive processing (Osoba et al., 2019; Rankin et al., 2000; 

Woollacott & Shumway-Cook, 1990). In fact, there is emerging evidence that impairments in the 

sensory and motor system may precede cognitive impairments and dementia (Albers et al., 2015; 

Verghese et al., 2007). 

There is limited research examining sensory strategies during static balance conditions in 

older adults with MCI. Most of the research focuses on static balance conditions with limited 

visual input, with participants standing with eyes closed or eyes open with a moving visual 
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surround. Under static balance conditions with absent or unreliable visual input, older adults with 

MCI demonstrate poor postural stability, indicated by higher mean velocity (Boyle et al., 2007; 

Deschamps et al., 2014), increased mediolateral velocity (Shin et al., 2011), increased 

anteroposterior center of pressure displacement (Leandri et al., 2009), increased mediolateral 

center of pressure displacement, increased sway area, and increased percentage equilibrium 

(Baydan et al., 2020) compared with older adults without MCI. 

Less is known about postural control during static balance conditions with 

unreliable/limited somatosensory input and both unreliable/limited visual and somatosensory 

inputs. During static balance conditions with altered somatosensory input, older adults with MCI 

demonstrate increased 95% ellipse sway area, increased percentage equilibrium, and increased 

mean velocity (Qi et al., 2023) compared to older adults without MCI. During static balance 

conditions with unreliable visual and somatosensory inputs, older adults with MCI demonstrate 

increased 95% ellipse sway area and increased root mean square sway (Qi et al., 2023), as well 

as increased percentage equilibrium (Baydan et al., 2020) compared to older adults without MCI. 

The aim of this pilot study was to examine whether older adults with MCI demonstrate impaired 

sensory integration strategies of postural control in static balance conditions compared with older 

adults without MCI. 

 
 

3.2 Methods 
 

Participants 
 

Participants with MCI were recruited from a community center in New York City. 
 

Participants were included in the study if they were between the ages of 65 and 85 years, living 

at home, attended the Community Center, were independent in performing activities of daily 
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living, were able to walk 50 meters independently, were willing and able to conform to study 

protocol, without severe medical or mental illness 30 days before study participation and did not 

have an orthopedic or neurological disorder that impaired walking. Participants were excluded if 

they had severe respiratory problems such as chronic obstructive pulmonary disease (COPD), 

heart disease or uncontrolled blood pressure, loss of sensation in the lower limbs, seizure 

disorder, severe arthritis, or other orthopedic conditions that limit mobility. We also excluded 

individuals if they were taking any psychotropic medications (such as Benzodiazepines) as these 

are known to affect posture (de Groot et al., 2013). The study procedures were approved by the 

local Institutional Review Board (protocol #AAAS0003) and all participants provided written 

informed consent. 

 
 

Assessments 
 

Cognition was assessed using the Montreal Cognitive Assessment (MoCA). The MoCA 

assesses attention and concentration, executive function, memory, visuo-construction skills, 

calculation and orientation. A cut off score of 26 has been used to classify persons with MCI 

(Nasreddine et al., 2005). Participants were included in the study if they scored between 19 and 

25 on the MoCA, since scores <19 indicate presence of dementia. Normative data on postural 

control were obtained from reference datasets provided in the device manufacturer’s (APDM) 

publicly accessible database, ensuring standardized benchmarks for conditions of testing 

(Holmstrom, 2017). Data are available from the following website: 

https://support.apdm.com/hc/en-us/articles/214504686-Normative-Data-Used-in-Mobility-Lab- 

v2. 
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The Modified Clinical Test of Sensory Integration and Balance (mCTSIB) required 

participants to complete 4 balance conditions for 30 seconds each: (1) stand with eyes open on 

firm surface, (2) stand with eyes closed on firm surface, (3) stand with eyes open on foam 

surface, and (4) stand with eyes closed on foam surface. Participants completed the mCTSIB 

once. We attached one inertial sensor (APDM Opals version 2) on participants with elastic straps 

at the level of the fifth lumbar vertebra. One examiner operated the computer to collect APDM 

data, while a second examiner guarded the participants to ensure safety. Postural sway data 

analyzed included sway area (a time-domain measure of postural control magnitude) and jerk 

(smoothness of the postural correction). Sway area is the area of an ellipse covering 95% of the 

sway angle in both the coronal and sagittal planes (Mancini et al., 2012). Jerk is a time derivative 

of acceleration (Mancini et al., 2012). Mean sway velocity represents the estimated velocity of 

CoP displacement, calculated from trunk acceleration, assuming an inverted pendulum model of 

postural control (Mancini et al., 2012). These measures were chosen as they have been found to 

be reliable and sensitive in aging and movement disorders (Kejia Wang et al., 2014; Mancini et 

al., 2012; Porciuncula et al., 2020; Sankarpandi et al., 2017). 

 
 

Statistical Analysis 
 

We estimated minimum required sample size using G*Power software (version 3.1.9.4) 

for repeated measures analysis of variance. For two groups (between subject factor), four 

conditions (within-subject factor), assuming a small effect size of 0.25, an alpha level of 0.05, 

power of 0.8, 24 participants were required. 

SPSS 29.0 (IBM SPSS, Armonk, NY, USA) was used for statistical analysis. Normality 

of the data distribution was assessed using the Shapiro-Wilk test and the significance level was 
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set to 0.05. As data violated the assumption of normality, a log10 transformation was performed. 

A mixed design repeated measures analysis of variance was conducted to determine if there were 

main effects of balance condition and group, and interaction effects. We administered post-hoc 

comparisons using the Bonferroni test to control for a Type I error from multiple comparisons. 

To examine the relationship between cognitive domains and postural control, we conducted 

regression analysis with the curve estimation procedure after confirming that the variables were 

not linearly related. 

 
 

3.3 Results 
 

Baseline Characteristics 
 

Data from 24 older adults were included in the analysis (5 males and 7 females in each 

group). Participants in the MCI group were matched for age and sex with healthy controls (HC). 

Age was not statistically different across groups (Healthy control mean =75 years, range 68.1 - 

81.9 years; MCI mean =76 years, range 68.2 – 83.8 years). Among participants with MCI 

recruited at the community center, none reported prescription of psychotropic medications, six 

participants (50%) reported wearing corrective lenses, and four participants (33%) reported a 

diagnosis of diabetes. Most participants had age-related loss of sensory function, tested by 

clinical examination of light touch sensation. Data regarding sensory and cognitive function was 

not available for the normative controls. The normative database indicated that normative 

controls were free of cognitive and sensory dysfunction. 

 
 

Postural Control: Performance on the mCTSIB 
 

A mixed-design repeated measures ANOVA was conducted with the mCTSIB (four 
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conditions) as the within-subjects factor and group (MCI vs. cognitively healthy) as the between- 

subjects factor (Table 5). For sway area, results revealed a significant main effect of condition (F 

= 88.059, p < .001), indicating that postural sway differed across the four balance conditions 

(Fig. 1a). Post-hoc comparisons with a Bonferroni correction revealed that sway area was 

significantly greater in condition 3 (eyes open on foam, p < .001) and condition 4 (eyes closed on 

foam, p < .001). There was also a significant main effect of group, F= 30.601, p < .001, such that 

individuals with MCI demonstrated greater sway than cognitively healthy participants across all 

conditions. The group × condition interaction was significant, F = 9.552, p = .005, indicating that 

the pattern of differences across the balance conditions was different for each group. Post-hoc 

comparisons with a Bonferroni correction revealed that sway area was significantly greater in the 

MCI group in condition 1 (eyes open firm surface, p < .001). 

Table 5. 

Postural Control of Older Adults with and without MCI 
 

 F p n2p 
Sway Group (MCI vs HC) 30.601 <0.001 * 0.974 
Area Condition (4 levels) 88.059 <0.001* 0.164 

 Group x Condition 4.308 0.008* 0.164 
Jerk Group (MCI vs HC) 32.601 <0.001* 0.597 

 Condition (4 levels) 543.885 <0.001* 0.961 
 Group x Condition 9.933 <0.001* 0.311 
Mean Group (MCI vs HC) 7.179 0.014* 0.951 
Velocity Condition (4 levels) 8.881 <0.001* 0.286 

 Group x Condition 1.169 0.193 0.069 
*indicates statistical significance, p<0.05 

 
 
 

Statistical analysis for jerk revealed a significant main effect of condition, F = 543.885, p 
 

< .001. Post-hoc comparisons with a Bonferroni correction indicated that jerk was significantly 

different between conditions (p < 0.001 for all comparisons). There was also a significant main 

effect of group, F= 32.601, p < .001, such that individuals with MCI demonstrated a greater 
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magnitude of jerk than cognitively healthy participants in all four conditions. The group × 

condition interaction was significant, F = 31.672, p < .001, and post-hoc comparisons with a 

Bonferroni correction indicating that all conditions were different from another (p < .03 for all 

comparisons) for both groups (Fig. 1b). 

 
Figure 1. 

 
Performance on the mCTSIB for sway area (Fig. 1a), jerk (Fig. 1b) and mean velocity (Fig. 1c) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 1a.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 1b.) 
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Fig 1c.) 
 

Key: Mean ± S.E. of sway area (Fig. 1a), jerk (Fig. 1b), mean velocity (Fig. 1c) for older adults with 
MCI (black line) and without MCI (gray line) for all 4 balance conditions of the mCTSIB (1: eyes open- 
firm; 2: eyes closed-firm; 3: eyes open-foam; 4: eyes closed-foam). Legend: HC=healthy controls (grey 
line); MCI=mild cognitive impairment (black line). 

 
 

Results for mean velocity revealed a significant main effect of condition, F = 8.881, p 
 

<.001. Post-hoc comparisons with a Bonferroni correction revealed that mean velocity was 

higher in condition 4 compared with all other conditions (p <.005 for all comparisons). There 

was also a significant main effect of group, F= 424.364, p <0.001, such that individuals with 

MCI demonstrated lower mean velocity compared with cognitively healthy participants across 

all conditions. The group × condition interaction was not significant, F = 1.619, p = 0.193, 

indicating that the pattern of differences across the balance tests was not different for each group. 

 
 

Cognitive Domains 
 

The MoCA scores across cognitive domains for the older adults with MCI can be seen in 

Table 6. The scores for abstraction and language were close to normal for all participants and 

were not analyzed further. Attention scores were combined into a “total attention” category. The 
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older adults with MCI demonstrated lower scores in specific domains of cognition in the MoCA; 

delayed recall, visuospatial ability, and total attention. 

 
Table 6. 

