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Abstract

Hallux valgus (HV) contributes to deficits in static balance and increased fall risk in older adults. Very
limited research has examined dynamic balance deficits in walking in this population. These individuals
generally walk slowly, as balance challenge is lesser at slow speeds. The purpose of this study was to
examine dynamic balance in older adults with HV compared to healthy controls at controlled slow and
fast speeds. Nineteen older adults with HV and 13 healthy controls completed 5 continuous walking trials
at 1.0 and 1.3 m-s* as whole body marker position and ground reaction force data were captured.
Dynamic balance was evaluated using whole body center of mass (COM) and center of pressure (COP)
inclination angles (IA) and duration of double support. There were no differences in measures of dynamic
balance between older adults with and without HV at slow and fast speeds. At the faster speed, the peak
sagittal plane COM-COP IA increased and the double support duration decreased, while the peak frontal
plane COM-COP IA were not affected. Older adults with HV do not exhibit deficits in dynamic balance

during continuous walking at comfortable speeds when compared to healthy older adults.

Keywords: Bunions, Center of mass, Center of pressure, Inclination angles
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Chapter I

Introduction

Older adults exhibit a decreased capacity to maintain balance during dynamic tasks such as
walking [1]. This decline in dynamic balance may explain why older adults tend to have an increased risk
for falls [2]. With advancing age, foot deformities such as hallux valgus (HV) also become increasingly
prevalent [3,4], which further increases fall risk in older adults [5,6]. HV is also known to adversely affect
static balance [7—9] and habitual walking speed [10,11]. These findings suggest that dynamic balance

during walking may be affected in older adults with HV.

The relationship between HV and dynamic balance during walking in older adults has not been
sufficiently investigated. Only two studies have examined the effect of HV on dynamic balance during
walking in older adults. Mickle et al. [12] and Sadra et al.[13] both found that double support duration, a
spatiotemporal gait parameter associated with dynamic balance in walking, was not different between HV
subjects and controls. However, double support duration alone is not considered to be a sensitive measure
of dynamic balance although the need for dynamic balance is greatest in the double support phases of
walking, when weight is rapidly transferred from the trailing leg to the leading leg [14,15]. Double
support duration is not a sensitive enough measure because it does not take into account the relationship
between whole body center of mass (COM) and base of support. The interaction of whole body COM,
center of pressure (COP), and the inclination angle (1A) between these two points (i.e. COM and COP)
has been shown to be a more sensitive measure of balance in walking than double support duration
[16,17]. Peak COM-COP IA occur near the instants of weight acceptance and transfer during the double
support phases and thus provide a more precise assessment of dynamic balance. No studies to date have

examined dynamic balance in HV using measures of COM and COP interactions.

Dynamic balance challenge increases with walking speed, and thus walking speed should be
controlled when assessing dynamic balance. Research indicates that walking speed independently affects

double support duration [18] and COM-COP 1A [19,20]. As walking speed increases, the double support



phase shortens in healthy subjects [18]. Similarly, peak anterior and posterior COM-COP IA increase
while peak medial IA decreases with increasing walking speed [19,20]. Older adults with HV often walk
at slower preferred speeds than healthy, age-matched controls [10,11]. The two studies which examined
dynamic balance during walking in older individuals with HV assessed double support duration at slower,
preferred speeds [12,13]. The effect of HV on walking balance at controlled, faster speeds has not yet
been examined. The deficits in balance may become more apparent in individuals with HV if assessments
are performed at faster walking speeds using more sensitive measures of analysis (i.e. anterior, posterior,

and medial COM-COP IA).

There has been limited assessment of the cumulative effects of age and HV on walking balance in
the gait of older adults. Deficits in dynamic balance during walking have not been examined in older
adults with HV under experimentally-controlled slow and fast speed conditions using sensitive measures
of balance such as peak COM-COP IA. Therefore, the purpose of this study was to evaluate dynamic
balance evaluated via peak COM-COP IA during walking in older adults with HV under experimentally-
controlled slow and fast walking speeds, specifically near the double support phase near the instants of
weight acceptance and transfer. We hypothesized that individuals with HV compared to healthy age- and
sex-matched controls would demonstrate greater deficits in dynamic balance, displaying increased medial
and decreased anterior and posterior peak COM-COP |A for the fast speed condition, but that these peak

IA would not be affected at slower speeds.



Chapter 11

Methods

Participants

Nineteen older community-dwelling adults with HV and 19 controls participated in this study
(age range 60-85 years). Since no previous research has examined dynamic balance using COM-COP IA
measures in older adults with HV, a statistical power analysis was conducted using GPower 3.1 software
to determine the appropriate sample size. To achieve a statistical power of 0.8 for a medium effect size
(Cohen’s f=0.25) age x speed interaction, a sample size of 34 participants (17 participants per group) was
needed.

