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RESEARCH ARTICLE

Intraindividual Variability of Neuromotor Function Predicts Falls
Risk in Older Adults and those with Type 2 Diabetes
Steven Morrison1, Karl M. Newell2
1School of Physical Therapy and Athletic Training, Old Dominion University, Norfolk, VA. 2Department of Kinesiology,
University of Georgia, Athens, GA.

ABSTRACT. This study was designed to examine the effect of
increasing age and type 2 diabetes on the average responses and
inter- and intraindividual variability of falls risk, reaction time,
strength, and walking speed for healthy older adults and older per-
sons with type 2 diabetes (T2DM). Seventy-five older individuals
(controls) and 75 persons with T2DM aged between 50 and 79 years
participated in the study. Assessments of falls risk, reaction time
(RT), knee extension strength, and walking speed were conducted.
The results revealed that advancing age for both control and T2DM
groups was reflected by a progressive increase in falls risk, decreased
leg strength and a decline (i.e., slowing) of reactions and gait speed.
Conversely, the level of intraindividual variability for the RT,
strength and gait measures increased with increasing age for both
groups, with T2DM persons tending to be more variable compared
to the healthy controls of similar age. In contrast to the intraindivid-
ual changes, measures of interindividual variability revealed few dif-
ferences between the healthy elderly and T2DM individuals. Taken
together, the findings support the proposition that intraindividual
variability of neuromotor measures may be useful as a biomarker for
the early detection of decline in physiological function due to age or
disease.

Keywords: falls, reaction time, strength, variability, walking

Introduction

The natural time course of aging is typified by the onset

and progression of adaptations in psychological and

physiological processes that result in an overall decline in

functional behavior. This general decline with aging is

manifested across multiple processes leading to a pervasive

slowing of the neuromotor subsystems, as reflected, for

example, by the slowing of reaction time, decreases in pre-

ferred walking speed, and decline in finger tapping speed

(Aoki & Fukuoka, 2010; Morrison & Newell, 2012; Morri-

son & Newell, 2017; Sommervoll, Ettema, & Vereijken,

2011; Spirduso, Francis, & MacRae, 2005). The functional

decline of aging tends to be exacerbated with the onset and

development of certain age-related diseases such as

Parkinson’s disease, essential tremor, dementia, and type 2

diabetes (T2DM). These diseases are all associated with

age-related declines in physiological functions and can be

manifested by concurrent slowing of the neural system and/

or declines in the complexity of the motor output (Batter-

ham, Bunce, Mackinnon, & Christensen, 2014; Bielak,

Cherbuin, Bunce, & Anstey, 2014; Dykiert, Der, Starr, &

Deary, 2012a; Lipsitz, 2002; Lipsitz & Goldberger, 1992;

MacDonald, Nyberg, & B€ackman, 2006b; Newell, Vaillan-

court, & Sosnoff, 2006; Vaillancourt & Newell, 2002).

However, the effects of aging and/or disease do not

emerge at a single time point in chronological age but are

progressive in nature through the lifespan of the individual

as a function of a range of genetic and lifestyle influences

(Granacher, Muehlbauer, Gollhofer, Kressig, & Zahner,

2011). For example, previous reports have shown decline

in both simple and choice reaction time beginning in early

adulthood (Bielak, Cherbuin, Bunce, & Anstey, 2014;

Dykiert, Der, Starr, & Deary, 2012a). Similarly incremental

decline of gait speed and diminished muscle strength has

also been widely reported with increasing age (Granacher

et al., 2011; Grimby, 1995; Himann, Cunningham, Rechnit-

zer, & Paterson, 1988; Moreland, Richardson, Goldsmith,

& Clase, 2004; Oberg, Karsznia, & Oberg, 1993). Never-

theless, the majority of the research on the age-related

decline in neuro-motor function has focused on the young-

old (60–69 years), middle-old (70–79 years), and old-old

(above 80 years) age groups with fewer investigations of

the changes in the antecedent mid-life adult years.

