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1 | INTRODUCTION

Currently, over 422 million (8.5%) individuals worldwide over the age
of 18 are living with Type 2 Diabetes.! Recent evidence suggests that
in addition to the well-known complications of diabetes (coronary

heart disease, large vessel atherosclerosis, stroke, nephropathy, and
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Abstract

Background: Diseases induced by metabolic disorders, eg, Type 2 diabetes, has
recently been linked to both sensory and motor deficit in the absence of a formal clin-
ical diagnosis of peripheral neuropathy. Studies have demonstrated mild cognitive
impairment in diabetic patients, which also plays a role in one's loss of ability to suc-
cessfully perform basic motor activities. This project focused on evaluating cognitive
function while maintaining balance. We hypothesized that simultaneous cognitive
and motor deficit would occur among adults with Type 2 diabetes versus healthy
age- and sex-matched control during a balance task.

Methods:

matched controls underwent a series of sensory, motor, cognitive, and cognitive-

A sample of 10 Type 2 diabetes patients and 10 age-matched and sex-

motor evaluations. Blood pressure and A, levels were assessed.
Results: Significantly lower cognitive function scores, particularly in the domain of
working memory, were exhibited in the diabetic group than controls. Balance in the
diabetic group was overall poorer in both single- and dual-tasks than controls. When
diabetic patients were asked to verbally recall different words while maintaining their
balance, their accuracy rate was significantly lower than controls. Some health state
measures were found to co-vary with motor function. Increased body mass index in
the diabetic group did not account for motor function deficit.

Significance: Our data suggest that: (1) systemic deficit beyond tactile dysfunction
and increased body mass index contribute to reduced motor function in diabetes,
and (2) both balance and working memory functions are simultaneously impaired in

patients with Type 2 diabetes.

KEYWORDS

BMI, cognitive function, cognitive-motor impairment, motor function, Type 2 Diabetes, working
memory

neuropathy), adults with Type 2 Diabetes experience declines in cogni-
tive functions as compared with individuals without Type 2 Diabetes.
Specifically, these individuals are at high risk of developing mild cogni-
tive impairment (MCI); defined as a slight yet noticeable and measur-
able decline in cognitive abilities.? The risk of MCI development with

diabetes is increased with age, particularly in those over the age of
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60.2® A combination of underlying vascular damage combined with
poor glucose control has been cited as the source of MCI develop-
ment in patients with Type 2 Diabetes.”*!

Cognitive decline has been defined by impairment in a variety of
mental tasks.??*2 Failure in specific cognitive domains, such as work-
ing memory, has been recently documented in diabetic patients.®**
Poor glucose control in diabetics has been linked specifically with ver-
bal memory deficit, reduced processing speed, and motor slowing.*%*°
Despite these changes, other domains of cognitive function appear to
be preserved in patients with Type 2 Diabetes.*®

Impaired memory adversely affects the ability to manage complex
daily diabetes self-management tasks such as meal preparation, taking
medications, and exercise.1*1718 Many of these self-care tasks require
balance maintenance in the environment; any difficulties with balance
may result in significant difficulty in maintaining self-care.

In addition to the cognitive complications of diabetes, sensorimo-
tor functions of all four extremities are known to be impaired with
Type 2 Diabetes.'?"22 Specifically, poor tactile sensation and presence
of diabetic peripheral neuropathy have been linked to poorer balance
control and increased fall risk in patients with Type 2 Diabetes.?3?”
Recent evidence suggest that the increased fall risk in this population
is due to more than just peripheral neuropathy, indicating subtle sys-
temic changes all play a role in balance deficit.28

Currently, few studies have assessed concurrent cognitive-motor
deficit (also known as cognitive-motor interference, CMI) in patients
with Type 2 Diabetes. CMI occurs when the simultaneous perfor-
mance of a cognitive and a motor task (known as dual-tasking) results
in deterioration of performance in one or both tasks relative to perfor-
mance of each task separately (known as single-tasking).?’ Previous
work in diabetic CMI has not considered a number of features impor-
tant to CMI characterization®® including standardized balance mea-
sures, consideration of sensory deficit contributions, and long-term
glucose control in both diabetic patients and matched controls. Specif-
ically within the study by Smith et al,*° postural control was measured
via degree of angle arc in sway, not with respect to movement of the
center of pressure (the point of application of the ground reaction
force) as is traditionally measured in biomechanics and motor control
(eg, Zatsiorsky®?, Winter®?). The data presented in the study also did
not consider the contribution of tactile dysfunction (including diagno-
sis of peripheral neuropathy) to the results. The authors also did not
include assessment of long-term glucose control (as measured by
glycated haemoglobin, A;J) in the control/healthy group. Only A;.
values for the diabetic group were used in correlations with measures
of interest. Given the known rise in A;. with advanced age, this
approach may have confounded the reported results.

