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Abstract

Background—Gait is deteriorated in older adults with diabetic peripheral neuropathy; however,
too little is known about the gait initiation phase. We aimed to determine if gait initiation variables
are more sensitive in identifying the extent to which diabetic peripheral neuropathy impacts gait.

Methods—We examined steps, distance, speed and dynamic balance in the gait initiation phase
using a validated algorithm based on wearable sensors in 38 older adults with diabetic peripheral
neuropathy and 33 non-diabetic, non-neurologic, non-orthopedic control older adults (= 65 years)
under single-task and dual-task gait conditions.

Findings—During the single-task gait condition, the largest differences between the two groups
were found in gait initiation steps and dynamic balance (66.7% more steps and 57.2% poorer
balance for the diabetic group; effect size = 1.08 and 1.11, respectively; all p < 0.05), while gait
speed had a medium effect (10.9% slower for the diabetic group; effect size = 0.54,0 < 0.05).
Although gait deteriorated for both groups during the dual-task gait condition compared to the
single-task gait condition, effect sizes of the between-group differences remained similar. The
differences in gait initiation steps and dynamic balance between the two groups were independent
of gait speed.

Interpretation—@Gait initiation steps and dynamic balance may be more sensitive than gait speed
for detecting gait deterioration due to diabetic peripheral neuropathy. Given the association
between gait initiation and risk for fall, our findings suggest that gait initiation variables may be
important outcomes for clinical management of diabetic peripheral neuropathy.
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Introduction

Damage to the peripheral nervous system and subsequent decline in somatosensory function,
referred to as peripheral neuropathy, is a common complication in diabetes (National
Institute of Neurological Disorders and Stroke, 2018). Diabetic peripheral neuropathy (DPN)
affects up to half of the population with diabetes (Pop-Busui et al., 2017) and increases the
risk of foot ulceration and amputation (Armstrong, Boulton, & Bus, 2017). Due to the
decreased somatosensation, particularly in the lower extremities, DPN is associated with
impaired gait performance in older adults, including decreased gait speed and stability
(Cavanagh, Derr, Ulbrecht, Maser, & Orchard, 1992; Courtemanche et al., 1996; Menz,
Lord, St George, & Fitzpatrick, 2004; Zhou et al., 2018). These impairments in gait
performance likely lead to an increased risk of falls in older adults with DPN (DeMott,
Richardson, Thies, & Ashton-Miller, 2007; Richardson, Ching, & Hurvitz, 1992; Schwartz
et al., 2002). Most of the evidence in gait impairments in DPN was studied during the
steady-state gait phase in which gait speed is maintained relatively constant. Although
people typically walk from a static posture, such as an upright standing posture in most
situations, little attention has been paid to how gait is initiated from static postures in those
with DPN.

The gait initiation phase is the duration in which postural transitions occur from upright
standing to steady-state gait (Brunt et al., 1991). In the gait initiation phase, individuals shift
their weight from a standing posture towards a stance leg to generate momentum to initiate
gait and speed up, to reach steady-state gait speed. It has been reported that an altered gait
initiation phase may be associated with the risk of falls (Mbourou, Lajoie, & Teasdale,
2003). For example, healthy young adults can achieve their steady-state gait speed within
two to three steps from an upright standing posture (Miff, Childress, Gard, Meier, & Hansen,
2005; Miller & Verstraete, 1996). However, this may not be the case for people at risk for
falls, likely due to their postural instability during the gait initiation phase (Hass et al., 2004;
Mbourou et al., 2003). In fact, a study reported that people at risk of falling may take more
steps and distance to reach their steady-state gait speed (Lindemann et al., 2008).