There is growing evidence that, in addition to the decline

in various physiological functions, older individuals

become more variable in their movement output (Bielak,

Cherbuin, Bunce, & Anstey, 2014; Bielak, Hultsch, Strauss,

MacDonald, & Hunter, 2010; Bunce et al., 2017; Bunce,

MacDonald, & Hultsch, 2004). Indeed, there is an increas-

ing recognition that the pattern of variability over succes-

sive trials within a single person (i.e., intraindividual

variability) reveals important organizational features of the

neuromotor system and its output that can be distinct from

the mean of a given variable and the degree of variability

between persons (i.e., interindividual variability) (Newell

& Corcos, 1993; Newell & Slifkin, 1998). It has been pro-

posed that changes in intraindividual variability may be a

more sensitive (bio)marker of age- and disease-related

decline compared to distribution mean scores of physiologi-

cal system outputs (Lovden, Li, Shing, & Lindenberger,

2007; Newell, Incledon, Bodfish, & Sprague, 1999; Sosnoff

& Newell, 2006) and of the general health status of individ-

uals (Lipsitz, 2002; MacDonald, Nyberg, & B€ackman,

2006b; MacDonald, Hultsch, & Dixon, 2003; MacDonald,

Hultsch, & Dixon, 2011; Shipley, Der, Taylor, & Deary,

2008). There is a need to understand the relations of both

inter- and intraindividual categories of variability in the

aging and disease process. This is in part because the ergo-

dic theorem (Molenaar, 2004; Molenaar, 2008) holds that
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the veracity of interindividual variability predicting intrain-

dividual variability is dependent on the presence of certain

conditions, including stationarity and the exchangeability

of individuals in the population. However, the time-depen-

dent patterns of the inter- and intraindividual categories of

variability in aging and diseases such as T2DM are not well

established.

While the impact of aging on intraindividual variability

of specific motor functions has been the focus of several

studies (Batterham, Bunce, Mackinnon, & Christensen,

2014; Bauermeister et al., 2017; Bunce et al., 2013; Grave-

son, Bauermeister, McKeown, & Bunce, 2016; Haynes,

Bauermeister, & Bunce, 2017; Levin, Jacobs Jr, Ainsworth,

Richardson, & Leon, 1999), there have been fewer direct

examinations of intraindividual variability differences for

individuals who develop age-related diseases such as type 2

diabetes. This is somewhat surprising given that individuals

with T2DM tend to exhibit greater declines in balance con-

trol, reaction time, walking ability and strength compared

to healthy persons of a similar age (Morrison, Colberg,

Mariano, Parson, Vinik, 2010; Schwartz et al., 2002;

Maurer, Burcham, & Cheng, 2005; Volpato, Leveille,

Blaum, Fried, & Guralnik, 2005). One prediction is that the

slowing of neuromotor function and increased intraindivid-

ual variability observed with the typical process of aging

would be exacerbated for T2DM individuals of similar age

since the emergence of this disease combined with decre-

ments due to aging would lead to more profound changes in

motor function. However, this perspective has not been

comprehensively assessed for this population group with

only a few direct examinations of movement variability and

T2DM. Further, those that have been performed have

tended to focus on performance of a single motor task such

as reaction time (Whitehead, Dixon, Hultsch, & MacDon-

ald, 2011) or walking (Lalli et al., 2013; Roman de Mette-

linge et al., 2013). Given the widespread consequences of

this disease on the neuromotor processes, it could be argued

that greater insight as to any relation between intraindivid-

ual variability and motor function for T2DM persons would

be gained from assessment across a range of neuromotor

tasks for the same individual. Taken together, the state-

ments provide support for further examination of the impact

of T2DM on variability of motor function.

The central goal of this study was to investigate the relative

contributions of inter- and intraindividual variability in the

onset and progression of change (decline) in the neuromotor

system as a function of age and disease (T2DM). Additionally,

this studywas designed to examine differences in inter/intrain-

dividual variability for lower limb strength, motor function

and falls risk between healthy individuals and those with

T2DMaged 50–79 years. The generalizability of aging effects

on inter- and intraindividual variability across motor tasks has

received little study (though see Sosnoff & Newell, 2006).

There are contrasting hypotheses that aging effects are both

general across motor tasks and specific to a task or a category

of motor tasks (Welford, 1984; Wiswell et al. 2001). The

hypothesis that we test here in standard speed-related and

strengthmotor tasks used to study aging is that there are gener-

alizable across-task contributions to both inter- and intraindi-

vidual variability that strengthen with the progression of aging

and the presence of T2DM. In addition, it was of interest to

assess the relation between selected neuromotor measures

(including mean and intraindividuals responses) and falls risk

for the two groups across the three age ranges. To this effect,

the relation between the falls risk scores and selected gait,

reaction time, and strength measures, correlation analyses. It

was predicted that stronger correlations would be observed

betweenmeasures of intraindividual variability of motor func-

tion and falls risk, especially for the older persons with T2DM.