Dual-task deficit have been shown in several patient populations,
particularly in cases in which only motor deficit were initially clinically
assumed (eg, stroke, Parkinson's disease).>33¢ In these cases, CMI has
been associated with loss of functionality in daily life.3*3” Previously,
we have shown subtle motor impairment in patients living with Type 2
Diabetes; however, the purpose of this study is to probe for CMI losses
due to a combination of cognitive impairment and mild motor impairment
in diabetic patients during the maintenance of upright balance.

Accordingly, the goal of this study is to assess the effects of Type

2 Diabetes on basic cognitive-motor activities during working memory

evaluation (cognitive task) and a motor task involving upright balance.
Specifically, we hypothesize that (1) diabetic patients will demonstrate
impairment in baseline evaluations and in cognitive, sensory, and
motor single-tasks compared with healthy age-matched and sex-
matched controls, and (2) diabetic patients will demonstrate further
impairment in one or both the cognitive and motor domains during
dual-tasks compared with their own single-task performance as well
as performance by healthy age-matched and sex-matched controls.
No hypotheses regarding changes in diabetic function with disease
state were developed a priori, as exploration of function deterioration

with disease state was an exploratory aim of this study.

2 | METHODS AND MATERIALS

2.1 | Participants

Ten individuals with Type 2 Diabetes voluntarily participated in this
study (four men, six women). Ten healthy age-matched and sex-
matched controls also participated voluntarily. Table 1 contains demo-
graphics for the sample groups. Study participants were excluded if
they had a history of any other confounding neurological disorder
(eg, stroke, Parkinson's disease, other sensorimotor dysfunction not
related to diabetes, etc.). Diabetic participants had a confirmed diag-
nosis of Type 2 Diabetes either with or without diagnosis of peripheral

neuropathy per physician.

2.2 | Study procedures

All study evaluations were performed in a single visit. Health status
and tactile sensation data were collected prior to all cognitive and
motor assessments. All participants provided written informed con-
sent in accordance with the procedures provided by the Institutional
Review Board of the University of Houston and the University of
Texas Health Science Center at Houston, in line with the Declaration
of Helsinki.

2.3 | Health status information

Blood pressure was measured using a commercially available device
(Omron Intellisense, Model BP785, Bannockburn, IL, USA). A, values
were assessed from capillary blood samples using a commercially
available point of care kit (A;. Now+, PTS Diagnostics, Indianapolis,
IN, USA). The presence of peripheral neuropathy (PN status) was
determined by abnormalities on either clinical examination or
EMG/NCS testing (per physician).

2.4 | Tactile evaluation

Tactile sensation of the feet was tested using the Semmes-Weinstein
Monofilament Test®® for the three nerves of the feet (medial
plantar, lateral plantar, and tibial nerves). During the test, participants
kept their eyes closed and verbally indicated if and where they

perceived monofilament touch. The monofilament size was increased
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TABLE 1 Demographic and clinical characteristics of type Il diabetes patients

Patient # Age (Years) Sex T2D Duration (Months) % Alc Systole (mmHg) Diastole (mmHg)
1 65 M 65 8.5 159 95
2° 64 F 215 8.7 130 92
3° 60 F 48 6.7 160 84
55 F 169 9.3 109 77
5 50 F 248 8.1 124 79
6? 72 M 48 7.2 155 106
62 F 24 7.8 149 100
55 M 147 9 149 87
9 65 F 188 8.3 109 73
10° 55 M 60 7.7 145 88
Mean 60 -- 121.2 8.1 139 88
SD 7 = 81 0.8 20 10
Controls 60 +7 -- 0 54 +0.2 133+ 9 88+8

Indicates a clinical diagnosis of diabetic peripheral neuropathy. F, female; M, male; SD, standard deviation.

until the subject was able to detect its touch a minimum of two times

at the same location.