Despite the association between DPN and risk for fall (DeMott et al., 2007; Richardson et
al., 1992; Schwartz et al., 2002), and between falling risk and the gait initiation phase
(Lindemann et al., 2008), evidence of characteristics in the gait initiation phase in DPN is
sparse. Only a few studies have investigated characteristics of the gait initiation phase in
DPN, and these have reported that people with DPN may take between three and six steps to
reach a steady-state gait (Gurtej S Grewal et al., 2013; Najafi, Khan, Fleischer, & Wrobel,
2013). Although the wide age ranges in these studies (i.e., adults = 18 years) do not
necessarily represent older adults, and even though most of their participants were wearing
prescribed footwear, such as off-loading shoes and cast shoes, meaning their gait pattern
may not necessarily represent their natural gait pattern, these studies showed implications of
possible impairments in the gait initiation phase in older adults with DPN. Moreover, DPN
is associated with postural instability (Toosizadeh, Mohler, Armstrong, Talal, & Najafi,
2015), which further supports potential disruption in the gait initiation phase in DPN.
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Another important limitation of the previous gait initiation studies in DPN is a lack of
including dual-task gait. It has been reported that people with DPN have a poorer pattern
during dual-task gait (i.e., performing a cognitive task during gait) compared to non-
neuropathic people (Paul, Ellis, Leese, McFadyen, & McMurray, 2009), which was caused
by less attention on gait during dual-task gait compared to single-task gait (Courtemanche et
al., 1996). Similarly, it may be that demanding an additional cognitive task to attention on
gait disrupts the gait initiation phase in older adults with DPN, however, this has remained
unexplored.

Taken together with previous findings, it may be as important to know the characteristics of
the gait initiation phase in older adults with DPN as the steady-state gait phase. The purpose
of this study was to investigate the characteristics of the gait initiation phase during single-
task gait and dual-task gait in older adults with DPN in comparison to control older adults
(CON). Based on gait impairments in DPN (Cavanagh et al., 1992; Courtemanche et al.,
1996; Gurtej S Grewal et al., 2013; Menz et al., 2004; Najafi, Khan, et al., 2013), we
hypothesized that older adults with DPN would take more steps and longer distance to reach
steady-state gait from upright standing posture compared to CON for both single-task and
dual-task gait conditions. In addition, we hypothesized that the older adults with DPN would
have a slower speed and poorer stability in the gait initiation phase compared to CON for
both single-task and dual-task gait conditions.

2. Methods

2.1. Participants

This study was a secondary analysis of data from a subset of people with DPN and
community-dwelling older adults collected previously in three different studies that were
reported elsewhere (Gurtej Singh Grewal et al., 2015; Kang, Zahiri, Lepow, Saleem, &
Najafi, 2019; Schwenk et al., 2015). In the previous studies, gait data were collected from a
total of 69 people with DPN recruited from outpatient clinics located in Houston (TX, USA)
and Tucson (AZ, USA) metropolitan areas, the Baylor College of Medicine (Houston, TX,
USA), and the University of Arizona Medical Center (Tucson, AZ, USA) (Gurtej Singh
Grewal et al., 2015; Kang et al., 2019). Among them, we included data from people who
were aged 65 years and over for the DPN group. We excluded data from people who had a
history of neurological conditions, such as stroke and Parkinson’s disease. For the CON
group, a subset of 125 community-dwelling older adults (= 65 years old) was included. The
subset did not have a history of diabetes, cancer, orthopedic, or neurological conditions that
might affect gait. Consequently, gait data from 38 older adults with DPN and 33 CON were
analyzed in this study. All participants were able to walk independently for at least 10
meters. We obtained written informed consent, which was approved by the Institutional
Review Boards at the Baylor College of Medicine and the University of Arizona.

2.2. Clinical assessments

In order to assess the severity of DPN, we measured vibration perception threshold (VPT)
using a Biothesiometer (Bio-Medical Instrument, Newbury, Ohio, United States) as
described in previous studies (Kang et al., 2019; Najafi, Crews, & Wrobel, 2013; Najafi et
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al., 2017; Wang et al., 2019). First, we placed the probe of the Biothesiometer on one of
three sites on the plantar surface of the foot: the first and fifth metatarsal heads and heel. We
then had gradually increased the electrical vibration from 0 volts until participants began
perceiving the vibration. After that, we continued to increase the electrical vibration, then
gradually decreased until participants perceived no vibrations. When the difference between
the two electrical vibrations (i.e., the vibration level that participants began perceiving and
the vibration level that participants stopped perceiving) were less than 2 volts, the larger
vibration was considered the VPT value for the site. If the difference was over 2 volts, the
procedure was repeated at least three times or until the difference became less than 2 volts. If
the difference continued to be over 2 volts, the highest measured value was considered as the
VPT value for the site. We repeated this procedure for all the other sites for both feet (i.e., a
total of six sites for each participant). VPTyax Was the largest VPT value among the six sites
(Kang et al., 2019; Najafi, Crews, et al., 2013; Najafi et al., 2017; Wang et al., 2019).