All participants were community-dwelling individuals capable of walking unassisted
continuously for a minimum of 10 minutes without resting. Using the Manchester Scale, all participants
(i.e. HV and controls) were evaluated to determine the presence and grade of HV [21]. Participants were
included in the experimental HV group if the degree of deformity assessed was at either moderate or
severe, class 2 or class 3, respectively. Prior research has shown that balance is adversely affected and fall
risk is greater in older adults with a moderate-to-severe grade of HV [5,6,10]. HV participants were
included in the study if they exhibited the deformity without the presence of disabling pain which affects
walking. Prior research has shown that approximately 70%-88% of individuals with moderate-to-severe
HV do not experience excessive pain [22,23]. Control participants were also evaluated using the
Manchester Scale and included if they did not have HV, otherwise known as a class 0 categorization.
Individuals with any orthopedic or neurological conditions affecting balance and walking were excluded
from the study. Also, individuals who received surgical correction for HV were also excluded. Western
Washington University Institutional Review Board approved the study and all participants provided a

written informed consent prior to participation.



Data collection

All participants completed a single, one-hour testing session. Upon arrival at the lab, participants
filled out a health history and physical activity questionnaire. Prior to trials, each of the subject’s feet
were visually inspected in a weight-bearing position by a single investigator (CB), and classified
according to the Manchester Scale. Previous research has shown that the grade of HV can be reliably
classified using this visual scale [24]. The Manchester Scale has been shown to be a highly reliable (i.e.
high intra- and inter-rater reliability) and valid method for classifying HV for research purposes, and has
been used frequently in the literature [3,21-28]. Studies have shown that the Manchester Scale has a high
level of concurrent criterion validity when compared to criterion radiographic assessment [29]. After HV

assessment, participants changed into spandex clothes provided by the investigators.

Anthropometric measurements of body height, body mass, inter-anterior superior iliac spine
distance, and bilateral leg length, knee width, ankle width, shoulder offset width, elbow width, wrist
width, and hand thickness were taken. Next, 39 reflective markers were placed on the participant’s skin
and spandex clothes according to the full body VICON Plugln Gait model guidelines. VICON Plugln
Gait model was chosen for the current study because it has been extensively used to quantify whole body
center of mass (COM) position [15,19,20,30-35]. A 10-camera VICON motion capture system
(Centennial, CO, USA) and two AMTI in-ground forceplates (Watertown, MA, USA) captured three
dimensional marker position and ground reaction force data synchronously at 100Hz and 1000Hz,
respectively. A static calibration trial was completed during which the participants were instructed to
stand stationary on a single forceplate in the “motorcycle pose” according to VICON Plugln Gait model

guidelines.



After the static trial, dynamic walking trials were completed at two experimentally controlled
speeds of 1.0 m-s* and 1.3 m-s’* in a random order. The slower speed, 1.0 m-s, was selected as it is
reported to be the typical natural gait of older adults exhibiting moderate-to-severe HV [10-12].
Similarly, the faster speed, 1.3 m-s, was selected as it is the typical natural gait of healthy older adults
[36-38]. Participants were given 3-5 familiarization trials to get acclimated to walking at each speed
before trials were collected. After familiarization, data were collected for five trials for each walking
speed condition. Walking speed was computed immediately after each trial (using the data for one-stride
length as the participant walked across the capture zone) to check if it was within +3% of the target speed.
A trial was accepted if the subject was able to 1) achieve the targeted speed within the +3% range of error
with a natural gait, 2) strike the correct forceplate without making any visible alterations to stride pattern,
and 3) strike the forceplates such that the leg exhibiting the greatest degree of HV was the leading leg

[39].

Data analysis

Marker position and ground reaction force data were low pass filtered at 8 Hz using a 4th order
Butterworth filter [40-42]. Basic spatiotemporal variables such as walking speed, stride length, step
width, cadence, and double support duration were computed from the filtered data. Using marker position
data and Dempster’s equations [43], each segment’s center of mass and the whole body COM were
computed using VICON Plug-in gait post capture pipeline [15,19,20,29-34]. Instantaneous COM position
coordinates were determined for the entire gait cycle. Center of pressure (COP) coordinates were
computed from forceplate ground reaction force and moment data. Because each forceplate provides its
own COP data, there was a need to determine resultant COP which combines data from both forceplates

during the double-support phase. This was accomplished using the equation below [14-16,44]:



F } F,
4 + COp, —2

COPy = COP, 7 ~F 5 > T Fp)

where COPxk is the resultant COP, COP; and COP; are the COP coordinates from the respective
forceplates, and Fz; and Fz; are the vertical ground reaction forces from each respective forceplate.
Instantaneous COM and COP position data were then used to calculate the IA for the frontal (medial) and
sagittal (anterior and posterior) planes. The calculation of these angles has been described previously [16].