2.5 | Cognitive evaluation

2.5.1 | Montreal Cognitive Assessment (MoCA)

Cognitive function of each participant was screened using the Mon-
treal Cognitive Assessment (MoCA).%? This is a brief examination of
the cognitive domains: attention and concentration, executive func-
tions, working memory/recall, language, visuo-constructional skills,
conceptual thinking, calculations, and orientation. The number of
years of patient education is accounted for within the MoCA scoring

structure.

2.5.2 | Working memory (N-Back) evaluation

Working memory of each participant was probed using the working
memory (N-back) evaluation. This test required participants to repeat
the “n®"” word back in a list of random words. The difficulty level is con-
trolled by requiring participants to remember words further back in the
series. Three conditions of the N-back task were assigned to each subject
(easiest to most difficult: O-, 1-, and 2-back conditions) in a block random-
ized manner. Participants wore a headset with headphone and micro-
phone capabilities (Plantronics Inc., Santa Cruz, California), through
which they heard a randomized sequence of words (Visual C++,
Microsoft Corp., Redmond, Washington). The software program gener-
ated randomized words through the headphones at an interval of 4 sec-
onds per word. Participants were instructed to repeat the words into the
headset in the correct sequence for a task duration of 60 seconds. Work-
ing memory function was probed at a baseline (single-task) as well as dur-
ing motor function evaluations (dual-task). Single-task working memory
was assessed while participants were seated in a quiet location. All
single-tasks occurred prior to dual-tasks in order to avoid confusion.
The rate of correct responses and verbal reaction time were recorded
by the software and extracted to evaluate performance. Three trials were

collected in each of the N-back conditions for both single- and dual-task

evaluation. N-back conditions were block randomized across all partici-

pants in both single- and dual-task conditions.

2.6 | Motor evaluations

Center of pressure (COP) data were collected via computerized
dynamic posturography system (NeuroCom International, Inc.,
Clackamas, OR) at 100 Hz. A rectangular stability boundary was esti-
mated by the outer extremes of the feet for each subject; boundaries
were marked and maintained in all conditions. In all conditions, partici-
pants stood upright with feet and body properly positioned, fitted with
a safety harness and arms crossed in front of the chest. Participants
were tested under two conditions: (1) quiet stance, and (2) postural-
cognitive evaluation (dual-task). All time series COP data were filtered
using Butterworth low-pass filters with a cutoff frequency of 2 Hz.

2.6.1 | Quiet stance testing

At the start of each motor evaluation testing session, evaluation of
quiet stance occurred. In the quiet stance condition, participants were
instructed to cross their arms in front of their chest and keep their eyes
open. Participants underwent three trials, lasting 60 seconds each.

2.6.2 | Postural-cognitive evaluation

During testing, participants underwent evaluation of working memory.
Participants were given a series of random words through a
headphone-microphone, instructed to repeat the words, and at the same
time maintain upright stance on the platform. Participants underwent

three trials in each of the N-back conditions, lasting 60 seconds each.

2.7 | Kinetic data analysis

Center of pressure time series data were directly obtained via
NeuroCom. The following measures were calculated directly from
COP data: AP path length, AP velocity, COP migration area, and min-
imum time to boundary (TTB).
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2.8 | Statistics

The data are presented in the text and figures as means + standard
errors. Repeated measures analyses of variance (RM-ANOVAs) were
performed on all data with the main factors of: Group (two levels; Dia-
betic or Control). Evaluation of test-specific RM-ANOVA analyses
included: Condition (four levels for postural evaluation: quiet stance,
0-, 1-, and 2-back; three levels for cognitive evaluation: O-, 1-, and
2-back), TaskType (for cognitive function, two levels: single- and
dual-task), and Nerve (three levels: one level each for the medial plan-
tar, lateral plantar, and tibial nerves). For monofilament data, Foot (two
levels: right and left) was included in the analysis to probe for possible
asymmetry. In the event of significant Group findings in RM-ANOVAs,
subsequent analysis of covariance (ANCOVA) was performed using
A, duration of diagnosis, diagnosis of peripheral neuropathy (via indi-
cator variable, PN status), body mass index (BMI), and monofilament
data as co-variates to investigate the relationship between disease
indicators and observed behaviours, all in one model. In the event of

significant co-variates, follow-up correlation analyses were performed

TABLE 2 Significant ANCOVA covariate output and regression results

between the health state co-variate and the measured behavior. All
significant co-variates can be found in Table 2. Monofilament data
were log transformed due to nonlinearity. Nontransformed data are
shown in figures to avoid reader confusion. In multiple comparisons,

Bonferonni corrected post-hocs were used.