Methods

Participants

Seventy-five healthy individuals (controls) and 75 per-

sons with T2DM between 50 and 79 years of age were

recruited from the local community to participate in this

study. Participants in the control and T2DM groups were

evenly subdivided into three age decade ranges: 50–59

years; 60–69 years; and 70–79 years (n D 25 per age

range). Participants provided informed written consent

prior to inclusion in the study and all procedures complied

with the University IRB guidelines.

Experimental Design

Participants completed the following evaluations related

to their overall falls risk, simple reaction time (RT), lower

limb strength and walking ability.

Falls Risk Assessment

An indication of falls risk was determined using the long-

form physiological profile assessment (PPA). The PPA is a

validated assessment tool that has been shown to predict risk

of fall for a healthy older adults and those with diabetes

(Lord, Menz, & Tiedemann, 2003; Vinik, Vinik, Colberg, &

Morrison, 2015). The PPA consists of 15 different physio-

logical assessments, including vision, sensation, propriocep-

tion, strength, reactions, general balance ability, and postural

coordinated stability. Based upon the results of the individ-

ual assessments, a summative falls risk score (which ranges

from –2 to C4) was generated with lower values denoting a

lower falls risk and higher values indicating a heightened

risk of suffering a fall (Lord, Menz, & Tiedemann, 2003).

Reaction Time

All participants completed a simple RT task using the

upper limb (index finger). After completing 5 practice tri-

als, each individual completed 20 experimental trials. Par-

ticipants responded to a visual cue by depressing a timing

S. Morrison & K. M. Newell
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switch with their index finger. Prior to analysis, the RT data

were trimmed by eliminating extremely fast trials using a

lower boundary of 150 ms. Eliminated trials (26 trials total

– <2%) were replaced with the individual’s mean RT for

that task.

Knee Extension Strength

All participants completed a series of isometric knee

extension contractions with their preferred leg (this was

defined as the leg they would use when kicking a ball). Indi-

viduals were seated on a raised chair with their knees at

90�. An adjustable leather strap was positioned approxi-

mately 10 cm above the lateral malleolus of the person’s

leg. The strap was attached to a strain gauge (American

Weight Scale model tl330) that was affixed to a wall

bracket. Each person was asked to produce their maximum

isometric contraction at 90� of extension. Three trials were
performed with 1–2 min rest between trials.

Gait

Walking performance was assessed using a 20 ft straight

GAITRite pressure sensitive walking surface (CIR Systems

Inc, Havertown PA). Individuals were instructed to look

straight ahead and walk at their preferred walking pace.

Three walking trials were performed (sample frequency

120 Hz). The GAITRite data were assessed using the Proto-

kinetics PKMAS software (ProtoKinetics LLC). Average

(mean) and inter- and intraindividual variability for the

selected spatio-temporal gait variables (i.e., gait velocity,

step length, and stride length) were calculated. These mean,

inter- and intraindividual variability values were deter-

mined for each trial for each person.

Data Analysis

A repeated-measures generalized linear model was used

to examine differences in average (mean) and intraindivid-

ual (SD) values as a function of age range (i.e., 50–59, 60–

69, 70–79 years) and group (i.e., controls, T2DM). Planned

contrasts were used to determine the loci for any significant

age range effects. Levene’s test of homogeneity of variance

was used to assess whether there were differences in the

pattern of interindividual variation (Hultsch, MacDonald,

Dixon, 2002). The magnitude of any significant differences

identified by the planned contrasts was expressed using par-

tial eta-squared (h2). Threshold values of .01, .06, and .14

were used for judging the h2 values as small, moderate, and

large (Cohen, 1988). Additionally, the relation between the

falls risk scores and selected gait, reaction time, and

strength measures were assessed by correlation analyses

(using Pearson Product Moment Correlation Coefficients).

All statistical analyses were performed using SAS statisti-

cal software (v 9.3, SAS Institute Inc., NC), with the risk of

Type I error set at p < .05.