Additionally, we evaluated daily activity level using the Barthel Index of Activities of Daily
Living (BI) (Mahoney & Barthel, 1965), concerns for fall using the Falls Efficacy Scale-
International (FES-1) (Yardley et al., 2005), and fall history in the past 12 months using self-
disclosure. Bl is a 10-item self-administered questionnaire (scores 010 per item), and a
score of 75 or below was considered moderate to severe disability in daily activities
(Supervia et al., 2008). FES-I is a 16-item self-administered questionnaire (scores 1-4 per
item), and a score of 28 and over was considered high concern for fall (Delbaere et al.,
2010).

2.3. Gait task

We evaluated gait performance under single-task and dual-task conditions. Gait performance
was evaluated in quiet hallways of Baylor College of Medicine and the University of
Arizona Medical Center. For the CON group, all assessments were performed at their own
domicile. Each participant began with an upright standing posture with feet apart at their
preferred width. Then, each participant began walking forward at their preferred pace. For
the single-task gait condition, we asked participants to walk as normally and comfortably as
possible. For the dual-task gait condition, participants performed a cognitive task (e.g.,
counting backward by twos from a random number given by a clinical research coordinator)
while walking. Participants were also asked to walk as normally and comfortably as possible
for the dual-task gait condition. The order of the gait trials was consistent across all
participants (the single-task gait condition followed by the dual-task gait condition), and one
gait trial was performed for each task. Participants wore their own walking shoes and walked
12 meters (approximately 40 feet).

We collected gait data using five commercially available inertial sensors that were attached
to each participant (LegSys™, BioSensics, Newton, Massachusetts, United States). The
locations of the sensors were the middle of the anterior surface of the thighs bilaterally, the
distal end of the anterior surface of the shank bilaterally, and the posterior surface of the
lower back. Each sensor consisted of a tri-axial accelerometer, a tri-axial gyroscope, and a
magnetometer, and collected linear acceleration and angular velocity of the body segment on
which the sensor was attached. The sensor data were obtained with a sampling rate of 100
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Hz. The sensors have been used in previous studies, and the location and algorithms for gait
parameters have been validated (Aminian, Najafi, Bula, Leyvraz, & Robert, 2002;
Lindemann et al., 2008; Najafi, Helbostad, Moe-Nilssen, Zijlstra, & Aminian, 2009; Najafi,
Khan, et al., 2013; Najafi, Miller, Jarrett, & Wrobel, 2010).

2.4. Data analysis

In order to calculate gait parameters in the gait initiation phase, we used a previously
validated algorithm (Lindemann et al., 2008). Briefly, for each gait task, we first calculated
stride velocities of each stride from the 15 stride to the last stride for the entire gait task. The
total number of strides were divided into groups of three consecutive strides with
neighboring groups have two overlapped strides (e.g., group 1 = the 15t, 2" and 39 strides;
group 2 = the 2", 3 and 4t strides; group 3 = the 3™, 4t and 5% strides). In each group,
standard deviations of stride velocities among three consecutive strides were calculated. For
example, standard deviations of stride velocities in group 1 (among the 15, 2", and 3
strides), group 2 through the last group were calculated. Then, the median standard deviation
for the entire gait task was calculated. The beginning of the steady-state gait phase was
defined as the first stride of the groups in which the standard deviation of the stride
velocities was below the median standard deviation of all stride velocities. The primary
outcome variables were the number of steps and distance to reach steady-state gait, and gait
speed and body sway in the mediolateral direction in the gait initiation phase and steady-
state gait speed.

2.5. Statistical analysis

We compared demographic and clinical characteristics between the DPN and CON groups
using Mann-Whitney U tests for age, body-mass index (BMI), BI, FES-1 and number of falls
in the last 12 months, and chi-square tests for number of women, number of participants
who had Bl < 75 (i.e., moderate to severe disability in daily activities), number of
participants who had FES-I > 28 (i.e., high concern for fall), and number of participants who
fell in the last 12 months.