Cognitive Domain Scores from the Montreal Cognitive Assessment (MoCA) in Older Adults with MCI 
 
 

Participant 
Number 

Delayed 
Recall 
(total 

Visuospatial 
(total score 4) 

Total 
Attention 
(total score 

Naming 
(total 
score 3) 

Orientation 
(total score 6) 

Total 
Score 
30 

 score 4)  6)    
1 3 3 4 3 6 24 
2 0 3 5 3 6 22 
3 4 2 5 3 5 22 
4 1 3 6 2 6 22 
5 3 2 4 3 6 20 
6 0 3 6 3 6 22 
7 2 2 4 3 5 21 
8 2 3 6 3 6 25 
9 2 4 2 2 6 19 

10 4 1 4 1 6 18 
11 3 4 4 3 6 25 
12 0 2 5 3 6 20 

Average       

Score 2.0 2.7 4.6 2.7 5.8 21.7 
Average 
Percentage 50.0 

 
67.5 

 
76.7 

 
90.0 

 
96.7 

 
72.3 

 
 

Relationship between Cognitive Domains and Postural Control 
 

We conducted regression analyses using the curve estimation procedure with cognitive 

function (delayed recall, visuospatial, total attention) as the predictor, and with sway area and 

jerk in condition D as the dependent variables. Delayed recall was a significant predictor of sway 

area in condition 4 (standing with eyes closed on foam) (r2 = 0.6; β = -0.39; p = 0.01, Figure 2) 

but was not a significant predictor of Jerk in condition 4. Visuospatial and attention domain 

scores were not significant predictors of either sway area or Jerk. 
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Figure 2. 

Relationship between Sway Area and Delayed Recall 
 
 
 

 
Key: Scatter plot of the relationship between delayed recall and sway area in older adults with MCI. 
The figure shows the quadratic fit and R2 value. 

 
 

3.4 Discussion 
 

Postural control involves the integration of visual, vestibular and somatosensory inputs 

with environmental conditions and task requirements to maintain the body center of mass within 

the base of support. With aging there is a deterioration of visual, vestibular and somatosensory 

systems in addition to cognitive function, all of which may affect postural control (Shumway- 

Cook & Woollacott, 2000a; Woollacott & Shumway-Cook, 1990). The purpose of this study was 

to examine whether older adults with MCI demonstrate impaired sensory integration strategies 

during postural control when compared to older adults without MCI. 

We examined postural control across four conditions which allowed us to manipulate 

somatosensory and/or visual information by quantifying the modified Clinical Test of Sensory 
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Interaction on Balance (mCTSIB). Our results demonstrate that postural control is impaired in 

older adults with MCI compared with those without MCI in all four conditions. For both groups, 

impairments were exaggerated during the more complex conditions, with the most impaired 

postural control in condition 4, with altered somatosensory and visual inputs (standing with eyes 

closed on foam). Prior research demonstrates that older adults with MCI have impaired postural 

control during static balance conditions with all sensory information available (condition 1 of the 

mCTSIB). Older adults with MCI demonstrate greater anteroposterior center of pressure 

displacement (Goyal et al., 2020), and greater mediolateral center of pressure displacement (Shin 

et al., 2011) compared with older adults without MCI. Under conditions with altered visual input 

(standing with eyes closed on a firm surface, condition 2 of the mCTSIB), older adults with MCI 

demonstrate increased sway area compared to older adults without MCI (Borges et al., 2016; 

Goyal et al., 2020). Similarly, during the performance of the sensory organization test (SOT), 

older adults with MCI had lower equilibrium scores when standing with eyes closed on a firm 

surface (Baydan et al., 2020). The results of our study are consistent with prior work for postural 

control while standing on firm surface. 

Altering somatosensory information (mCTSIB condition 3) forces the system to rely on 

visual and vestibular systems whereas altering somatosensory and visual inputs (mCTSIB 

condition 4) forces the system to rely primarily on vestibular inputs. There is limited research 

examining postural control during static balance conditions with altered visual and/or 

somatosensory input (conditions 3 and 4 of the mCTSIB) (Baydan et al., 2020; Qi et al., 2023). 

When standing with eyes open on a foam surface (condition 3 of the mCTSIB) and standing with 

eyes closed on foam (condition 4 of the mCTSIB), Qi et al (Qi et al., 2023) reported that older 

adults with MCI demonstrate greater sway area than healthy older adults. These results are in 
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line with our study and suggest that postural control is impaired in people with MCI when 

somatosensory and/or visual inputs are altered. The most complex condition of the Sensory 

Orientation Test (condition #6) examines equilibrium while participants stand with eyes open on 

a moving platform, with the visual surroundings moving. Baydan and colleagues (Baydan et al., 

2020) reported that older adults with MCI had significantly lower equilibrium scores compared 

to older adults without MCI. Age related decrement in sensory processing and cognitive function 

may explain impaired postural control in people with MCI. 

We examined three measures of postural control which represent independent domains of 

sway magnitude (sway area), sway smoothness (jerk) and sway speed (mean velocity). Prior 

work has primarily examined sway area and mean velocity, with limited research examining the 

jerk in older adults with MCI. Results of our study are the first to demonstrate that older adults 

with MCI have impaired smoothness (increased jerk) of postural corrections particularly when 

somatosensory and/or visual input is altered. Jerk has been reported to be a measure of postural 

stability and may reflect the number of postural corrections (Leach et al., 2018). With increased 

postural instability, the number of postural corrections increase as measured by increased jerk 

(Mancini et al., 2011). In our study older adults with MCI demonstrated decreased mean velocity 

compared with older adults without MCI in more complex balance conditions (2, 3 and 4 of the 

mCTSIB). No differences in mean velocity were observed in condition 1. Prior work reports 

conflicting findings in this condition - while one study reported increased mean velocity with all 

sensory information available (condition 1) (Deschamps et al., 2014), other work reported no 

differences in the magnitude of mean velocity between older adults with and without MCI with 

all sensory information available or when visual input was altered (Mignardot et al., 2014). In 

our study, older adults with MCI demonstrated a larger excursion of postural sway (sway area), 
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but a decreased magnitude of velocity. This may suggest older adults with MCI demonstrate a 

compensatory strategy to improve stability by reducing the speed of postural corrections. It 

remains to be examined whether reducing the speed of postural corrections has an impact on the 

risk of falls in people with MCI. 

The MCI group in our study demonstrated lower scores in specific domains of cognition 

in the MoCA; delayed recall, visuospatial ability, and total attention. MoCA scores for healthy 

controls were not available for comparison. Our results are supported by prior work suggesting 

older adults with MCI demonstrate impairments in the attention and visuospatial abilities of the 

MoCA (Dixe et al., 2020). We found a significant negative, moderate correlation between 

delayed recall and condition 4 (standing with eyes closed on foam) of sway area for older adults 

with MCI. This indicates that as the score on delayed recall worsened, sway area increased, 

indicative of impaired postural control. Executive function and processing speed have been 

reported to influence static balance in cognitively healthy older adults (Divandari et al., 2023) 

and those with MCI (Taylor et al., 2017). There is limited research examining the relationship 

between domains of cognition and balance in older adults with MCI. Our results highlight the 

importance of examining individual domains of cognition in addition to a composite score as it 

appears that people with MCI may have impairments in particular domains, which may be 

improved with exercise and cognitive training (Montero-Odasso et al., 2023). 

Older adults demonstrate postural control impairments compared with younger adults due 

to deficits in several physiologic systems such as vestibular, somatosensory, visual, central 

processing, motor control, and musculoskeletal integrity (Horak et al., 1989). Age related 

changes in postural control may be caused by changes in the peripheral and central nervous 

system, such as desensitization of mechanoreceptors, reduction in the number of motor and 
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sensory neurons and reduced gray matter and white matter volume in certain brain areas (Stelzel 

et al., 2017). In addition to diminished postural stability, there are also age-related changes in 

cognitive processing, specifically working memory capacity (Stelzel et al., 2017). Increased 

working memory load interferes with postural control in older adults compared to younger 

adults. Other research suggests impaired executive function may be a contributing factor to 

postural instability (Stelzel et al., 2017). 

Altered neuropathology associated with aging and MCI is associated with impaired 

postural control. In older adults with MCI, reduced volitional balance control is associated with 

reduced white matter integrity in motor pathways and reduced gray matter volume (Kannan et 

al., 2022). In addition, increased activation of the prefrontal cortex in older adults with MCI 

compared to cognitively healthy older adults may represent a compensation for dysfunction in 

other systems (Xu et al., 2024). It may also imply that older adults with MCI use more brain 

network resources than cognitively healthy older adults. 

Our study had several limitations. First, data for healthy controls was obtained from a 

normative database publicly available from the manufacturer of the APDM sensors, and 

cognitive test scores were not available for these individuals. It is possible that some participants 

in the healthy control group had mild cognitive impairment, even though they were reported to 

be free of cognitive deficits. The older adults with MCI were community dwelling individuals 

who attended a community center and did not need an assistive device, which may limit the 

generalizability of the results. Future work should collect additional data including physical 

activity level of participants, other measures of sensory integration (function of the visual, 

vestibular, or somatosensory system), and fall history of the participants, as it could provide 

more insight into motor performance in older adults with MCI. While our pilot study was cross- 
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sectional in design, future work needs to examine longitudinal changes in postural control in 

older adults with MCI. This may help clarify factors that may be predictive of progression to 

dementia or reverting to normal function. 

 
 

3.5 Conclusion 
 

In conclusion, older adults with MCI demonstrate impaired postural control during static 

balance conditions. More specifically, older adults with MCI demonstrated increased sway area, 

increased jerk, and decreased velocity during all balance conditions of the mCTSIB compared to 

healthy controls, with worse performance under the condition with unreliable somatosensory and 

limited visual inputs (condition 4). Healthcare providers should consider performing a physical 

assessment in older adults with MCI to examine sensory integration strategies of postural 

control. This physical assessment should include static balance conditions with varying sensory 

input. It is also important to examine the subdomains of cognitive function in older adults with 

MCI to better understand the relationship of cognitive function with postural sway measures. In 

addition, investigators should consider longitudinal study designs to examine whether impaired 

sensory integration strategies in older adults with MCI can predict transition from MCI to 

dementia. 

. 
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Chapter 4: Sensory Integration and Cognitive Motor Interference in 
Older Adults with MCI 

 
4.1 Introduction 

 
Older adults with MCI have a higher prevalence of falls than cognitively healthy older 

adults (Allan et al., 2009). Higher fall prevalence in older adults with MCI may be due to 

postural control and cognitive motor interference (Hopkins et al., 2023). Postural control is a 

complex motor skill that includes multiple sensorimotor processes with the goal of achieving 

postural stability and postural equilibrium (Horak, 2006). Horak (2006) proposed six domains of 

postural control, two of which are sensory strategies and cognitive processes. Sensory strategies 

involve the integration of somatosensory, visual and vestibular information and the body’s 

ability to re-weigh sensory information from the visual, vestibular, and somatosensory systems 

under changing task conditions (Horak, 2006). Cognitive processes include attention, learning, 

memory, executive function, language, and perceptual motor control (Harvey, 2019). 

There is evidence for age-associated declines in overall score of the Sensory Orientation 

Test using instrumented testing, which measures postural sway while manipulating different 

visual and somatosensory stimuli (Cohen et al., 1996). There has been limited research 

examining sensory strategies during static balance conditions in older adults with and without 

MCI. Most of the research focuses on static balance conditions with all sensory information 

available and static balance conditions with limited visual input (i.e., conditions which ask the 

participants to stand with eyes closed or to stand with eyes open with a moving visual surround). 