Results

Falls Risk Assessment

Figure 1 illustrates the pattern for the falls risk scores

(average and interindividual variability results) across

the three age ranges for the healthy control and the

T2DM individuals. Overall, average falls risk scores

increased significantly as a function of age range (F2,145
D 5.09, p < .025, h2 D 0.04) and group (F1,145 D 9.67,

p < 0.001, h2 D 0.15). For the age effect, planned con-

trasts revealed that the falls risk scores for individuals

aged 50–59 years were lower compared to the two older

age groups. No difference in the falls risk scores was

found between persons in the 60–69 and the 70–79 year

age ranges. For the group effect, T2DM individuals

within the 60–69 years and 70–79 years age ranges had

a higher falls risk compared to the healthy controls of

similar age. No significant age by group interaction

effects were observed for the falls risk results.

Reaction Time

Average RT

Figure 2 illustrates the differences in the mean (Fig-

ure 2C), interindividual (Figure 2B), and intraindividual

(Figure 2A) variability for the RT measures between the

FIGURE 1. Bar graph depicting differences in the average
(mean) falls risk values for the healthy elderly and the
T2DM person across the 50–79 year age range. For the bar
graphs, error bars represent one SE of the mean. The over-
all falls risk score was derived from the Physiological Pro-
file Assessment (PPA) and ranged from -2 (low risk) to C4
(high risk).

Variability of Motor Function with Age and Disease
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healthy controls and the T2DM group across the three age

ranges. Overall, the pattern of results revealed that the

mean RT increased progressively with increasing age and

was greater for T2DM. Inferential analysis confirmed these

observations, with significant main effects for mean RT as

a function of both age (F2,145 D 8.86, p < .001, h2 D 0.12)

and group (F1,145 D 5.45, p < .05, h2 D 0.08). The average

RT response was slower for older T2DM persons (i.e., 60–

69 years and 70–79 years) in comparison to the healthy

adults of similar age. For the age effect, mean RT was sig-

nificantly lower (i.e., faster responses) for persons aged 50–

59 years of age compared to persons within the 60–69 and

70–79-year-old ranges. No age by group interaction effect

was found.

Intraindividual Variability of RT

Significant differences in the intraindividual (SD) vari-

ability of reaction time were found for age range (F2,145 D
7.57, p < .006, h2 D 0.05) and between the two groups

(F1,145 D 5.10, p < .001, h2 D 0.06). For the age range

effect, planned contrasts revealed that individuals within

the youngest age range (50–59 years) had a significantly

lower level of trial-to-trial variability than the older two

age groups. There were no differences in the intraindividual

(SD) variability measures between persons in the 60–69 and

70–79 year groups. For the group effect, older T2DM indi-

viduals (i.e., 60–69 years and 70–79 years) exhibited

greater intraindividual variability across trials compared to

the responses of the healthy individuals of similar age.

Interindividual Variability of RT

For the RT data, no significant differences in interindi-

vidual variance of hand reaction time were found as a

function of age range (F2,148 D 1.68, p D .189) or group

(F1,148 D 0.95, p D .33).

Knee Extension Strength

Average Strength

Figure 3 illustrates the differences in the mean (Fig-

ure 3C), interindividual (Figure 3B), and intraindividual

(Figure 3A) variability for the knee extension strength val-

ues for both groups across the three age ranges. Significant

differences in the mean values for knee extension strength

were found for age range (F2,145 D 15.64, p < .01, h2 D
0.04) and group (F1,145 D 16.30, p < .01, h2 D 0.07).

Across the three age ranges, knee extension strength

decreased systematically, with planned contrasts revealing

significant differences between all three age ranges. Fur-

ther, the strength measure for the control persons was

greater overall compared to the T2DM group across all age

ranges. No age by group interaction effect was found.

Intraindividual Variability of Strength

Significant main effects were observed for the IIV of

knee extension strength across the three age ranges (F2,145
D 3.91, p < .05, h2 D 0.05). Overall, IIV strength measures

increased with increasing age, with planned contrasts

revealing significantly increased variability for persons

within the 70–79-year-old persons compared to those aged

50–60 years and 60–70 years. No main effect for group or

age-by-group interaction effects were found.

Interindividual Variability of Strength

For knee extension strength, the results of Levene’s test

revealed no significant differences in (interindividual)

FIGURE 2. Bar graphs of mean (C), interindividual (A),
and intraindividual (B) variability of simple reaction time
between the two groups (i.e., healthy adults and T2DM)
across the three age ranges. Error bars represent one SE of
the mean.
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variance as a function of age range (F2,148 D 0.13, pD .189)

or group (F1,148 D 0.07, p D .33).