Briefly, the equation used to compute AP and ML COM-COP IA is provided below (Figure 1):

O=tan+(d/h)

Figure 1. The calculation of the
center of mass-center of pressure
IA uses the height of the COM (h)
and the horizontal separation of
the center of mass and center of
pressure (d) to calculate  the
angle (), as shown above. This
model can be applied to either the
sagittal (anterior-posterior) or the
frontal (mediolateral) planes.

where @ is the 1A, d is the horizontal separation between the COM and COP, and h is the vertical
height of the COM from the ground. Instantaneous COM-COP IA were computed over a gait cycle, and

peak anterior, posterior, and medial values were identified for further analysis.



Statistical analysis

The independent variables for this experiment were the presence of HV and walking speed. The
primary dependent variables examined were peak anterior, posterior, and medial COM-COP IA, and the
double support duration during which the foot exhibiting HV is the push-off leg. The secondary
dependent variables were stride length and step width. A mixed model ANOVA with repeated measures
for speed was used to examine the effect of HV on the dependent variables. Alpha was set a priori to 0.05.
Effect sizes were calculated as partial eta squared (%), where, np> > 0.01 was small, n,?>> 0.06 was
medium, and 1y > 0.15 was large effect size [45]. All statistical procedures were performed using SPSS

(Version 23).
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Results

Demographic characteristics are presented in Table 1. The hallux valgus and control group

participants were not significantly different in age, height, mass, and amount of moderate-to-vigorous

physical activity they engaged in regularly on a weekly basis. A majority of the participants in the

hallux valgus group (14/19) had grade 3 severity of the condition.

Table 1. Participant demographic characteristics

Hallux Valgus (n=19) Controls (n=19) t-value vszIJe
Sex 13 females 13 females
Grade of Hallux Valgus 2705 0
Age (years) 714 +56 68.6 55 t%=1.557  0.128
Height (cm) 164.6 +11.9 165.8 +11.0 t%=-0.324  0.784
Mass (Kg) 68.5 + 10.3 71.4+127 t=-0.784  0.438
Moderate to vigorous physical - 464 4, 387 ¢ 455.1 + 386.0 t2=0.074 0941

activity (minutes/week)

There were no group-speed interactions or differences between groups for any of the
spatiotemporal variables and peak COM-COP IA. With an increase in speed there was an
increase in stride length and anterior and posterior COM-COP IA, a decrease in double support

duration, but no significant differences in step width and medial COM-COP IA (Table 2).



Table 2. Gait parameters, double support duration, and COM-COP IA

Hallux Valgus Controls Group main Speed main effect Group-speed

1.0 m-st 1.3 m-s 1.0 m-st 1.3 m-s? effect P interaction

: F1,3e=0.35; F1,3e=437.07; F1,35=0.60;
St”d(en:‘)*”gth 118+009 133+010 1.16+0.10 1304011  p=0.556: 0<0.001: p=0.442;
152=0.010 102=0.924 * 1,2=0.016

. F1,36:0.15; F1,35:0.01; F1,36:0.65;
Stefcm;dth 85+25 82+27 86+31 88+41 p=0.703 0=0.933; 0=0.425;
152=0.004 152=0.000 152=0.018

Double F1,3e=0.01; F1,3e=374.77; F1,35=O.99;
support  0.17+0.02 0.14+0.02 017+002 014+002  p=0.939 p<0.001; p=0.755;
duration (s) Np2=0.000 Np>=0.912 * Np?=0.003
Anterior F1,3=3.65; F136=387.14; F136=0.00;
COM-COPIA 9511 115+£1.2 8812 10.7£1.3 p=0.064 p<0.001; p=0.968;
©) 152=0.092 12=0.915 * 152=0.000
Posterior F1,3620.38; F1,362108.59; F1,36:1.06;
COM-COPIA 6.7+£0.8 7711 7010 78+1.1 p=0.543 p<0.001; p=0.311;
©) 1,2=0.010 0’=0.751 * 1,2=0.028

. F1,3520.89; Fl,ge=1.063; F1,36=0.44;
Mgg'g'li%"' 29409 29+11 33+11 3113 p=0.351; p=0.309; p=0512
10,2=0.024 152=0.029 1,2=0.012

* statistical significance
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Discussion

We hypothesized that older individuals with HV, when compared to healthy controls, would
demonstrate greater deficits in dynamic balance for the faster walking speed condition but that dynamic
balance deficits would not be observed at slower speeds. We, therefore, expected a group x speed
interaction for the balance-related dependent variables. Our data did not support the hypothesis. Anterior,
posterior, and medial 1A and double support duration were not significantly different between groups for
either speed condition (Table 2). We expected the group x speed interaction because dynamic balance

challenge has been shown to increase with walking speed [19,20,46-49].