For comparing gait parameters, we used the analysis of covariance (ANCOVA) and adjusted
for age, sex, BMI, and FES-I. Since most of the gait parameters are highly correlated with
gait speed (Kirtley, Whittle, & Jefferson, 1985), we then added steady-state gait speed as an
additional covariate in our statistical model for investigating if an observed significant
difference for a gait initiation parameter is mainly due to steady-state gait speed. Non-
normally distributed outcomes (i.e., gait initiation steps, distance, and mediolateral body
sway) were In-transformed before using ANCOVA. We applied Bonferroni correction for
ANCOVA. A Bonferroni-adjusted p-value < 0.05 was considered a significant difference
between the DPN and CON groups. For quantifying the differences in gait parameters
between the DPN and CON groups, the effect size was calculated using Cohen’s d. The
magnitude of effect size was classified as follows: Cohen’s &< 0.20 as no noticeable effect,
0.20 < Cohen’s d< 0.50 as a small effect, 0.50 < Cohen’s @< 0.80 as a medium effect,
Cohen’s d=0.80 as a large effect (Cohen, 1992). We used SPSS® version 25 (IBM,
Armonk, NY, USA) for all statistical analyses.
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3. Results

3.1. Participant characteristics

We summarized participants’ demographic and clinical characteristics in Table 1. Age and
BMI were significantly lower and higher, respectively, for the DPN group than for the CON
group (all p<0.05). Bl and FES-1 were significantly higher and lower, respectively, for the
CON group than for the DPN group (p < 0.05). Approximately a quarter of the DPN group
fell in the last 12 months. No participants in the CON group fell in the last 12 months. The
mean value for VPT 5« in the DPN group was 32.0 volts (SD 14.0).

3.2. Gait variables

We summarized steady-state gait speed for each group in Table 2. For both single-task and
dual-task gait conditions, the DPN group had 10.9% and 13.7% slower gait speed,
respectively, compared to the CON group (all p < 0.05; medium effects).

We summarized characteristics in the gait initiation phase for each group in Table 3. For the
single-task gait condition, the mean number of steps and distance to reach the steady-state
gait phase were 66.7% more and 70.4% longer, respectively, for the DPN group than for the
CON group (all p<0.05; all large effects) (Figure 1). Gait initiation speed was 12.1%
greater for the CON group than for the DPN group (p < 0.05; a medium effect). Mediolateral
body sway was 57.2% larger for the DPN group than for the CON group (p < 0.05; a large
effect).

For the dual-task gait condition, the DPN group took 62.5% more steps and 86.5% longer
distance to reach the steady-state gait phase compared to the CON group (all p< 0.05; all
large effects). The DPN group had a 12.7% slower gait speed compared to the CON group (p
< 0.05; a medium effect). Mediolateral body sway was 67.0% larger for the DPN group than
for the CON group (p < 0.05; a large effect).

For both single-task and dual-task gait conditions, after accounting for the effects of steady-
state gait speed, we found that number of steps, distance, and mediolateral body sway were
still significantly greater for the DPN group than for the CON group (all p < 0.05).

4. Discussion

This study aimed to characterize the gait initiation phase in older adults with DPN in
comparison to CON. We examined the number of steps and distance to reach steady-state
gait, and gait speed and mediolateral body sway in the gait initiation phase for the single-
task and dual-task gait conditions. All participants were aged 65 years and over. The primary
findings were that the DPN group took more, slower, and more unbalanced steps, and a
longer distance to reach steady-state gait from an upright standing posture compared to the
CON group. These findings were observed in both the single-task and dual-task gait
conditions. Differences in the number of steps, distance and mediolateral body sway were
independent of steady-state gait speed. Although some demographic or clinical
characteristics such as age, BMI and concern for fall may have affected characteristics of the
gait initiation phase, our findings suggest that DPN may have additional negative effects on
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the gait initiation phase in older adults. To our knowledge, this study is the first to investigate
the gait initiation phase in older adults with DPN and a higher FES-I.