Gait

Average Measures for Gait

Figure 4 illustrates the general change in average gait

velocity (Figure 4C) as a function of age and group. The pat-

tern of interindividual (Figure 4B) and intraindividual (Fig-

ure 4A) variability results for gait velocity across the three age

ranges for the healthy control persons and the T2DM individu-

als are also shown. For gait velocity, a significant main effect

was observed for both age range (F2,145D 13.01, p< .001, h2

D 0.14) and group (F1,145D 6.66, p< .01, h2D 0.04). Average

gait velocity was significantly lower for the T2DM group in

comparison to the healthy adults across all age ranges. For the

age effect, gait velocity decreased progressively as a function

of increasing age with significant differences being observed

between the 70–79-year-old persons and individuals within

the other two age ranges.

Significant main effects were also found for step and stride

length as a function of age (step length F2,145 D 4.29 h2

D 0.02; stride length F2,145 D 4.92, h2 D 0.03, all p’s < .05)

and group (step length F1,145 D 12.91, h2 D 0.03; stride

length F1,145 D 15.56 h2 D 0.05, all p’s < .01). For the age

effect, persons within the 70–79 years range within both age

groups had shorter stride and step lengths compared to indi-

viduals within the 50–59 and 60–69 years age ranges. Fur-

ther, persons with T2DM had shorter stride lengths and step

lengths in regards to their step/stride lengths in comparison

FIGURE 3. Bar graphs of mean (C), interindividual (B),
and intraindividual (A) variability differences in knee
extension strength. Results are shown for each of the two
groups across the three age ranges. Error bars represent
one SE of the mean.

FIGURE 4. Bar graphs of mean (C), interindividual (B),
and intraindividual (A) variability differences in gait speed
between the two groups across the three age ranges. For
the bar graphs, error bars represent one SE of the mean.
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to the healthy controls (all p’s < .05). No interaction effects

were observed for any of these measures.

Intraindividual Variability of Gait

Significant differences in the IIV of gait velocity were

found for age (F2,145 D 9.22, p < .05, h2 D 0.05) and group

(F1,145 D 5.47, p < .05, h2 D 0.03). Overall, the pattern of

variability for gait velocity increased with increasing age,

with planned contrasts revealing significantly increased

variability for persons within the 70–79 years old persons

compared to those aged 50–60 years. Additionally, the gait

velocity of the healthy adults across all age ranges was less

variable compared to persons with T2DM.

In addition to the gait velocity measures, significant main

effects were also found for step and stride length measures

as a function of age (step length F2,145 D 4.37, h2 D 0.04;

stride length F2,145 D 4.94, h2 D 0.05; p’s < .05) and group

(step length F1,145 D 12.91, h2 D 0.08; stride length F1,145
D 15.56, h2 D 0.10; p’s < .01). Consistent with the velocity

results, older persons (70-79 years) within both groups

were more variable in terms of step and stride length com-

pared to individuals within the 50–59 years age range. Fur-

ther, persons with T2DM were more variable in regards to

their step/stride lengths in comparison to the healthy con-

trols (all p’s < .05). No interaction effects were observed

for any of the intraindividual measures.

Interindividual Variability of Gait

For gait velocity, no significant differences were found as

a function of age range (F2,148 D 1.66, p D .193) or group

(F1,148 D 0.30, p D .586). However, the Levene’s test

revealed significant differences in (interindividual) variabil-

ity for both stride length (F1,148 D 4.15, p < .05) and step

length as a function of group (F1,148 D 4.99, p < .05). No

effect for age range was observed for these two measures.

Correlation Analysis

To assess the relation between the falls risk scores and

selected gait, reaction time, and strength measures for each

of the two groups within each age range, correlation analy-

ses were performed using Pearson’s correlation coefficient.

Consistent with the previous analyses, correlations were

performed separately for the mean and intraindividual

results.

Correlation based upon Average Values

The results of the cross correlation analysis performed on

both the mean and IIV values are illustrated in Table 1.