Results from our pilot data suggest older adults with MCI demonstrate differences in postural 

sway outcome measures as defined by increased sway area and jerk compared to older adults 

without MCI during static balance conditions with all sensory 
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information available and during static balance conditions with limited visual input. The results 

from the pilot study are consistent with prior work suggesting older adults with MCI demonstrate 

differences in postural sway measures with all sensory information available from the visual, 

vestibular, and somatosensory systems compared to older adults without MCI, as defined by 

increased velocity and increased center of pressure displacement (Baydan et al., 2020; 

Deschamps et al., 2014; Goyal et al., 2020; Shin et al., 2011). The results from the pilot study 

are also consistent with prior work suggesting older adults with MCI demonstrate differences in 

postural sway outcome measures with limited visual input compared to older adults without 

MCI, as defined by increased velocity, increased center of pressure displacement, and increased 

percentage equilibrium (Baydan et al., 2020; Borges et al., 2016; Deschamps et al., 2014; Goyal 

et al., 2020; Leandri et al., 2009). 

Less is known about postural control during static balance conditions with 

unreliable/limited somatosensory input and both unreliable/limited visual and somatosensory 

input. The results from the pilot study suggest older adults with MCI demonstrate differences in 

postural sway outcome measures as defined by increased sway area and jerk compared to older 

adults without MCI during static balance conditions with changing/altered somatosensory input 

and during balance conditions with both unreliable visual and somatosensory input. This is 

consistent with prior work suggesting older adults with MCI demonstrate differences in postural 

sway outcome measures during static balance conditions with changing/altered somatosensory 

input compared to older adults without MCI, as defined by increased 95% ellipse sway area (Qi 

et al., 2023) and increased percentage equilibrium (Qi et al., 2023) compared to older adults 

without MCI. The pilot study findings are also consistent with prior work suggesting older adults 

with MCI demonstrate differences in postural sway outcome measures compared to cognitively 
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intact older adults during static balance conditions with both unreliable visual and somatosensory 

input, as defined by increased 95% ellipse sway area and increased root mean square sway (Qi et 

al., 2023) and increased percentage equilibrium (Baydan et al., 2020). 

Another domain of postural control proposed by Horak (2006) is cognitive processes 

(i.e., attention). A common method to assess the interaction of attention with motor performance 

is the dual task procedure, quantified by cognitive motor interference. Cognitive motor 

interference can be assessed by examining motor performance (i.e., postural control), cognitive 

performance, and dual task cost for both cognitive and motor performance. In a systematic 

review and meta-analysis by Petrigna and colleagues (2021), findings suggest worsening of 

postural stability with the addition of a cognitive task in cognitively healthy older adults (a 

significant, small to medium effect size of d =.24) (Petrigna et al., 2021). There is limited 

published work examining postural control during static balance conditions with a secondary 

cognitive task in older adults with and without MCI and results are mixed (Goyal et al., 2020; 

Hauer et al., 2003; Xu et al., 2024; Zhou et al., 2023). Regarding cognitive motor interference 

during static balance conditions, findings from Goyal et al. 2020, Hauer et al. 2003, and Xu et al. 

2024 suggest older adults with MCI demonstrate differences in dual task motor performance (as 

defined by postural sway measures) compared to cognitively healthy older adults during static 

balance conditions with the addition of a cognitive task. However, findings from Zhou et al. 

2023 suggest no differences in postural sway measures between the groups. Goyal et al. 2020 

found older adults with MCI demonstrate differences in dual task cognitive performance (as 

defined by greater error rate), but Hauer et al. 2003 and Zhou et al. 2023 found no differences in 

dual task cognitive performance between older adults with and without MCI. 
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In summary, there is limited published work examining the sensory integration strategies 

of postural control during static balance conditions with unreliable visual and/or somatosensory 

information in older adults with MCI. There is also limited published work examining cognitive 

motor interference in older adults with MCI during static balance conditions. Older adults with 

MCI demonstrate increased fall risk compared to cognitively intact older adults due to impaired 

postural control and cognitive motor interference (Hopkins et al., 2023). Examining sensory 

integration of postural control and cognitive motor interference will give healthcare professionals 

rehabilitation strategies to decrease fall risk and decrease subsequent health care costs in older 

adults with MCI. The purpose of this study was to examine sensory strategies and cognitive 

motor interference in older adults with and without MCI during static balance conditions. 

 
4.2 Specific Aims 

 
The proposed study has two aims. The first aim is to examine whether older adults with 

MCI demonstrate cognitive motor interference compared to older adults without MCI during 

static balance conditions with the addition of a cognitive task. It is hypothesized that older adults 

with MCI will demonstrate cognitive motor interference with mutual interference (both cognitive 

and postural control performance will decline) for all conditions of the mCTSIB. 

The second aim has two parts. Part (A) is to examine if cognitive function is an 

independent predictor of postural sway. It is hypothesized that cognitive function will be an 

independent predictor of postural sway, specifically mean velocity, sway area, and jerk. Part (B) 

is an exploratory aim and will examine if the delayed recall subdomain score of the MoCA is an 

independent predictor of sway area. It is hypothesized that the delayed recall subdomain will 

predict sway area. 
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4.3 Methods 
 

Sample Size Estimation 
 

G*Power 3.1 software was used to estimate sample size. For the within-subjects factor 

with a=8 levels (4 conditions of the mCTSIB with and without the dual task), number of 

groups=2 levels (MCI, CH), we performed an a priori power analysis targeting the main effect 

using a =.05, power=.80, and f =.25. We assumed correlation among repeated measures with r 

=.5, effect size, and nonsphericity correction e =1.00 based on prior pilot work. The required 

total sample size was n=34 (17 participants in each group). 

 
 

Participants 
 

Forty-four older adults were recruited from community centers and physician offices. 

Participants were included in the study if they were between 65-85 years old, able to walk 50 

meters independently, willing and able to conform to study protocol, without severe medical or 

mental illness 30 days before the study participation and did not have an orthopedic or 

neurological disorder that impaired walking. Participants were excluded if they had severe 

respiratory problems such as chronic obstructive pulmonary disease (COPD), dizziness/vertigo, 

severe depression, heart disease or uncontrolled blood pressure, seizure disorder, or severe 

arthritis, other orthopedic conditions that limit mobility, or any impairment in the visual, 

vestibular, or somatosensory systems. 

Participants were first administered the Montreal Cognitive Assessment (MoCA). The 

MoCA assesses attention and concentration, executive function, memory, visuo-construction 

skills, calculation and orientation. Participants were divided into two groups based on a MoCA 

cut off score of 26 (Nasreddine et al., 2005). Results from Nasreddine and colleagues (2005) 
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suggest that a MoCA cut off score of 26 has a 90% sensitivity and 87% specificity at identifying 

older adults with MCI. Participants were in the cognitively healthy (CH) group if they scored 

between 26-30 and were in the MCI group if they scored between 19-25. If participants scored 

below a 19/30, they were excluded from this study as this score indicates the presence of 

dementia. 

 
 

Physical and Postural Control Assessments 
 

Participants were asked about whether they use corrective lenses and this was recorded. 
 

Participants completed two questionnaires: 
 

1) Dresden Fall Questionnaire (Frank et al., 2022), consists of 5 questions about fall history in 

the last 3 months: (1) How often did you fall? (2) How often have you been in situations where 

you almost fell but were able to catch yourself? (3) How often did you worry about falling? (4) 

Did you injure yourself during the falls? (5) If you have fallen, identify the circumstances. The 

Dresden Fall Questionnaire is valid and reliable among older adults (Frank et al., 2022). 

2) Depression Short Form of the Quality-of-Life Questionnaire: This consists of 8 questions 

asking about depression specific quality of life. Depression has been associated with worsening 

postural stability, as defined by increased magnitude of sway area and center of pressure 

displacement (Suarez et al., 2025). 

We administered three standardized performance-based assessments of balance and 

strength: 

1) Mini BESTest, which assesses all six domains of postural control proposed by Horak (2006). 
 

The Mini BESTest includes 14 items and assesses biomechanical constraints, sensory 

orientation, cognitive processing, control of dynamics, orientation in space, and movement 
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strategies (Franchignoni et al., 2010). An examiner guarded the participant for safety. The Mini 

BESTest has good to excellent reliability and validity among older adults and neurological 

populations (Di Carlo et al., 2016; Meseguer-Henarejos et al., 2025). 

2) Five Time Sit to Stand test (5TSTS). The 5TSTS has been found to be valid and reliable in the 

community dwelling elderly (Bohannon, 2009; Schaubert & Bohannon, 2005). 

3) Grip strength using a hand-held dynamometer. Grip strength has been used to characterize 

upper limb strength (Bohannon, 2009) and has been found to predict functional performance in 

older adults (Martien et al., 2015). 

Participants completed measures of sensory integration. Visual acuity was assessed using 

the Snellen Chart. Participants were seated in a chair 20 ft from Chart and asked to read the 

lowest line they could. Wearing corrective lenses is allowed. Each eye was tested separately, and 

the average of each eye was used for analysis. Vestibular function was assessed using the 

Dynamic Visual Acuity Test (DVAT). Participants were seated in a chair, and the examiner 

passively flexed the cervical spine to 20-30 degrees and passively rotated their head right and left 

20-30 degrees at a frequency of 2Hz and asked the participant to read the lowest line. This was 

repeated for the vertical direction (examiner passively flexed and extended cervical spine 20-30 

degrees at a frequency of 2Hz). A loss of 3 lines or more with the DVAT compared to static 

visual acuity is indicative of vestibular dysfunction (Herdman, 2013). Somatosensory function 

was assessed by examining light touch in L1-S1 dermatomes of the lower extremities. 

Proprioception (joint position sense) will be assessed at the knee and ankle. Both are commonly 

used and feasible clinical tests. Light touch sensation assessments have good validity and 

reliability in persons with neurological disorders (Vora et al., 2023). Proprioception has adequate 

reliability and validity (Vora et al., 2022). 
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Participants completed the modified Clinical Test of Sensory Integration and Balance 

(mCTSIB) with and without a dual task to assess postural control. Postural sway data were 

collected for the mCTSIB with one sensor at the level of the L5 vertebrae. Post-processing of 

data was performed with proprietary software (Mobility Lab™, APDM, Eugene, OR, USA). The 

APDM Mobility Lab System has fair to excellent validity (Washabaugh et al., 2017) and 

excellent reliability (Godinho et al., 2016). 

The mCTSIB requires the participant to complete 4 balance conditions for 30 seconds 

each: (1) stand with eyes open on a firm surface, (2) stand with eyes closed on a firm surface, 

(3) stand with eyes open on a foam surface, and (4) stand with eyes closed on a foam surface. 
 

Participants got one practice trial of 10 seconds for each condition. The order of conditions was 

randomized. One examiner operated the APDM technology, and the second examiner guarded 

the participants for safety. Postural sway data collected included time-domain measures of 

postural control correction (sway area and mean velocity) and smoothness of the postural 

correction (jerk). Sway area is the area of an ellipse covering 95% of the sway angle in both the 

coronal and sagittal planes (Mancini et al., 2012). Mean velocity is the velocity of the center of 

pressure displacement (Mancini et al., 2012). Jerk is a time derivative of acceleration (Mancini et 

al., 2012). These measures were chosen as they have been found to be reliable and sensitive 

measures in movement disorders (Kejia Wang et al., 2014; Mancini et al., 2012; Porciuncula et 

al., 2020; Sankarpandi et al., 2017). Participants completed the mCTSIB once without the 

cognitive task and a second time with the cognitive task in a quiet room, facing a wall, and 

instructed to focus on a mark on the wall at eye level 2 ft from the wall. 