3 | RESULTS

3.1 | Tactile evaluation

Main effects: Significant impairment in tactile detection thresholds
was found in the diabetic group compared with controls via RM-
ANOVA (Group: F1100 = 9.29, P < 0.005), Figure 1A. Tactile detection
threshold values were significantly higher in the tibial nerve compared
with the medial and lateral plantar nerves (Nerve: F;100 = 32.44,
P < 0.001), Figure 1A. No differences were found between the right
and left feet. Of note, PN status did not impact tactile detection
thresholds.

Measure Covariate F P r P
Tactile evaluation A;C 32.44 <0.001 0.326 <0.001
Total MoCA score Systole 20.43 <0.05 -0.587 <0.005
Recall MoCA score Diastole 6.71 <0.05 -- --
ML path length BMI 15.2 <0.001 0.294 <0.01
Systole 10.57 <0.005 -- --
Duration 6.13 <0.05 0.293 <0.01
COP area BMI 18.01 <0.001 -- -
Systole 27.56 <0.001 -- -
Diastole 13.6 <0.005 -- -
Duration 16.93 <0.001 -- --
Med. Plant. Sens. 10.36 <0.005 0.319 <0.005
Tibial Sens. 4.67 <0.05 -- -
AP path length Diastole 14.21 <0.001 -- -
Lat. Plant. Sens. 4.52 <0.05 0.297 <0.01
Tibial Sens. 4.73 <0.05 0.514 <0.001
AP iTTB AiC 5.23 <0.05 -- --
Strategy score Diastole 7.35 <0.01 - --
Asc 4.2 <0.05 -0.232 <0.05
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FIGURE 1 Mean and standard error for tactile detection thresholds and MoCA data. A, Group averages of tactile detection thresholds for the
medial plantar, lateral plantar, and tibial nerves. B, Group averages of total MoCA scores. C, Group averages of domain specific MoCA scores
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3.2 | Cognitive function

3.21 | MoCA

Main effects: RM-ANOVA of MoCA results indicated a significant
Group difference (F19 = 6.56, P < 0.05), such that total MoCA scores
were lower on average in the diabetic group versus controls,
Figure 1B. Subsequent RM-ANOVA of each MoCA domain revealed
Group differences in the recall/working memory domain of the evalu-
ation (F1,9 = 10.74, P < 0.05); diabetic scores in working memory/recall
were significantly lower than controls. Total MoCA and domain spe-

cific MoCA scores can be found in Figure 1B-C.

3.2.2 | N-back/working memory

Main effects (reaction time): No significant differences between
Group were observed in RM-ANOVA of reaction time of the N-
back evaluation (P > 0.5); only a Condition effect was found
(Fa.89 = 25.56, P < 0.001), such that reaction times increased with
task difficulty. Post-hoc analysis indicated that reaction time were
longest in the 2-back Condition, as compared with O- and 1-back,
Figure 2A-B.

Main effects (correct response rate): Correct response rate did
show between Group differences (F1g7 = 7.76, P < 0.01) in the initial
RM-ANOVA, along with a Condition effect (F, g7 = 20.87, P < 0.001)
and TaskType effect (F1g7 = 8.78, P < 0.01). The number of correct
responses were lower for the diabetic group compared with controls
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WILEY—2°8

(Figure 2C-2CD). The number of errors produced per trial was signifi-
cantly lower in the 0-back condition, compared with both the 1- and
2-back conditions. The correct response rate was lower in single-tasks
versus dual-tasks, Figure 2C-D.