Briefly, for both the control and the T2DM groups, signifi-

cant correlations were found between falls risk values and

reaction time for individuals within 60–69 years and

70–79 years age ranges. Similarly, knee extension strength

was significantly correlated with falls risk for both groups

but only within the older age ranges. However, it should be

noted these specific assessments are used (in part) to derive

the overall falls risk score. For the other measures, no sig-

nificant correlations were found between the selected gait

measures (i.e., velocity, step length and stride length) and

falls risk scores as a function of age range or group.

Similarly, no significant correlations were observed

between any of the gait measures and the mean values for

reaction time or strength.

Correlations based upon Intraindividual Variability Values

For healthy adults within the 50–59 year age range, no

significant correlations were found between any of the

selected metrics. Within the 60–69 year age range, there

were significant correlations between falls risk scores and

intraindividual variability measures for step length, stride

length and RT. For older adults (70–79 years) significant

correlations were found between falls risk scores and

TABLE 1. Summarized results of the cross correlation analysis.

Healthy elderly T2DM

Variables 50–59 years 60–69 years 70–79 years 50–59 years 60–69 years 70–79 years

Correlations based upon mean values
Falls Risk – Reaction Time 0.16 0.51* 0.43* 0.14 0.44* 0.37*
Falls Risk – Knee Extension ¡0.27 ¡0.31 ¡0.44* ¡0.16 ¡0.39* ¡0.42*

Correlations based upon IIV values
Falls Risk – IIV of step length 0.14 0.46* 0.51* 0.26 0.40* 0.42*
Falls Risk – IIV of stride length 0.18 0.41* 0.41* 0.22 0.38* 0.16
Falls Risk – IIV of gait velocity 0.28 0.30 0.55* 0.08 0.54* 0.45*
Falls Risk – IIV of RT 0.07 0.42* 0.45* 0.09 0.84* 0.50*
IIV of knee extension – IIV of gait velocity 0.04 0.29 0.40* 0.26 0.42* 0.39*
IIV of gait velocity – IIV of RT 0.17 0.22 0.15 0.39* 0.41* 0.48*
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intraindividual variability measures for gait velocity, step

length, stride length and hand reaction time. For this same

age range, correlations between variability of knee exten-

sion strength and gait velocity were also seen.

For the T2DM adults, significant correlations were

observed between intraindividual variability measures for

falls risk and IIV of step length, hand reaction time and gait

velocity. Further, for T2DM persons between 60 and

79 years, variability of knee extension strength was

strongly correlated with IIV measures of gait velocity

while, for T2DM adults within the 70–79 year range, vari-

ability of gait velocity was correlated with the intraindivid-

ual variability measures for reaction time.

Discussion

The aim of the current study was to examine the patterns

of inter- and intraindividual variability of falls risk, leg

strength, reaction time and walking ability for both healthy

older adults and older persons with T2DM. As expected,

the results revealed that increasing age for both groups was

reflected by a systematic increase in falls risk and a decline

(i.e., slowing) of general motor function in reaction time

and walking speed (Dykiert, Der, Starr, & Deary, 2012b;

Himann, Cunningham, Rechnitzer, & Paterson, 1988; Mor-

rison et al., 2016; Welford, 1988). Importantly, in addition

to this neuromotor slowing, there was increased intraindi-

vidual variability for these same measures as a function of

increasing age, with the older T2DM individuals being

more variable compared to healthy controls.

Slowing of the Neuromotor System with Age and

Disease

Aging is typically characterized by a functional decline

across multiple physiological and behavioral systems, with

one pervasive consequence being a general slowing of neuro-

motor output (Haynes, Bauermeister, & Bunce, 2017;

Morrison & Newell, 2017; Spirduso, Francis, & MacRae,

2005; Welford, 1988). This slowing can be manifested across

a range of movement and behavioral outputs at all levels of

the biological system, being reflected by an increment in reac-

tion time, slowing of finger tapping speed and decreases in

preferred walking speed for example (Aoki & Fukuoka, 2010;

Himann, Cunningham, Rechnitzer, & Paterson, 1988). While

it is generally accepted that these declines occur with increas-

ing age and/or the onset of age-related diseases, our findings

show (see Figures 2 and 3) that this trend of response slowing

does not simply emerge at a single time point in chronological

age spectrum but that the declines are progressive in nature

and individual specific over the lifespan. This finding is impor-

tant to emphasize given that the majority of research as to the

age-related declines in function has tended to focus on changes

from young-old (60–69 years) through to the old–old (above

80 years) age ranges with less attention paid to what happens

through the mid-life adult years.