Participants completed the cognitive task twice: first while sitting in a chair and a second 

time while performing the mCTSIB. The cognitive task was serial subtraction by 3. Research 
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suggests arithmetic tasks have the highest sensitivity to identify older adults with MCI in dual 

task gait paradigms (Bahureksa et al., 2016). Performance on arithmetic tasks depends on 

education level, working memory, and individual computational ability (Smith et al., 2005). The 

starting number was different each time. Cognitive performance was recorded as the number of 

correct responses. 

Cognitive motor interference was calculated as dual task cost using the following 

formula: [dual task-single task/single task x100] (Plummer & Eskes, 2015). When higher values 

indicate worse performance, such as sway area, jerk, and mean velocity, a negative sign was 

added to the beginning of the equation (Plummer & Eskes, 2015) A negative dual task cost 

indicates performance deteriorated in the dual task condition; a positive dual task cost indicates 

performance improved in the dual task condition. 

Primary outcome measures were cognitive motor interference (dual task cost), motor 

performance (sway area, mean velocity, and sway during the mCTSIB, cognitive performance 

(number of correct responses), and the delayed recall subdomain score of the MoCA. Secondary 

outcome measures were the results from the Mini BESTest, 5TSTS, grip strength, measures of 

visual, vestibular, and proprioceptive function, and results from the questionnaires. 

The order of testing was performed in the following order to limit participant fatigue: 

mCTSIB, grip strength, mini BESTest, sensation testing, 5x STS, proprioception testing, static 

visual acuity, and dynamic visual acuity. 

 
 

Statistical Analysis 
 

The SPSS 29.0 statistical software package (IBM SPSS, Armonk, NY, USA) was used 

for statistical analysis. The normality of the data distribution was assessed using the Shapiro- 
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Wilk test and the significance level was set to 0.05. Participants were divided into two groups 

based on cognitive status (MCI defined as a MoCA score between 19-25, and cognitively healthy 

(CH) defined as a MoCA score 26-30). Clinical and demographic information were analyzed 

using descriptive statistics. Independent t-tests were used to analyze baseline characteristics, 

single task and dual task cognitive and motor performance, and secondary outcome measures 

between the groups. A 2x4 repeated analysis of variance (ANOVA) was performed to analyze 

the primary outcome measures and compare dual task cost between and within the two groups. 

The between-group factors had two levels (MCI, cognitively healthy), the within-group factor 

corresponded to the dual task cost of conditions 1, 2, 3, and 4 of the mCTSIB. The primary 

models were for sway area and cognitive performance; secondary models were for mean velocity 

and jerk. We administered post-hoc comparisons using the Bonferroni test to control for a Type I 

error from multiple comparisons. The total MoCA score was correlated with sway area, mean 

velocity, and jerk for the dual task condition 4 of the mCTSIB. The delayed recall subdomain 

score of the MoCA was correlated with sway area for the dual task condition 4 of mCTSIB. 

 
 

4.4 Results 
 

Baseline Characteristics 
 

Forty-four older adults were included in the analysis (19 with MCI, 24 CH). Independent 

samples t-tests were used to analyze characteristics between the participants. Data were normally 

distributed among the groups. Table 7 summarizes baseline characteristics. There were no 

statistically significant differences in sex or age between the groups. The MCI group had lower 

MoCA scores than the CH group, as expected [t (42) =10.481, p <.001). The MCI group had a 

lower level of education compared to the CH group [t (42) =3.201, p =.001). The level of 
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education for the MCI group ranged from high school degree-master’s degree, while for the CH 

group ranged from high school-professional degree. Since the MCI group had a significantly 

lower level of education compared to the CH group, level of education was added as a covariate 

to the repeated ANOVA model. 

Table 7. 
Participant Baseline Characteristics 

 
 Group Mean Std Dev Cohen’s d t Sig. 

Age CH 71.72 [65,79] 3.10 -.099 -.326 .373 
 MCI 72.21 [65,85] 5.97    

Sex CH 1.28 .46 -.077 -.252 .401 
 MCI 1.32 .48    

Level of 
Education 

CH 3.80 [high school- 
professional] 

1.38 .974 3.201 .001* 

 MCI 2.63 [high school- .90    
  master’s]     

MoCA Score CH 27.68 1.25 3.190 10.481 <.001* 
 MCI 23.05 1.68    
*Indicates statistical significance, p <0.05 

 
 

Cognitive Performance 
 

The MCI group demonstrated statistically significant worse cognitive performance on the 

single task condition [t (41) =3.837, p <.001], and during the dual task condition for all 

conditions: condition 1 [t (42) =3.423, p <.001], condition 2 [t (42) =3.153, p <.001], condition 3 

[t (42) =3.682, p <.001]. and condition 4 [t (42) =2.493, p =.008] (refer to Table 8). Table 9 and 

Figure 2 show dual task cost of cognitive performance. The 2x4 repeated ANOVA results 

showed a significant main effect of group [F (1) =5.209, n2p= .113, p =.028] for cognitive 

performance dual task cost. No significant main effect of condition [F (3) =1.937, n2p =.028, p 

=.332] or group*condition interaction [F (3) =.477, n2p = 012, p =.645] was found. 
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Table 8. 
Single and Dual Task Cognitive Performance 

 
 Group Mean Standard 

Deviation 
Single Task (seated) CH 15.18 8.667 

 MCI 7.03 3.828 
Dual Task CH 15.48 5.875 
Condition 1 MCI 9.53 5.450 
Dual Task CH 13.88 5.442 
Condition 2 MCI 8.58 5.630 
Dual Task CH 14.28 5.144 
Condition 3 MCI 8.79 4.553 
Dual Task CH 12.12 4.868 
Condition 4 MCI 8.37 5.047 

 
 

Table 9. 

Cognitive Performance Dual Task Cost 
 

 Group Mean Standard 
Deviation 

Condition 1 CH 7.772 24.780 
 MCI 44.488 60.792 

Condition 2 CH 1.02 44.286 
 MCI 25.994 73.078 

Condition 3 CH -.056 22.761 
 MCI 28.426 49.148 

Condition 4 CH -16.351 17.143 
 MCI 17.915 56.278 

 
 

Figure 3. 

Dual Task Cost for Cognitive Performance 
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Motor Performance 
 
 

Sway Area: 
 

There were no significant differences in sway area between the groups for any of the 

single or dual task conditions (p >.05, Table 10). Magnitude of sway area increased as conditions 

progressed from 1-4 in both single and dual task conditions (Figures 4a, 4b). 

Table 10. 
Single and Dual Task Performance of Sway Area 

 
 Group Mean Standard 

Deviation 
Cohen’s 
d 

t Sig. 

Single Task Condition 1 CH .024 .015 -.067 -.219 .414 
 MCI .025 .016    

Single Task Condition 2 CH .032 .022 .256 .842 .202 
 MCI .027 .012    

Single Task Condition 3 CH .097 .067 .348 1.14 .130 
     4  

 MCI .076 .050    

Single Task Condition 4 CH .117 .065 -.047 -.156 .439 
 MCI .120 .074    
       

Dual Task Condition 1 CH .079 .124 .056 .184 .427 
 MCI .073 .104    

Dual Task Condition 2 CH .057 .053 -.020 -.067 .474 
 MCI .058 .045    

Dual Task Condition 3 CH .128 .070 -.207 -.679 .250 
 MCI .145 .093    

Dual Task Condition 4 CH .139 .062 .012 .038 .485 
 MCI .138 .082    
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Figure 4a. 
Sway Area Single Task 

 

 
Figure 4b. 
Sway Area Dual Task 

 
 
 

For sway area dual task cost, results of the repeated measures ANOVA revealed a 

significant main effect of condition [F (2.035) =5.554, n2p =.199, p=.005], no significant effect of 

group [F (1) =.640, n2p = .015, p =.428] and no group*condition interaction [F (2.035) =.1.142, 

n2p = .027, p =.325] (Table 11, Figure 5). Mauchly’s test of sphericity assumption was violated, 

[Mauchly’s W (5) =.405, p <.001), so Greenhouse-Geisser-corrected degrees of freedom was 

used. Post-hoc comparisons with a Bonferroni correction revealed that for the CH group, there 
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were significant differences between conditions 1 and 4 (mean difference 266.44, p =.002), 1 and 
 

3 (mean difference 211.712, p =.010), and 2 and 4 (mean difference 144.090, p =.023). For the 

MCI group, there were significant differences between conditions 3 and 4 (95.565, p =.016). For 

both groups, dual task cost improved as conditions progressed from 1-4. 

Table 11. 

Sway Area Dual Task Cost 

 

 Group Mean Standard Deviation 
Condition 1 CH -248.527 413.853 

 MCI -215.937 344.535 
Condition 2 CH -151.032 337.904 

 MCI -137.917 178.480 
Condition 3 CH -85.979 134.742 

 MCI -121.039 165.673 
Condition 4 CH -28.803 40.222 

 MCI -27.688 57.036 
 

Figure 5. 

Dual Task Cost for Sway Area 
 
 

300 

200 

100 

0 

-100 

-200 

-300 

-400 

-500 

-600 

-700 

-800 

 
 
 
 
 
 

CH 

MCI 

 
Mean Velocity 

 

There were no significant differences in mean velocity between the groups for any of the single 

or dual task conditions (p >.05, Table 12). Magnitude of sway area increased as conditions 

progressed from 1-4 in both single and dual task conditions (Figures 6a, 6b). 

1 2 3 4 



64  

0.4 

0.35 

0.3 

0.25 

0.2 

0.15 

0.1 

0.05 

0 

CH 

MCI 

1 2 3 4 

Table 12. 

Single and Dual Task Performance of Mean Velocity 
 
 

 Group Mean Standard 
Deviation 

Cohen’s 
d 

t Sig. 

Single Task Condition 1 CH .128368 .0736317 -.107 -.353 .363 
 MCI .136747 .0835734    

Single Task Condition 2 CH .136704 .0955748 -.177 -.580 .282 
 MCI .152284 .0773315    

Single Task Condition 3 CH .215564 .1227581 .189 .621 .269 
 MCI .193800 .1039088    

Single Task Condition 4 CH .203332 .0804885 -.108 -.356 .362 
 MCI .213500 .1093527    
       

Dual Task Condition 1 CH .143672 .0869994 .011 .037 .485 
 MCI .142600 .1074510    

Dual Task Condition 2 CH .158932 .0853239 .199 .654 .258 
 MCI .144247 .0546231    

Dual Task Condition 3 CH .187264 .0738620 -.167 -.550 .293 
 MCI .200800 .0893932    

Dual Task Condition 4 CH .171856 .0799650 -.372 -.122 .114 
 MCI .202963 .0883553    

 
 

Figure 6a. 

Single Task Mean Velocity 
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Figure 6b. 

Dual Task Mean Velocity 
 
 

Fig. 6b) 
 
 
 

For mean velocity dual task cost, the results from the repeated ANOVA showed no 

significant main effect of condition [F=.947, n2p = .023, p =.406], group [F=.315, n2p = .008, p 

=.578], or condition*group interaction [F=.1.061, n2p =.025, p =.360] (Table 13, Figure 7). 
 

Table 13. 