3.2.3 | Postural data

Main effects: Assessment of postural characteristics revealed a num-
ber of Group effects. Specifically, the AP path length (F143 = 33.95,
P < 0.001), AP TTB (F143 = 11.18, P < 0.005), ML path length
(F163 = 26.40, P < 0.001), ML TTB (F143 = 4.26, P < 0.05), and COP
migration area (F1 43 = 19.00, P < 0.001) were all significantly higher
in the diabetic Group, Figure 3A-E. Strategy score (Fy¢3 = 17.27,
P < 0.001) was significantly lower in the diabetic Group, Figure 3F.
Assessment of Condition effects indicated that Condition had little
impact on postural control measures. Only AP velocity was affected
by Condition (F3 43 = 2.88, P < 0.05), such that AP velocity was larger
in the anterior direction in the 2-back condition as compared with
other N-back conditions, Figure 3G.

Covariates: ANCOVA indicated that the Group effect in some of
the postural measures were magnified by the inclusion of health state
markers in the statistical models. This included ML path length and
COP migration area, see Table 2 for details. In contrast, ANCOVA indi-
cated that the Group effect in some of the postural measures were
accounted for by health state markers. This included AP path length,
AP TTB, and Strategy Score.
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FIGURE 2 Mean and standard error for working memory function data. A, Group averages of reaction times in single-task (cognitive only) N-back
evaluations. B, Group averages of reaction times in dual-task (simultaneous cognitive and motor) N-back evaluations. C, Group averages of correct
response rates in single-task (cognitive only) N-back evaluations. D, Group averages of correct response rates in dual-task (simultaneous cognitive

and motor) N-back evaluations
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4 | DISCUSSION

The purpose of the current study was to assess the effects of Type 2
Diabetes on cognitive-motor activities during a postural maintenance
task. Our findings on all of the baseline and single-task evaluations
support the first hypothesis, such that patients with Type 2 Diabetes
demonstrate impairment in baseline evaluations and in each of the
cognitive, tactile, and motor single-tasks evaluated in this study as
compared with controls. In contrast, the data do not support the sec-
ond hypothesis. The data indicate that patients with Type 2 Diabetes
do demonstrate impairment in the cognitive and motor domains dur-
ing dual-tasks compared with controls; however, these impairments
were comparable with single-task losses in both the cognitive and
motor domains. Health state covariates did impact these relationships,
such that some features of posture that were worsened in the diabetic
group (eg, AP sway) were associated with the general poor health
state of the sample. In other measures, such as COP sway area, con-
sideration of health state data enhanced the sway effects shown in
the diabetic sample. In the following paragraphs, we discuss the results
of this study with regard to the published literature as it relates to
impaired balance and self-care as well as possible mechanisms respon-
sible for behaviours exhibited.

4.1 | T2D-induced cognitive and motor deficit,
balance, and self-care

Baseline evaluation of tactile sensory function, motor function, and
cognitive function all revealed significant losses in the diabetic group.
Unsurprisingly, tactile detection thresholds in the feet of the diabetic
group were in the range of diminished protective sensation to loss
of protective sensation (>2 g), even in participants without a clinical
diagnosis of peripheral neuropathy.*®“2 Tactile thresholds for the
control group were significantly lower, indicating impaired sensation
in the diabetic cohort. All measures of motor function (assessed via

balance) indicated worsened control of balance in the diabetic group

consistently across both motor and cognitive-motor tasks, suggesting
global motor impairment in postural control in this population.*? Some,
but not all, measures of motor performance deficit were found to cor-
relate with poor health status. This suggests that the occurrence of
diabetes, in addition to poor overall cardiovascular health and higher
body mass (or BMI), drives motor dysfunction in this population. This
finding is significant as BMI has been found to correlate with motor
deficit in obese participants without diabetes.**** Thus, previous
assumptions that motor deficit in diabetics are primarily due to
mechanical issues induced solely by increased body mass are not sup-
ported in the current data set.