The current study was designed to assess both the decline

in function with age and disease and the change in variabil-

ity across a wider age range encompassing mid-life (i.e.,

50–59 years) and the more typically described older age

brackets (i.e., 60–69 and 70–79 years). The findings are

consistent with previous reports (Bielak, Cherbuin, Bunce,

& Anstey, 2014; Dykiert, Der, Starr, & Deary, 2012a) in

showing for the motor tasks studied here that the mid-life

(50–59 years) age bracket was on average significantly

stronger and faster in responding than those persons within

the 60–69 years and even more so the 70–79 year age

range. This was the case for both the healthy and T2DM

groups although the healthy group was generally stronger

(within the lower limb) and faster across both RT and gait

speed. We did not have a younger adult contrast group but

previous studies have also shown a general slowing of

responding in RT and MT between 20 and 50 years of age

(Bielak, Cherbuin, Bunce, & Anstey, 2014). Moreover,

the age contrasts reported here on speed of responding are

cross-sectional leaving the need for a full longitudinal

account of intraindividual variability with aging.

Intraindividual Variability in Diabetes

There is a growing body of research supporting the prop-

osition that increases in intraindividual variability may

serve as a potential biomarker for mapping the decline in

physiological function seen with increasing age and/or

onset of age-related diseases such as diabetes. Indeed, there

have been numerous reports focusing on the decline in

various physiological functions and the relation to intraindi-

vidual variability for healthy adults as a consequence of

aging (Batterham, Bunce, Mackinnon, & Christensen,

2014; Bunce et al., 2016; Graveson, Bauermeister,

McKeown, & Bunce, 2015; Haynes, Bauermeister, &

Bunce, 2017; Levin et al., 1999; MacDonald, Nyberg, &

B€ackman, 2006b; MacDonald, Hultsch, & Bunce, 2006a).

A similar pattern of change in intraindividual variability

would be expected for older persons with T2DM, especially

since these individuals often exhibit declines in neuromotor

function greater than those typically seen for healthy adults

of similar age (Volpato et al., 2005, Vinik et al., 2015; Col-

berg et al., 2016; Schwartz et al., 2008). However, there has

been less attention given to assessing intraindividual vari-

ability of motor responses for T2DM individuals. In one of

the few studies that assessed intraindividual variability,

Whitehead, Dixon, Hultsch, and MacDonald (2011))

reported a general slowing of RT responses but did not find

any consistent evidence for intraindividual variability dif-

ferences between healthy older adults and persons with

T2DM. Similarly, increases in gait variability have also

been reported for older person with T2DM (Lalli et al.,

2013; Roman de Mettelinge et al. 2013).

However, specific comparisons matching the pattern of

change in intraindividual variability across different move-

ment and cognitive tasks between older adults with T2DM
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and healthy adults have not been systematically performed

to date. Hence, it is unclear whether T2DM individuals

show a similar general trend for increased intraindividual

variability during motor tasks as reported for healthy adults

of similar age. This assessment would seem to be more

important given the link between slower reaction times,

decreased strength, declines in gait speed and increased

likelihood of suffering a fall for older persons with T2DM

(Maurer, Burcham, & Cheng, 2005; Morrison et al., 2010;

Schwartz et al., 2008; Vinik, Vinik, Colberg, & Morrison,

2015; Volpato et al., 2005). One prediction is that any

increases in intraindividual variability would be more

pronounced for older T2DM adults based upon the declines

associated with both increasing age coupled with the emer-

gence of disease. The results of the current study support

this general premise. Not only were T2DM adults weaker

and slower overall (in regards to the average reaction time

and preferred walking speed), there was also a pronounced

increase in the within-subject variability across these same

measures that was greater in magnitude and generality than

that seen for the healthy older adults.

One of the more prominent findings to emerge from the

correlation analysis was that, with increasing age, there

was an increase in the number of paired measures that

were positively correlated. Further, correlational results

based upon intraindividual variability measures revealed a

greater overall number of significant relations compared

to the findings using the mean values. For example, for

healthy persons within the 50–59 year age range, no sig-

nificant correlations between falls risk and any of the neu-

romotor measures were observed. For adults over

60 years of age, correlations based upon mean values

revealed significant relations only between falls risk and

reaction time and leg strength. However, as both RT and

knee extension values are used in the derivation of overall

falls risk scores, this result is less compelling. What was

more notable was the lack of any significant correlations

between any of the gait measures and falls risk or between

average RT values, leg strength or gait measures.