Mean Velocity Dual Task Cost 
 

 Group Mean Standard Deviation 
Condition 1 CH 35.461 91.570 

 MCI 27.575 83.166 
Condition 2 CH 60.719 124.068 

 MCI 28.407 97.118 
Condition 3 CH 8.874 75.177 

 MCI 15.812 43.531 
Condition 4 CH -8.925 40.533 

 MCI 14.360 68.891 
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Figure 7. 

Dual Task Cost for Mean Velocity 
 

 
 
 

Jerk 
 

There were no significant differences in jerk between the groups for any of the single or 

dual task conditions (p >.05), except single task condition 3 of the mCTSIB [t (42) =2.215, p 

=.016], see table 14. Magnitude of sway area increased as conditions progressed from 1-4 in both 

single and dual task conditions (Figures 8a, 8b). 

 
Table 14. 

Single and Dual Task Performance of Jerk 
 
 

 Group Mean Standard 
Deviation 

Cohen’s d t Sig. 

Single Task Condition 1 CH 1.914488 1.2841084 .223 .767 .224 
 MCI 1.629105 1.1363499    

Single Task Condition 2 CH 2.731028 1.7219640 .361 1.185 .121 
 MCI 2.139158 1.5249695    

Single Task Condition 3 CH 3.366832 2.6572118 .674 2.215 .016* 
 MCI 1.916526 1.1765328    

Single Task Condition 4 CH 5.890584 5.0778104 .419 1.376 .088 
 MCI 4.148421 2.4483078    
       

Dual Task Condition 1 CH 7.341276 10.5489329 -.024 -.079 .469 
 MCI 7.626842 13.3508348    

Dual Task Condition 2 CH 5.670268 5.7484748 -.075 -.247 .403 
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MCI 6.151579 7.1558381  
Dual Task Condition 3 CH 7.889724 6.8986699 -.063 -.206 .419 

MCI 8.416947 10.0734656    
Dual Task Condition 4 CH 11.41812 15.7198594 .447 1.470 .075 

 4     
MCI 5.925263 4.7211475    

*Indicates statistical significance, p <0.05 
 

Figure 8a. 

Single Task Jerk 
 
 

 
Figure 8b. 

Dual Task Jerk 
 
 

 
For jerk dual task cost, the results of the repeated ANOVA showed no significant main 

effect of condition [F =2.224, n2p = .051, p =.136], group [F =.374, n2p = .009, p =.554], or 

condition*group interaction [F =.391, n2p = .009, p=.760] (Table 15, Figure 9). 
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Table 15. 

Jerk Dual Task Cost 

 

 Group Mean Standard Deviation 
Condition 1 CH -248.453 350.673 

 MCI -608.150 1797.706 
Condition 2 CH -172.403 359.811 

 MCI -283.950 527.352 
Condition 3 CH -183.832 266.546 

 MCI -341.423 490.630 
Condition 4 CH -96.156 122.333 

 MCI -55.457 101.540 
 
 
Figure 9. 

Dual Task Cost for Jerk 

   

 

 
 

Relationship Between Cognitive Function and Postural Sway 
 

The results of the correlation analysis between total MoCA score and each postural sway 

outcome measure for dual task condition 4 of the mCTSIB showed no significant correlations 

[sway area: Pearson’s r =-.101, p =.516; mean velocity: Pearson’s r =-.242, p =.114, jerk: 

Pearson’s r = .085, p =.584]. 

The results of the correlation analysis between the delayed recall subdomain of the 

MoCA and sway area for dual task condition 4 of the mCTSIB showed no significant correlation 
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(Pearson’s r =.008, p =.960]. 
 

Within the subdomains of the MoCA, the groups had statistically significant differences 

between the delayed recall [t (42) =3.910, p <.001], visuospatial [t (42) =5.258, p <.001], total 

attention [t (42) =3.749, p <.001], and language subdomains [t (42) =2.656, p =.006]. The most 

impaired subdomains listed in order from most impaired to least impaired were: delayed recall, 

visuospatial, total attention, abstraction, language, naming, and orientation. 

 
 

Secondary Outcome Measures 
 

Table 16 displays the results for the secondary outcome measures. The MCI group had a 

lower total score for the Mini BESTest [t (42) =1.946, p =.029) and worse static visual acuity [t 

(42) =2.579, p =.007]. There were no statistically significant differences between the groups for 

grip strength (dominant and non-dominant hand), 5x STS, Depression Neuro Quality of Life 

Questionnaire, or Dresden Fall Questionnaire (p >.05). All participants had normal vestibular, 

somatosensory, and proprioception function. 

 

Table 16. 

Secondary Outcome Measures 

Group Mean Standard 
Deviation 

 
 
 

Cohen’s d t Sig. 

Grip Strength (in 
lbs., non- 
dominant hand) 

 
Grip Strength (in 
lbs., dominant 
hand) 

CH 49.260 17.146 .285 .935 .177 
 
 

MCI 44.274 18.000 
CH 57.788 19.5929 .384 1.262 .107 

 

MCI 49.316 24.979  
  Mini BESTest CH 26.24 1.480  .592 1.946 .029* 

 MCI 25.26 1.821    
5x STS (sec) CH 10.553 2.488 -.370 -1.188 .121 

 MCI 11.552 2.955    
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Depression 
NeuroQol 

CH 9.36 1.846 -.304 -.997 .162 

 MCI 10.05 2.758    
Dresden Fall 
Questionnaire 

CH .88 1.236 -.466 -1.439 .081 

 MCI 1.63 2.006    
Static Visual CH 6.56 1.911 .785 2.579 .007* 
Acuity (average)  [20/27]     

 MCI 5.026 2.010    
  [20/40]     
*Indicates statistical significance, p <0.05; lbs.=pounds; sec=seconds. 

 
The Mini BESTest consists of 4 subdomains, and the MCI group scored statistically 

significantly worse on the Dynamic Gait subdomain [t (42) =1.984, p =.029]; there were no 

statistically significant differences in the other subdomains (Anticipatory, Reactive Postural 

Control, and Sensory orientation) between the groups. In the Dynamic Gait subdomain, the most 

impaired task was the Timed Up and Go (TUG) Dual Task (89% of the MCI group lost points 

here compared to 63% of the CH group); next most impaired was Walking with Obstacles (52% 

of MCI group lost points here compared to the 21% of CH group); next impaired was Walking 

with Head Turns (21% of MCI group lost points here compared to 12% of CH group). 

There were no statistically significant differences between TUG between groups [t (42) 
 

=-1.518, p =.068], however, the MCI group demonstrated a statistically significantly longer 

TUG time during the dual task TUG [t (42) =-2.280, p = .014] (Table 17). Data was missing on 

three participants. 

 
Table 17. 

Single and Dual Task Timed up and Go (TUG) 
 

 Group n Mean Standard 
Deviation 

Cohen’s d Sig. 

TUG (sec) CH 24 8.3867 1.26569 -.473 .068 
 MCI 18 9.1711 2.07281 -.473  

Dual Task TUG CH 24 10.5817 2.83515 -.723 .014* 
(sec) MCI 17 12.9824 3.91663 -.723  

*indicates statistical significance, p<0.05; sec=seconds. 
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4.5 Discussion 
 

Cognitive Motor Interference 
 

The primary aim of this study was to investigate whether older adults with MCI 

demonstrate cognitive motor interference during static balance conditions while performing a 

secondary task. In this study, there was a significant main effect of group for cognitive 

performance dual task cost and a significant main effect of condition for sway area dual task 

cost. This suggests older adults with MCI demonstrated improvement in dual task cost for 

cognitive performance and worsening in dual task cost for sway area, while the cognitively 

healthy older adults demonstrated no interference in dual task cost for cognitive performance 

and worsening in dual task cost for sway area. 

The magnitude of sway area increased as conditions progressed in both groups, during 

both single and dual tasks, indicating worsening postural stability as the postural became more 

complex. The findings regarding the single task performance are consistent with the pilot study. 

The findings about dual task performance are consistent with other literature examining static 

balance conditions with all sensory information available (standing on firm surface with eyes 

open) with a secondary cognitive task (Hauer et al. 2003, Goyal et al. 2020). The magnitude of 

sway area was not different between the groups for the single task conditions, which is consistent 

with other literature (Hauer et al. 2003, Zhou et al. 2023, Xu et al. 2024). However, this 

contradicted the pilot study findings. In the pilot study, the participants with MCI were excluded 

if they reported any vestibular disease or sensory disturbance, but this wasn’t confirmed with 

objective testing. The data from healthy controls did not include objective information about the 

sensory, vestibular, or somatosensory systems. This could explain the discrepancy of findings. 

The magnitude of sway area was also not different between the groups for the dual task 
 

conditions. 
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Findings from other work suggests older adults with MCI demonstrate increased magnitude of 

sway area during static balance conditions with all sensory information available (standing on 

firm surface with eyes open) with a secondary cognitive task (Hauer et al. 2003, Goyal et al. 

2020, and Xu et al. 2024). Hauer et al. 2003 used serial 2’s and serial 7 subtractions as the 

cognitive task, however, Goyal et al. 2020 and Xu et al. 2024 used serial 3 subtractions like our 

study. Goyal and colleagues only included 5 individuals with MCI and 10 cognitively healthy, 

and only excluded participants with a history of neurological or sensory impairment. Xu and 

colleagues (2024) only excluded participants if they had severe visual impairment. This study 

accounted for measures of sensory integration, and all participants had normal vestibular and 

somatosensory function. Though the older adults with MCI had worse visual acuity, it is unlikely 

this impacted our dual task paradigm protocol. 

In this study, sway area dual task cost was not different between the groups, which is 

consistent with Zhou et al. 2023. There is limited work reporting dual task cost for sway area 

during static balance conditions with a secondary task in older adults with MCI. This study is the 

first to report sway area during static balance conditions with varying sensory information 

available from the visual, vestibular, and somatosensory systems with a secondary cognitive task 

in older adults with and without MCI. 

Sway area dual task cost improved as conditions of the mCTSIB progressed from 1-4. 

Dual task cost was larger for the simpler conditions (condition 1 and 2), and decreased for the 

more complex conditions (3 and 4), suggesting less cognitive motor interference for the more 

complex conditions. Research suggests cognitive motor interference is dependent on the 

complexity of the task (Shumway-Cook & Woollacott, 2000b). There has been limited published 

work examining the complexity of the postural control task during standing balance in older 

adults. However, our findings our consistent with literature examining the Sensory Orientation 
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Test and mCTSIB in younger adults and athletes using instrumented testing (Broglio et al., 2005; 

Ketcham et al., 2019; Mujdeci et al., 2016; Resch et al., 2011; Tweel et al., 2022). Though these 

studies did not use dual task cost as the primary outcome measure, results suggest the difference 

between the single and dual task performance was less in the complex condition (suggesting 

decreased dual task cost, less cognitive motor interference), compared to the simpler conditions. 

Ketcham et al. 2018 and Tweel et al. 2022 both used the mCTSIB with instrumented testing. The 

study by Ketcham and colleagues examined 165 healthy student athletes completing serial 

subtraction by 7 while performing the mCTSIB and the study by Tweel and colleagues examined 

10 healthy young adults while completing serial subtraction by 3 while performing the mCTSIB. 