As hypothesized, the DPN group needed 1.5 times more steps (approximately 4 steps) to
reach steady-state gait compared to the CON group (approximately 2.5 steps) for both gait
tasks. These steps equated approximately 2 meters for the DPN group, and 1 meter for the
CON group to reach the steady-state gait phase. These characteristics were independent of
gait speed. It may be that profound somatosensory loss in the feet in the DPN group is a
fundamental cause of these differences. Somatosensory function directly affects
performance in the first step in the gait initiation phase (Chastan et al., 2010): Disruption in
somatosensory function reduces the capacity of postural control during the first step in the
gait initiation phase even in healthy adults. Likely due to reduced somatosensory
information conveyed from the peripheral nervous system to the central nervous system, the
DPN group may have needed one or two more steps for stabilization compared to the CON
group. By taking these extra steps, the DPN group may have been able to compensate for
postural instability that occurred when generating momentum from an upright standing
posture.

Another potential reason for the difference in the number of steps is a concern for fall. In
this study, the DPN group had higher concern for fall compared to the CON group. A
concern for falls in older adults impairs the first step in the gait initiation phase by increasing
duration for postural adjustment when generating momentum (Uemura et al., 2012).
Together with the fundamental somatosensory problems related to DPN, the higher concern
for fall may have caused a careful gait, resulting in more steps to reach steady-state gait.

Previous studies reported that healthy young adults reach steady-state gait within two or
three steps (Miff et al., 2005; Miller & Verstraete, 1996). In this study, the CON group
needed a comparable number of steps. Although the first step in the gait initiation phase may
be altered in the CON group compared to healthy young adults (i.e., less capacity to
generate forward momentum in the CON group compared to healthy young adults) as
suggested by a previous study (Polcyn, Lipsitz, Kerrigan, & Collins, 1998), our results
suggest that the CON group may have compensated the mechanism of speeding up to
steady-state gait speed in one or two subsequent steps.

Another important finding in this study was the larger mediolateral body sway for the DPN
group than for the CON group. Mediolateral body sway is an important indicator of gait
stability, and larger sway indicates a more unbalanced and unstable gait pattern and is
associated with the risk of falls during gait or initiating gait (Chen & Chou, 2017; Lee &
Chou, 2006). Although the DPN group is thought to stabilize balance in the gait initiation
phase by taking extra steps compared to the CON group, the results for the mediolateral
body sway suggest that older adults with DPN still have unbalanced movement patterns in
the gait initiation phase. Our findings were in line with a previous study that reported larger
mediolateral body sway during gait on regular and irregular surfaces (Menz et al., 2004). In
addition to previous results, our study confirms gait instability in older adults with DPN
throughout various phases of gait.
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Slower gait speed for the DPN group compared to the CON group was also consistently
found across the gait initiation and steady-state phases. Our results for the gait speed were in
line with previous results (Mueller, Minor, Sahrmann, Schaaf, & Strube, 1994). Together
with the results for the larger mediolateral body sway in older adults with DPN, slow speed
provides implications of increased falling risk in older adults with DPN in the gait initiation
phase as well as the steady-state gait phase.

Notable results from our study were that the greater number of steps, distance, and
mediolateral body sway in the gait initiation phase were regardless of gait speed. These
results may be clinically meaningful for DPN. Many clinical studies that tested therapeutic
efficacy in a treatment on gait performance in DPN focus on improvements in gait speed or
stability in the steady-state gait phase (Gurtej Singh Grewal et al., 2015; Morrison, Colberg,
Parson, & Vinik, 2014; Richardson, Thies, DeMott, & Ashton- Miller, 2004; Wrobel &
Najafi, 2010). However, our results suggest that poor balance control in the gait initiation
phase may still exist even after improvements in steady-state gait speed and stability. Thus, it
is suggested for clinicians and researchers to take parameters such as the number of steps,
distance, and mediolateral body sway in the gait initiation phase into account for clinical
management of DPN.

One limitation of this study was that most of our participants in the DPN group had severe
symptoms of DPN. It may be that the pattern in the gait initiation phase may be different in
people with relatively mild symptoms of DPN. In addition, age, BMI and concern for falls
were significantly different between the two groups. Although we addressed these
differences as covariates in our statistical model, potential effects from such covariates may
still exist. Thus, it is recommended to investigate the gait initiation phase in age-, BMI- and
FES-I-matched controls for further confirmation of our results.