In contrast, significant correlations were found between

falls risk scores and intraindividual variability measures for

gait velocity, step length, stride length, and hand reaction

time for healthy adults within the 70–79 year age range.

Similarly, for the T2DM persons across all three age

ranges, significant correlations were seen between intraindi-

vidual variability measures for hand reaction time and gait

velocity. For T2DM adults within the 70–79 year ranges,

correlations between falls risk and intraindividual variabil-

ity measures related to gait velocity, step length and hand

reaction time were observed. Significant relations between

variability measures of leg strength and selected gait met-

rics were also found in both the older controls and the

T2DM groups. From a general perspective, these collective

findings may point to greater interdependence between

aspects of the respective neuromotor systems as a conse-

quence of increasing age and/or the emergence of diabetes.

This loss of independence between various neuromotor out-

puts is consistent with the general rationale underlying the

basis for the changes in physiological complexity and the

loss of flexibility in motor control with aging and disease

(Lipsitz & Goldberger, 1992; Vaillancourt & Newell,

2002). In addition, the emergence of a greater number of

significant correlations based upon within-subject variabil-

ity measures in comparison to correlational analyses per-

formed using mean values is also a relevant finding. One

explanation is that these variability measures may provide

additional insight as to subtle changes in neuromotor

function, highlighting the development of stronger coupling

between selected physiological processes that occurs within

increasing age and disease.

Inter- and Intraindividual Variability

While the age related patterns of inter- and intravari-

ability showed relatively parallel trends for RT, lower

limb strength and gait velocity in both population groups

(e.g., see Figures 2–4), only the intravariability results

reached levels of significance. For the RT and gait veloc-

ity measures, there was a progressive slowing of the sys-

tem over advancing age while the strength measures

showed an overall decline. These declines were reflected

by significant increases in intravariability for these same

measures that were more pronounced for older individu-

als with T2DM. However, the results of the interindivid-

ual changes revealed few notable changes even though

the overall interindividual data tended to run parallel to

the changes in intravariability results of age and popula-

tion groups. Taken together, these results indicate that

selected measures of intravariability were more sensitive

to changes due to increasing age and the development of

disease compared to standard measures of between-sub-

ject variance (Lovden, Li, Shing, & Lindenberger, 2007;

Newell, Incledon, Bodfish, & Sprague, 1999; Sosnoff &

Newell, 2006). Further, these findings support the general

premise that intraindividual variability changes could

serve as a biomarker for capturing progressive declines

in physiological function as a consequence of the typical

process of aging (Lovden, Li, Shing, & Lindenberger,

2007; Newell, Incledon, Bodfish, & Sprague, 1999; Sosn-

off & Newell, 2006) and the general health status of indi-

viduals (Lipsitz, 2002; MacDonald, Hultsch, & Dixon,

2003; MacDonald, Nyberg, & B€ackman, 2006b; Mac-

Donald, Hultsch, & Dixon, 2011; Shipley, Der, Taylor,

& Deary, 2008).

One additional point that should be noted is that our

analyses of inter- and intravariability were all based on

the amount of respective variation and distributional

standard deviation measures. It has been postulated that

time and frequency dependent analyses of variability

may be more sensitive than distributional measures to

age- and disease-related changes (Sosnoff & Newell,

2006). A more complete test of this proposition will
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require a longitudinal design and experimental tasks that

afford the more dynamic measures of variability.

Conclusions

Overall, both increasing age and the emergence of type 2

diabetes were associated with increased falls risk, the basis

being the general decline in walking ability, reaction time,

and lower limb strength. These declines were also reflected

by significant increases in intra- (but not inter-) individual

variability of the neuromotor responses. These findings

supported our original prediction, in that increases in aging

and the presence of T2DM would be characterized by

enhanced intraindividual motor variability. Consequently,

the increased falls risk for older individuals would appear

to not only be linked with loss of strength and the general

slowing of motor functions (i.e., gait, reaction time), but

also with increased variability of these same motor outputs.

These findings indicate that intravariability measures may

be useful as a biomarker for charting age- and disease-

related declines in physiological function.
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