Results from both suggest the difference between sway area of the single and dual task 

performance was large for condition 1 (indicating increased magnitude of dual task cost, 

worsening of performance during the dual task condition), and less for condition 4 (indicating 

decreased magnitude of dual task cost) (Ketcham et al., 2019; Tweel et al., 2022). Both Ketcham 

et al. 2019 and Tweel et al. 2022 also found cognitive performance was unchanged across 

conditions of the mCTSIB (similar to the CH group in this study), and argued that because 

cognitive performance was unchanged, participants perhaps were focusing more on the cognitive 

task, and less on the postural control task. Some literature suggests an external focus of attention 

can often improve postural control, as this stimulates automaticity of postural control and more 

efficient movement patterns (Wulf et al., 2001). Findings from other research suggest adding a 

cognitive task to a postural control task promotes automaticity in younger and older adults, as 

evidenced by decreased sway amplitude with increased sway complexity (as measured with 

sample entropy) (Potvin-Desrochers et al., 2017). In a systematic review examining external 

focus of attention in postural control in older adults by Chen and colleagues, results suggest a 
 

challenging cognitive task may allow more automaticity of postural control, thus better 
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performance than an external focus (Chen et al., 2023). Findings from Richer and Lajoie (2020) 

suggest tasks that are more difficult are better at promoting automaticity than tasks requiring less 

cognitive involvement in both young and older adults (Richer & Lajoie, 2020). Perhaps the 

cognitive task provided an external focus of attention, promoting automaticity in standing 

balance, thus a smaller difference was observed between single and dual task performance for 

sway area on condition 4. 

The results of this study suggest task prioritization is different between the groups 

according to the framework proposed by Plummer and Eskes (2015) (see figure 10). While the 

CH group demonstrated motor interference (worsening of motor performance, no change in 

cognitive performance), the MCI group demonstrated a cognitive priority trade off (improvement 

in cognitive performance, worsening in motor performance). This is the first study to report task 

prioritization in older adults with MCI during static balance conditions with an additional 

cognitive task. 

Figure 10. 

Cognitive Motor Interference 
 

Key: Cognitive motor interference of sway area dual task cost and cognitive performance dual task cost, adapted 
from Plummer and Eskes (2015); DTC=dual task cost; motor performance (sway area) dual task cost is along the y- 
axis, cognitive performance dual task cost is along the x-axis; blue circles are the CH group, orange circles are the 
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MCI group; all circles are numbered corresponding to the condition of the mCTSIB. 
 
 

The framework proposed by Yogev-Seligmann and colleagues (2012) may provide 

further clarification on task prioritization. Yogev-Seligmann et al. 2012 proposed a framework to 

analyze task prioritization and argue it encompasses 5 domains: postural reserve, hazard 

estimation (postural threat), expertise on the task (novel vs learned), nature and complexity of the 

secondary task, and mood/personality (arousal, anxiety, and risk-taking behavior). In this study, 

the postural reserve of both groups was high, as both groups completed the mCTSIB with a 

perfect clinical score (120 seconds without falling). Conditions 1 and 2 were learned tasks, as 

they are tasks individuals perform in their everyday lives (standing on firm surface eyes either 

open or closed). However, conditions 3 and 4, standing on a compliant surface with eyes open or 

closed, is a novel task, as most people do not perform this regularly in their daily lives, especially 

standing on a compliant surface with eyes closed (condition 4). The secondary task of serial 

subtraction by 3’s, was complex, and many participants reported that it was difficult. 

Information regarding hazard estimation/postural threat or arousal/risk taking behavior was not 

collected. During the mCTSIB, it is suspected the hazard estimation was high for the cognitively 

healthy group, and low in the mild cognitive impairment group. This is supported by other work 

suggesting cognitively impaired individuals may demonstrate lower hazard estimation and lower 

perceived threat (Henry et al., 2009). It is also suspected that hazard estimation increased in both 

groups as the conditions became more complex, especially in condition 4, a novel task. 

Participants in both groups perceived the task as more difficult and more hazardous (arousal 

levels increasing). Many participants verbally expressed that they were worried and anxious 

about condition 4. 

There is limited work examining postural threat in older adults with MCI, but this has 
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been examined in cognitively healthy young and old adults. Research suggests increased postural 

threat may have an influence on postural control, as measured by center of pressure displacement 

using instrumented testing (Adkin & Carpenter, 2018). Standing balance changes are highly 

specific to the context, direction, and nature of the perceived threat (Adkin & Carpenter, 2018). 

Height-induced threat and a social evaluative threat may decrease the magnitude of sway; 

however, a perturbation-induced threat may increase the magnitude of sway in adults (Adkin & 

Carpenter, 2018; Doumas et al., 2018). In this study, many participants reported anxiety and 

stress with condition 4 and also asked how other participants performed (social-evaluative). It 

could be argued that for complex condition 4, with the concurrent cognitive task, participants’ 

postural threat/hazard estimation increased, which limited the magnitude of sway with the 

additional dual task. The neurophysiological rationale for the relationship between emotion and 

postural control are based on highly integrated neural networks responsible for processing 

emotional information (fear, anxiety) and sensorimotor control of upright stance. The autonomic 

nervous system and the somatic nervous system share key relay stations in the brainstem, 

cerebral cortex, and basal ganglia, which are connected to and influenced by the limbic system, a 

network of brain regions responsible for emotional processing (Hall et al., 2023). 

Under postural threat, individuals tend to consciously control their posture and report 

they shift attentional focus more to their movement and the threat-related stimuli, thus 

demonstrating less automaticity of posture (Hall et al., 2023). The interaction between emotion 

and cognitive responses ultimately leads to a behavioral outcome and this is very context 

dependent; individuals can have altered attentional allocation, arousal mediated changes, and 

context specific changes to one’s sensorimotor processing (Hall et al., 2023). Findings from Kal 

et al. 2022 and Jie et al. 2023 suggest increased conscious processing may increase sway 

amplitude during simple tasks (indicating worsening performance), but as task difficulty 
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increases, the effect can change, and it may enhance balance performance. Jie and colleagues 

(2023) found sway amplitude unchanged when young adults stood on a stable versus unstable 

surface while comparing low and high conscious movement processing conditions. On an 

unstable surface, there is increased processing of task relevant sensory information, which could 

enhance performance (Hall et al., 2023). Additional work suggests postural threat may induce 

enhanced automaticity of postural control that may be constrained by excessive attempts to 

consciously control balance (Ellmers et al., 2021; Fischer et al., 2023; Jie et al., 2023). 

In this study, the level of fear/anxiety, level of postural threat, the level of conscious 

movement processing, and attention focus with each condition were not objectively measured. In 

addition, postural sway measures associated with automaticity/conscious movement processing 

such as center of pressure frequency, postural sway complexity, or sample entropy were not 

collected. The findings of this study suggest the magnitude of sway area increased as the 

complexity of the postural task increased for both groups, during both the single and dual task. 

However, the difference between sway area between the single and dual task conditions 

decreased as the postural task complexity increased, suggesting less interference with the more 

complex postural control task (condition 4). In this study, it is hypothesized that the cognitive 

task provided an external focus of attention, and postural threat increased as the postural task 

complexity increased (conditions progressing from 1-4), both contributing to an increased 

automaticity of postural control in dual task condition 4. 

There was no significant main effect of condition, group, or group*condition interaction 

for mean velocity dual task cost. The magnitude of mean velocity increased for both groups and 

all conditions, indicating worsening postural stability, which is consistent with other literature 

(Mignardot et al. 2014, Goyal et al. 2020, Borges et al. 2016, Deschamps et al. 2014). However, 

this was not statistically different between the groups, which is inconsistent with Goyal et al. 
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2020 and our pilot work, but consistent with Mignardot et al 2014. The participants in the pilot 

study were not objectively assessed for any visual, vestibular, and somatosensory impairments, 

so it is possible the differences between the groups could be explained by impairments in these 

systems instead of cognitive impairment. Goyal and colleagues (2020) examined 15 older adults 

with and without MCI and asked participants to stand with eyes open on a firm surface and 

found older adults with MCI demonstrated increased anteroposterior and mediolateral mean 

velocity compared to older adults without MCI. This study only included 5 individuals with 

MCI, so may not be representative of the population. Mignardot and colleagues (2014) examined 

611 older adults with and without MCI and asked participants to stand with eyes open on a firm 

surface without a cognitive task and didn’t find any differences between the groups for mean 

velocity. Mean velocity was not analyzed in other literature examining static balance conditions 

with a secondary cognitive task in older adults with and without MCI (Hauer et al 2003, Xu et al 

2024, Zhou et al. 2023). This study is the first to report mean velocity during static balance 

conditions with varying visual, vestibular, and somatosensory information with and without a 

secondary cognitive task between older adults with and without MCI. 

There was no significant main effect of condition, group, or group*condition interaction 

for jerk dual task cost. The magnitude of jerk increased in all conditions, indicating worsening 

postural stability, which is consistent with other literature examining jerk in older adults 

(Mancini et al., 2012) and the pilot project. There were no significant differences in single or 

dual task performance, except single task performance of condition 3 of the mCTSIB. This is 

inconsistent with the pilot project findings, suggesting older adults with MCI demonstrate 

increased magnitude of jerk in all conditions of the mCTSIB compared to healthy controls. 

However, in the pilot study, objective measures of the visual, vestibular, and somatosensory 
 

systems were not collected. It is possible the differences in the groups could be attributed to 
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impairment in one of these systems, instead of cognitive impairment. Jerk is a sensitive predictor 

of falls in older adults (Sun & Sosnoff, 2018). Research about jerk in older adults with MCI has 

not yet been published in the literature. This study is the first to report jerk during static balance 

conditions with a secondary cognitive task in older adults with and without MCI. 

 
Relationship Between Cognitive Function and Postural Sway 

 
There were no statistically significant correlations found between the total MoCA score 

and sway area, mean velocity, or jerk for the dual task condition 4 of the mCTSIB, or between 

the delayed recall subdomain of the MoCA and sway area for dual task condition 4 of the 

mCTSIB. In a systematic review examining domains of cognition and static balance in 

cognitively healthy older adults, results suggest a small, positive association between executive 

function and postural sway measures and global cognitive function and postural sway measures 

(Divandari et al., 2023). There is limited work examining the relationship between domains of 

cognition and postural control in older adults with MCI. Ide and colleagues found an association 

between total score of the MMSE and postural control during the mCTSIB (Ide et al., 2022). 

Taylor and colleagues found poor executive function was associated with worse postural control 

and mobility (Taylor et al., 2017). The MoCA was chosen as a feasible, clinical tool for 

classifying participants as MCI or CH. However, it is a screening tool with a few items within 

each subdomain, and only a few subdomains that were challenging for the participants. Future 

investigators should consider using cognitive tests specifically for different subdomains of 

cognitive function to explore the relationship between cognitive function and postural control 

during static balance conditions in older adults with and without MCI. 