5. Conclusions

In conclusion, DPN is associated with impairments in the gait initiation phase in older adults
who are 65 years and older. Our findings suggest that the number of steps and distance to
reach steady-state gait, and mediolateral body sway in the gait initiation phase may also
identify deterioration in gait due to DPN. Given the association between the gait initiation
phase and risk for fall, our findings also suggest that clinicians and researchers should
consider variables in the gait initiation phase when investigating the therapeutic efficacy of
treatments for gait performance in older adults with DPN.
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Highlights
. We studied gait initiation variables in diabetic neuropathy and control groups.
. The neuropathy group took more gait initiation steps compared to the control
group.
. The neuropathy group had poorer dynamic balance compared to the control
group.
. Effect size was larger for gait initiation steps and balance than for gait speed.
. Gait initiation variables may better detect gait deterioration than gait speed.
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Figure 1.

Mean gait velocity for each step across all participants in the DPN (solid line) and CON
(dashed line) groups during single-task gait. The error bars represent standard errors.
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Table 1.

Participants’ demographic and clinical characteristics.

Measures DPN (n=38) CON (n=33) P-value
Women, N 18 20 0.265
Age, years 72.6 (5.6) 77.9(8.2) 0.005~
BMI, kg/m? 31.63(6.07) 27.05(4.23) (oo2*
Activity level (BI), 0-100 95.1 (6.0) 95.8 (15.7) 0.0247
Moderate disability in activities (Bl <75), N 1 0 0.328
Concern for fall (FES-1), 4-64 334(144)  228(8.7) <0.001"
High concern for fall (FES-I = 28), N 20 5 0.0017
Number of fallers in the last 12 months, N 9 0 <0.001"
Number of falls in the last 12 months 0.7 (1.2) 0.0 (0.0) 0.001%

Note: Values in parentheses represent standard deviations.

Abbreviations denote the following: DPN = Older adults with diabetic peripheral neuropathy; CON = Control older adults; BMI = Body-mass
index; BI = Barthel Index of Activities of Daily Living; FES-I = Falls Efficacy Scale International.

Asterisks denote significant differences between the DPN and CON groups.

*
P<0.05.
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Table 2.

Mean values for steady-state gait speed for each group and gait task.

Steady-state gait speed, m/s DPN CON P-value Cohen’sd
Single-task gait 0.98 (0.04) 1.10(0.03) 0.012° 0.54M
Dual-task gait 0.88(0.04) 1.02(0.04) 0.009° 058V

Note: Values in parentheses represent standard errors.
Abbreviations denote the following: DPN = Older adults with diabetic peripheral neuropathy; CON = Control older adults.

Asterisks denote significant differences between the DPN and CON groups based on ANCOVA tests adjusting for age, body-mass index, sex and
FES-I1.

*
P<0.05.

Superscript letter in the Cohen’s d column denotes the following: M = Medium effect size.
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Mean values for gait parameters in the gait initiation phase across all participants for each group and gait task.

Gait initiation parameters DPN CON P-value  Cohen’sd
Single-task gait

Number of steps to steady-state gait, steps 4.0 (0.3) 2.4(0.1) <0.001* 1.08-
Distance to steady-state gait, meters 2.13(0.21) 1.25(0.09) 0.008" 0.88-
Gait speed, m/s 0.99 (0.04) 1.11(0.03) 0.018* 0.52M
Mediolateral body sway, degrees 7.01(0.47) 4.46(0.31) 0.001" 111t
Dual-task gait

Number of steps to steady-state gait, steps 3.9 (0.3) 2.4(0.2) 0.001~ 1.05-
Distance to steady-state gait, meters 1.94(0.18) 1.04(0.10) 0.004™ 1.04-
Gait speed, m/s 0.89(0.04) 1.02(0.04) 0025% 053
Mediolateral body sway, degrees 7.18(0.58) 4.30(0.31) 0.001" 1.08-

Note: Values in parentheses represent standard errors.

Abbreviations denote the following: DPN = Older adults with diabetic peripheral neuropathy; CON = Control older adults.

Asterisks denote significant differences between the DPN and CON groups based on ANCOVA tests adjusting for age, body-mass index, sex and

FES-I.

*
P<0.05.

Superscript letters in the Cohen’s @ column denote the following: M = Medium effect size; L = Large effect size.
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