Baseline cognitive function, assessed via MoCA, was also found to
be reduced in the diabetic group, particularly in the domain of
recall/working memory, consistent with recent reports of MCl and amne-
siac MCl in this particular patient population.>***4> Working memory
deficit emerged in the correct response rates produced by the diabetic
group in both single- and dual-tasks in the current study, while reaction
time was not affected. This suggests that diabetic individuals respond
verbally using similar response times to audio stimuli as healthy controls;
however, the accuracy of their responses is negatively impacted by dia-
betes in general. This may indicate that diabetic individuals require more
attentional resources for successful task completion during cognitive
tasks. Similar outcomes have been found in individuals with increased
body mass during postural tasks*3; however, our data indicate that BMI
does not affect working memory function in diabetics. The lack of corre-
lation between measures of working memory (reaction time and correct
response rate) with health status measures indicates that no single mea-
sure of health may be indicative of short-term memory performance in
this population, beyond a diagnosis of diabetes.

While baseline functions were impaired in all tasks in the diabetic
group, it is important to note that these declines were not exacerbated
by the simultaneous performance of cognitive-motor tasks, indicating
a stable form of CMI. This may mean that diabetic patients may exhibit
functional declines in cognitive and motor functions separately; their
ability to perform activities of daily living that require the close cou-

pling of cognitive and motor functions may not be as significantly
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impaired as other populations with cardiovascular and neurovascular
compromise (eg, stroke).3” Given the length of time for diabetes to
progress in most patients, the slow metabolic changes experienced
may permit the development of coping strategies by the neuromuscu-
lar system concurrently with the development of the disease, unlike
the acute neuromuscular deficit found in patients after stroke.
Despite the possibility of developing coping mechanisms, the
significant tactile, motor, and cognitive deficit in diabetic patients
should not be downplayed. Clinicians should take these deficit into
account when developing medical management strategies, including

physical activity interventions and patient-environment interactions.

4.2 | Potential mechanisms

In our exploratory co-variate evaluations, several disease state markers
were found correlate with tactile, motor, and cognitive functions. In some
cases, these health state markers accounted for the observed behav-
ioural differences in diabetic patients; in others, they magnified the group
differences between diabetics and controls. Consistent with previous lit-
erature,'”?° tactile dysfunction positively correlated with Ay, suggesting
that worsened glucose control is globally associated with worsened sen-
sory function. Baseline cognitive function was indicated to be negatively
correlated with blood pressure.*® The novel health state covariation indi-
cations of this study are found in a combination of several health states
(such as BMI, disease duration, and systole) to enhance the group effects
found in the motor function data. In contrast, other health state variables
(such as A4 and tactile sensation thresholds) appear to account for the
group effects found in the motor function data. Looking at this data, even
though our diabetic cohort may have larger BMI values, this alone does
not account for the motor function differences exhibited by this popula-
tion. Instead, it appears that a constellation of health factors play into the
motor (as well as other) deficit exhibited by this population, consistent
with the development of the common soil hypothesis.*” As a result and
contrary to traditional clinical opinion, reduced motor function in the dia-
betic group may not be due solely to peripheral nerve damage, but to
multi-system changes in the body.2*?® We do acknowledge that this
work is exploratory in nature. Accordingly, this initial study has been use-
ful to our group in designing subsequent studies on cognitive and motor
dysfunction in diabetic patients. We are currently pursuing multiple pro-
jects to evaluate the contribution of health state covariates as well as cor-
tical and corticospinal contributions to CMI. It is our hope that results
from these upcoming studies may be used to better understand the full
scope of how self-care is impacted by systemic cardiovascular and neuro-
logical impairment in diabetic patients.

Based on the results of the current study, we urge clinicians to con-
sider the following when developing medical management strategies,
particularly physical activity interventions, for older adults with Type I
Diabetes: older adults with Type 2 Diabetes present with global impair-
ments in postural stability that are not specifically driven by BMI or
peripheral neuropathy; and that older adults with Type 2 Diabetes
require increased attentional resources to perform both cognitive and
motor tasks. Thus, interventions focusing on weight loss are unlikely to
mitigate postural instability in this population. Clinicians should also con-

sider designing interventions utilizing reduced distraction environments

given the increased attentional resource demands of this particular
population. Keeping both of these issues in mind may help in designing

impactful interventions for this growing population.

4.3 | Limitations

In the current study, we acknowledge three limitations: (1) a small
sample size, (2) exploratory analyses of health state variables, and (3)
collection of primarily behavioural data. Despite these limitations,
the current data set has been informative in shaping our future
research directions in the area of diabetic CMI. Our upcoming projects

address all three limitations of the current project.
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