 
Secondary Outcome Measures 

 
The MCI group scored lower than the CH group on the total score of the Mini BESTest. 
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Research suggests older adults with subjective cognitive impairment and MCI demonstrate 

significantly lower scores of the Mini BESTest compared to older adults with dementia (Tangen 

et al., 2023). There is limited work examining the Mini BESTest in older adults with and without 

MCI. The MCI group scored significantly lower on the Dynamic Gait subdomain, with the most 

impaired subsection being the TUG Dual Task. There were no significant differences in TUG 

time for the single task between the groups. This is inconsistent with other literature that suggests 

older adults with MCI demonstrate poorer performance on the TUG (McGough et al., 2011) and 

cognitive impairment was found to predict TUG performance, after sex and age was controlled 

for (Ibrahim et al., 2017). This study found the MCI group demonstrated a significantly slower 

TUG time than the CH group during the dual task TUG. Ahman and colleagues found the TUG 

significantly discriminated between older adults with and without MCI while performing 2 

different cognitive tasks (naming animals and reciting months backwards) (Åhman et al., 2020). 

There is limited work examining the TUG with serial subtraction by 3’s. 

Research suggests a score of more than 13.5 seconds for the single task TUG and more 

than 15 seconds for the dual task TUG is predictive of falls in community-dwelling older adults 

(Shumway-Cook et al., 2000). Only 1 participant (participant with MCI) took longer than 13.5 

seconds to complete the single task TUG and only 4 participants (3 participants with MCI, 1 

participant without MCI) in this cohort took longer than 15 seconds to complete the dual task 

TUG, suggesting overall this cohort was at a lower risk for falls. This cohort demonstrated 

statistically significant differences in a gait dual task paradigm, but not a static standing dual task 

paradigm. 

The MCI group had worse visual acuity compared to the CH group, but all participants 

had normal vestibular and somatosensory function, and proprioception. Visual acuity was not 
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required for this dual task paradigm, as the participants were subtracting numbers by 3’s 

(compared to a visual search task as reported by Zhou et al., 2023). 

There were no differences in the overall score of the Dresden Fall Questionnaire, but 

there were differences in the answers to questions 1 and 3 between the groups. The CH group 

had a higher prevalence of falls than the MCI group (n=4 in the CH group, n=0 in the MCI 

group). In the CH group, one participant was a recreational ice hockey player, and fell several 

times during the practices once a week, not sustaining any injuries. The other three participants 

in the CH group tripped and fell once, and only one participant reported very mild bruising on 

the shoulder and hand. The fall prevalence in this cohort is not a representative sample. Older 

adults with MCI demonstrate a higher prevalence of falls compared to cognitively intact older 

adults (Hopkins et al., 2023). The Dresden Fall Questionnaire is a self-report questionnaire and 

only asked about falls in the last 3 months. Other literature examining falls in older adults track 

falls over 6-12 months and often confirms with a caregiver (Hopkins et al., 2023). Also, it is 

possible some of the cognitively impaired participants forgot to report a fall they sustained in the 

last 3 months. In this cohort, there were more falls in the CH group, but the MCI group worried 

more about falls. This is consistent with other literature (Borges et al., 2016; Uemura et al., 

2015). In cognitively healthy older adults, fear of falling was found to be more sensitive 

predictor of balance than history of falls (Alkhamis et al., 2025). 

Regarding the other secondary outcome measures, overall, this cohort scored within the 

normal ranges for healthy older adults. There were no statistically significant differences in the 

5xSTS between the groups. Research suggests a cut off score of 12 seconds can increase fall risk 

in community dwelling older adults (Tiedemann et al., 2008). The mean time for both groups 

was under 12 seconds (CH group=10.6 seconds, MCI group 11.6 seconds). In addition, all 

participants scored with the normal range for the Depression Neuro Quality of Life 
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Questionnaire, indicating no depression in the group. Finally, all participants scored within the 
 

normal range for healthy older adults for grip strength according to sex-based norms. The 

women in this cohort had a mean grip strength in their dominant arm of 43.8 pounds, and the 

men in this cohort had a mean grip strength in their dominant arm of 78.7 pounds. Research 

suggests grip strength of above 35 pounds for women and 57 pounds for men is indicative of 

normal muscle strength (Cruz-Jentoft et al., 2019). 

 
 

Limitations 
 

The results of this study should be interpreted in the context of the following limitations. 
 

We didn’t collect information regarding the participants’ physical activity. Anecdotally, most 

participants reported regular physical exercise, as most were recruited from community centers, 

who offered exercise classes. However, it is unclear if these individuals participated in light, 

moderate, or vigorous physical activity, and what frequency, and if this was the same or different 

between the groups. Higher levels of physical activity have been associated with improved 

postural stability in older adults (Dunsky, 2019). If there was no difference in the physical 

activity between the groups, perhaps this may explain why there were no differences between the 

groups for the postural sway measures during the mCTSIB. 

After a 20 second practice trial, the participants completed the mCTSIB once for each 

condition. Despite the fact that participants performed the mCTSIB once, our results are 

consistent with prior studies and are likely representative of postural control impairments rather 

than a chance occurrence. 

The MoCA was the only measure used in this study to assess cognitive function. The 

MoCA is reliable and accurate to identify individuals with cognitive impairment (Nasreddine et 

al., 1996) and is feasible for clinicians to use with patients. Other tests exist to assess specific 
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domains of cognition. For example, the Rey Auditory Verbal Learning Test to assess delayed 

recall, the Continuous Performance Test to assess attention, the Clock Drawing Test to assess 

visuospatial ability, or the N-back test to assess working memory. Using separate cognitive 

teststo assess different domains of cognition may be helpful to further understand the relationship 

between cognitive function and postural sway during static balance conditions. 

According to Kahneman (1973), Plummer and Eskes (2015), and Yogev Seligmann et al. 
 

2012, there are several important factors to consider when examining cognitive motor 

interference and task prioritization, including postural reserve, hazard estimation/postural threat, 

the complexity of the secondary task, the expertise regarding the task, and mood and personality. 

Information about hazard estimation/postural threat, risk taking behavior, perceived level of 

anxiety and arousal, and what task the participants prioritized was not collected. Future work 

should consider examining these factors, as it will answer questions regarding the complex topic 

of cognitive motor interference. This will give rehabilitation professionals insight into different 

domains that should be assessed and treated in fall prevention programs in older adults with and 

without MCI. 

 
 

4.6 Conclusion 
 

The primary purpose of this study was to examine whether older adults with MCI 

demonstrated cognitive motor interference compared to older adults without MCI during static 

balance conditions with a secondary cognitive task. The results suggest older adults 

demonstrated a cognitive priority trade off and the cognitively healthy adults demonstrated motor 

interference. Standing balance while performing a concurrent task is an essential activity for 

daily activities. Future research should explore task prioritization in older adults with MCI as this 

could give insight to healthcare providers on how to optimize treatment and reduce the risk of 
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falls. Healthcare providers should include physical assessments for older adults with MCI, and 

these physical assessments should include measures of cognitive motor interference during static 

balance conditions. Future investigators should examine if impaired cognitive motor interference 

during static balance conditions can enhance diagnostic accuracy of MCI and whether it predicts 

transition from MCI to dementia. 
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Chapter 5: Conclusion 
 

This dissertation had two objectives. The first objective was to examine if older adults 

with MCI demonstrate impaired sensory integration strategies compared to older adults without 

MCI. The second objective was to examine whether older adults with MCI demonstrate 

cognitive motor interference during performance of static balance tasks. 

 
 

5.1 First Objective 
 

The pilot study (Chapter 3) focused on the first objective. Older adults with MCI 

performed the modified Clinical Test of Sensory Integration and Balance (mCTSIB) and other 

physical assessments and results were compared with healthy controls with normative data 

published by the APDM. The mCTSIB includes conditions where all sensory information is 

available (condition 1), limited visual input (condition 2), unreliable somatosensory input 

(condition 3), and unreliable visual and somatosensory input (condition 4). Our results indicated 

that older adults with MCI demonstrate impaired postural control as measured by increased sway 

area, increased jerk (reduced smoothness), and decreased velocity during all conditions of the 

mCTSIB compared to healthy controls. Postural stability was most impaired in the condition 

with unreliable somatosensory and limited visual inputs (condition 4). Moreover, during 

condition 4, sway area demonstrated a significant, negative, moderate correlation with the 

delayed subdomain of the cognitive test. There is limited work examining sensory integration 

strategies with limited visual and/or somatosensory input (currently only 3 published studies). 

Our study is the first to demonstrate that older adults with MCI have impaired smoothness 

(increased jerk) of postural corrections particularly when somatosensory and/or visual input is 
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altered. The results of this study highlight that older adults with MCI demonstrate impaired 

sensory integration strategies compared to older adults without MCI. 

Age related decrement in sensory processing and cognitive function may explain the 

differences in the postural sway measures during the mCTSIB between older adults with and 

without MCI. Limitations to the pilot study include the cognitive status was unknown for the 

healthy controls (they were reported as cognitively healthy, but no objective testing regarding 

their cognitive function was published). Additionally, objective measures of the visual, 

vestibular, and somatosensory system were not taken, so it is possible that the differences in 

postural sway measures found between the groups were due to impairment in these systems and 

not cognitive function. 

 
 

5.2 Second Objective 
 

The dissertation project examined if older people with MCI demonstrate cognitive motor 

interference during static balance tasks. We recruited older adults with MCI and a matched group 

without MCI. All participants performed the mCTSIB with and without the cognitive task 

(counting backwards by 3) and completed additional physical assessments. Older adults with 

MCI demonstrated improvement in dual task cost for cognitive performance and worsening in 

dual task cost for sway area (a cognitive priority trade off), while the cognitively healthy older 

adults demonstrated no interference in dual task cost for cognitive performance and worsening in 

dual task cost for sway area (motor interference). This study was the first to examine cognitive 

motor interference during static balance conditions with varying sensory input in older adults 

with MCI, and the first to examine postural control tasks with varying task complexity under 

dual task paradigms in older adults. 
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The findings of this study somewhat conflict with the pilot study. Though participants 

with MCI in the pilot study reported they had no vestibular or somatosensory dysfunction, this 

was not objectively assessed. The data from the healthy controls was obtained from normative 

data published by the APDM, but these individuals also did not have visual, vestibular, or 

somatosensory function or cognitive function measured. The mCTSIB consists of 4 different 

conditions that manipulate information from each of these systems. The differences in postural 

sway measures observed in the pilot study could be explained by impairments in the visual, 

vestibular, and somatosensory systems of the participants, and not cognition. 

The dissertation project built on the pilot study findings, as objective information was 

collected about the visual, vestibular, and somatosensory system. Additional physical 

assessments were administered to assess upper extremity and lower extremity function, and a 

clinical test of postural control. Fall history and depression were also assessed utilizing 

questionnaires. Limitations to this study include information lacking regarding hazard 

estimation/postural threat, what task the participants prioritized, level of perceived anxiety and 

fear, and whether the participants were demonstrating automaticity of postural control or 

conscious movement processing. 

 
 

5.3 Postural Control and Task Prioritization Frameworks 
 

Horak (2006) proposed a framework for postural control consisting of six domains: (1) 

biomechanical constraints (strength, coordination), (2) movement strategies (anticipatory, 

reactive, voluntary), (3) dynamic control (gait), (4) orientation in space (perception, verticality), 

(5) cognitive processes, and (6) sensory strategies. The main objectives of this work focused on 

sensory strategies and cognitive processes, though information was also gathered regarding 
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biomechanical constraints (grip strength and 5x STS) and movement strategies (mini BESTest) 

in the dissertation project. Horak (2006) argues that postural performance and risk factors for 

falls depend on context including biomechanical task constraints, movement strategies, the 

sensory environment, postural orientation, dynamics of control, and cognitive resources. 

Postural performance also depends on the experience and practice of the individual, and the 

perception of the goal and context of the situation (Horak, 2006). The findings of both studies 

support the model proposed by Horak (2006), highlighting sensory strategies and cognitive 

processes of postural control. The experience of the individuals and context of the situation 

through the varying postural control complexity also supports the framework proposed by Horak 

(2006). 

The findings of the dissertation project indicate that task prioritization was different 

between the older adults with and without MCI. The older adults with MCI demonstrated a 

cognitive priority trade off, while the cognitively healthy older adults demonstrated motor 

interference. Yogev-Seligmann et al. (2012) proposed a framework to analyze task prioritization 

consisting of five domains: postural reserve, hazard estimation (postural threat), expertise of the 

task (novel vs learned), nature and complexity of the secondary task, and mood/personality 

(arousal, anxiety, and risk-taking behavior). A new framework for task prioritization is proposed 

including cognitive reserve, which was not included in the original framework proposed by 

Yogev-Seligmann et al. (2012) (see figure 11). 
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Figure 11. 

New Task Prioritization Framework 
 

adapted from Yogev-Seligmann et al. 2012 
*new domain introduced 

 
 

Cognitive reserve is the individual’s capacity to perform under dual task conditions. 
 

Findings from this study suggest older adults with MCI demonstrated less cognitive reserve, as 

evidenced by the lower MoCA scores indicating impaired cognition. 

The findings of this work will be explained by the revised framework for Task 

Prioritization (figure 11). Older adults with and without MCI demonstrated differences in task 

prioritization in the static standing dual task paradigm, likely due to differences in cognitive 

reserve and hazard estimation (postural threat). Both groups had similar postural reserve, as 

evidenced by lack of statistically significant differences in the postural sway measures quantified 

by the APDM wearable sensors. Both groups performed the same dual task paradigm. It is 

hypothesized that the expertise of the postural control task was not different between the groups, 

but the nature/complexity of the secondary cognitive task was more difficult for the MCI group, 

as evidenced by lower number of correct responses compared to the CH group. The poorer 
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performance on the secondary cognitive task is likely explained by lower cognitive reserve in the 

MCI group. Information about postural threat (hazard estimation) and mood/personality (anxiety 

and arousal levels) was not collected in this study. While research suggests postural threat can 

change postural sway measures in cognitively healthy older adults, depending on the nature of 

the threat, less is known about the effect of postural threat in older adults with MCI, and if this is 

different from cognitively healthy older adults. It is hypothesized that older adults with MCI in 

this study had lower hazard estimation than the cognitively healthy older adults, as supported by 

other work (Henry et al., 2009). The level of arousal/anxiety among participants was not 

explicitly collected, though anecdotally many participants reported increased anxiety with 

condition 4 of the mCTSIB, suggesting perceived level of threat increased for both groups across 

conditions. Though the older adults with MCI in this study reported they were more worried 

about falling compared to the older adults without MCI, the level of fear/anxiety during the dual 

task paradigm is unknown. It is hypothesized due to lower cognitive reserve and lower hazard 

estimation (postural threat), the older adults with MCI focused on the cognitive task more than 

the motor task, thus demonstrating a cognitive priority trade off, compared to the cognitively 

healthy older adults who demonstrated only motor interference. Future work should consider 

examining postural threat and arousal during dual task paradigms in static balance conditions 

with varying task complexity in older adults with and without MCI. This will assist physical 

therapists with optimal dual task paradigms to incorporate into fall prevention programs. 

 
 

5.4 Clinical Implications 

These findings have important clinical implications for rehabilitation. Currently in 

clinical practice, physical therapists evaluate older adults with cognitive impairment only after 

they fall or after they sustain an injury from a fall. The American Physical Therapy Association 
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Academy of Geriatrics recommend an annual mobility screen for older adults performed by 

physical therapists, like the annual visit with the primary care physician in the traditional 

medical model (Criss et al, 2026). This visit could identify mobility limitations and those at 

risk for functional decline, falls, and other adverse health outcomes, and prompt referrals to the 

appropriate health care provider to optimize functional independence and quality of life in the 

older adult population (Criss et al, 2026). Results from Cavanaugh and colleagues (2018) 

suggest certain physical performance measures such as standing balance, multiple sits to stands 

from a chair, and gait speed were found be predictive of preclinical disability in older adults. 

Emerging evidence suggests a 15-minute mobility checkup performed by a physical therapist is 

feasible and may increase the self-efficacy of older adults for meeting activity guidelines 

(Lieberz et al., 2025).  In current clinical practice, the annual visit by the primary care 

physician usually includes a brief cognitive screen, often the MoCA. Since older adults with 

mild cognitive impairment are at a higher risk for falls than cognitively healthy older adults 

(Hopkins et al., 2023), if the individual scores below the cut off 26, indicating mild cognitive 

impairment, the physician should consider a referral to a physical therapist for a mobility 

assessment. This will maximize independence and overall well-being in older adults (Criss et 

al., 2026). 

During initial examinations of older adults with MCI, physical therapists should include 

measures of sensory integration and cognitive motor interference during static standing. 

Standing balance is essential for daily activities. Objective measures of the visual, vestibular, 

and somatosensory systems and sensory integration could provide insight on how individuals 

behave during real-world situations where sensory input is changing. Measures of cognitive 

motor interference during static standing are helpful in predicting future fall risk in cognitively 

healthy older adults (Yang et al., 2015). Less is known about the reliability and validity of dual 
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task paradigms during static standing, especially in adults with MCI, limiting its clinical utility 

(Yang et al., 2015). Research suggests cognitive motor interference depends on the complexity 

of the task and the individual (Shumway-Cook & Woollacott, 2000b). It is unclear which dual 

task paradigm during static standing is the most sensitive to predict falls in older adults and 

older adults with MCI. During treatment, physical therapists should consider incorporating 

balance training and dual task training into the treatment plans for older adults with MCI. 

Literature suggests balance training is effective at improving lower extremity strength, static 

and dynamic balance, overall mobility, and decreasing risk for falls in older adults (Ercan 

Yildiz et al., 2024; Sadaqa et al., 2023). Literature also suggests that dual task training is 

effective at improving balance in older adults (Ercan Yildiz et al., 2024), and at improving 

cognitive and motor performance in older adults with and without cognitive impairment (Ali et 

al., 2022; Hao et al., 2025; Ye et al., 2024; Yu et al., 2024). In a recent systematic review, 

findings suggest dual task interventions improve global cognition, executive function, gait, 

balance, and muscle strength compared to single task interventions in older adults with MCI 

and dementia (Hao et al., 2025). The motor interventions in this study included walking, 

cycling, balance, and resistance training (Hao et al., 2025). However, outcomes were different 

depending on the dual task paradigm. Cognitive-motor dual task paradigms demonstrated the 

greatest effectiveness in improving executive function, activities of daily living, and quality of 

life (Hao et al., 2025). Dual motor task training was most effective at improving motor 

performance, as defined by gait performance, muscle strength, and balance (Hao et al., 2025). 

Dual task cognitive training was most effective at improving global cognition (Hao et al., 

2025). Physical therapists should consider different dual task paradigms to tailor individualized 

treatment plans for older adults with MCI, depending on what the patient’s goals for 

rehabilitation are. For instance, if the goal is to improve balance, dual task motor training 
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should be implemented, but if the goal is to improve quality of life, cognitive motor dual task 

training should be included. 

Benefits of dual task training are not isolated to improvements in motor and cognitive 

function. In addition to improvements in global cognition, executive function, working memory, 

and gait, results from another recent systematic review suggest that dual task training also 

provided additional benefits to physical activity and depression in older adults with cognitive 

impairment and dementia. (Ye et al., 2024). 

In a randomized controlled trial, findings suggest balance training with simultaneous 

cognitive exercises was more effective than balance training alone at improving cognitive 

function, functional balance, gait speed, and quality of life in older adults with MCI (Hagovská 

& Olekszyová, 2016). However, most of the literature focuses on functional balance, using 

common clinical tests at outcome measures, such as the Berg Balance Scale or the Tinetti Gait 

Assessment. Less is known about the influence of dual task training on sensory integration, and 

the effect on fall risk and function. 

Though research supports the use of dual task training to improve gait and balance in 

older adults with MCI (Hao et al., 2025; Ye et al., 2024; Yu et al., 2024), it is unclear which dual 

task paradigms are most effective in cognitively healthy older adults, and in older adults with 

mild cognitive impairment. Petrigna and colleagues (2025) propose a standard operating 

procedure for dual task training in healthy older adults, consisting of two 60-minute sessions per 

week including postural balance, resistance exercise, aerobic exercise, and mobility training for 

the motor task, and mental tracking or working memory tasks as the cognitive task (Petrigna et 

al., 2025). Less is known about the effectiveness of different types of cognitive tasks combined 

with the same motor task, or the same cognitive task combined with different motor tasks, 

specifically static standing balance conditions, with altered sensory information in older adults 



94  

with and without MCI. 
 

MCI has been classified in Diagnostic and Statistical Manual (DSM-5) among mild 

neurocognitive disorders (Sachs-Ericsson & Blazer, 2015). More than 50% of those with MCI go 

on to develop dementia, suggesting that MCI may be a prodrome of dementia (Gauthier et al., 

2006; Petersen et al., 2014, 2018). Recent work suggests that impairments in the sensory and 

motor system may precede cognitive impairments and dementia (Albers et al., 2015; Verghese et 

al., 2007). There is also emerging evidence that impairments in balance and gait are commonly 

seen in MCI and their inclusion in clinical assessment may help improve diagnostic accuracy of 

MCI (Bahureksa et al., 2016). However, it remains unclear if balance and gait impairments can 

predict progression from MCI to dementia and this should be examined in future research. 

 
 

5.5 Conclusion 
 

In conclusion, this dissertation had two objectives. The pilot study addressed the first 

objective: to examine if older adults with MCI demonstrate impaired sensory integration 

strategies compared to older adults without MCI. Findings suggest older adults with MCI 

demonstrated increased magnitude of sway area and jerk, indicating impaired sensory integration 

strategies. The dissertation study addressed the second objective: to examine whether older 

adults with MCI demonstrate cognitive motor interference compared to older adults without 

MCI. Findings suggest older adults with MCI demonstrate cognitive motor interference 

compared to older adults without MCI. Results also suggest older adults with MCI demonstrate 

different task prioritization during static standing balance conditions with increased postural task 

complexity. A new framework for task prioritization is proposed, including cognitive reserve as 

the sixth domain. It is hypothesized that the older adults with MCI demonstrated lower cognitive 

reserve and lower threat perception, likely explaining the different task prioritization found 



95  

between the groups. Physical therapists should be integrated into the primary care model, 

performing annual mobility and cognitive screenings in older adults to identify preclinical 

disability to optimize functional independence and quality of life. Future work should explore 

different components of task prioritization to develop the most effective dual task paradigms for 

fall prevention programs in older adults with MCI. Future work should also examine whether 

assessing sensory integration, cognitive motor interference, and task prioritization during static 

balance conditions can enhance accuracy of diagnosing MCI and predict progression from MCI 

to dementia. 
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