Consistent with previous research, our results showed that anterior and posterior 1A increased
significantly with increasing walking speed (Table 2). At faster speeds, the whole body COM moves
more in the sagittal plane over the base of support [41], thus increasing the demand on dynamic balance
to control the whole body COM with respect to the base of support. Also consistent with literature, our
results further showed that double support duration decreased with increasing walking speed [18,46]
(Table 2). A decrease in duration of double support phase that occurs with faster speed presents a greater
challenge to dynamic balance. This decrease in double support duration reflects a reduced amount of time
to transfer weight from one leg to the other and control the more rapid movement of the COM over the
new leading limb [1,18,50]. Overall, our sagittal plane IA data and duration of double support show that

dynamic balance challenge did indeed increase with increasing walking speed.

For the frontal plane IA, we did not observe the anticipated decrease in peak angles with increased
speed. Medial 1A has previously been shown to decrease with increasing walking speed [19,20].
Interestingly, step width, which provides an indication of the base of support breadth in the frontal plane,
was also not significantly affected by speed (Table 2). Generally, with an increase in walking speed, step

width decreases [46]. These results are aligned with previous research which showed that frontal plane

10



COM kinematics are related to step width [51]. COM-COP IA are computed from the whole body COM
and the base of support (i.e., COP). An absence of speed effect on measures of the base of support such as
step width could partially explain why changes were not observed in frontal plane COM-COP IA in this
experiment. Perhaps the range of speeds selected in this study were not large enough to observe changes
in frontal plane kinematics. The speed range in the current study was 1.0-1.3 m-s’, whereas in previous

research walking speeds ranged from 0.7-1.6 m-s* [19,20,46].

We did not observe dynamic balance deficits when comparing older adults with HV to healthy
controls. When compared to healthy controls, older adults with balance deficits typically show increased
peak medial IA and decreased peak anterior and posterior IA, which occur near the double stance phase of
walking [16,17,30]. We did not observe such trends in our COM-COP IA results. Our data are
comparable to previous results. When plotted over a gait cycle, our findings for peak COM-COP |As are
similar in profile but slightly lower in magnitude than those reported by Lee et al [16]. Although not
consistent with our hypothesis, the lack of significant differences in dynamic balance between groups is
consistent with previous findings on the balance of older adults with HV. Previous research that
investigated differences in dynamic balance in older adults with HV and controls used less sensitive
measures of dynamic balance, such as double support duration, and found no differences between groups
[12,13]. Our data add to the literature on the effects of HV on balance control by examining differences in
these groups using sensitive COM-COP |IA measures of dynamic balance [16] and controlled, faster
walking speeds. The observations from the current study and previous research cumulatively suggest that
perhaps no differences in dynamic balance exist between older adults with HV and healthy older adults at

comfortable speeds during continuous walking.

For the current study, we chose to control walking speed. Walking speed is known to be a
confounding variable that independently influences spatiotemporal measures of gait and dynamic balance
during walking [18-20]. We examined walking speeds of 1.0 and 1.3 m/s, as these speeds closely

resemble self-selected comfortable walking speeds of older adults with (55-80 years) [10-12] and without

11



HV (60-80 years) [36-38], respectively. Although the comparison of these speeds may be more
representative of these populations’ comfortable walking habits, it is possible that these speeds may not
have been challenging or fast enough to uncover dynamic balance deficits. Future studies investigating
dynamic balance in older adults with HV and healthy controls should consider increasing balance

challenge by choosing faster speeds.

Participant inclusion and exclusion criteria for this study were highly rigorous. The older adults with
HV who were recruited for this study had only the two more severe grades of the deformity. We elected
to exclude mild forms of the deformity to elicit the most significant possible effect on dynamic balance
[5,9,10,52]. In addition, these individuals had no obvious age-related comorbidities that would influence
balance control. These highly rigorous criteria were intended to isolate the effects of HV from other
aging-related comorbidities. A possible unintended consequence of our recruitment process was that the
older adults with HV who met the recruitment criteria tended to be very physically active individuals
(Table 1). Generally, older adults who are very physically active tend to have less deficits in dynamic
balance during walking [53-55]. The possible confounding effect of physical activity may further explain
why we did not observe differences in dynamic balance between groups. Future research should consider
investigating dynamic balance in older adults with HV who are less active and have no age-related

comorbidities.

In conclusion, healthy older adults with moderate-to-severe HV do not exhibit deficits in dynamic
balance during walking across a range of comfortable speeds when compared to healthy older adults

without HV.

12



Chapter V
Review of Literature

Introduction

This review will broadly explore two main topics: hallux valgus (HV) and dynamic balance in
older adults. Full comprehension of the proposed origins, treatments, and effects of HV is necessary to
understand how this condition may impact factors of dynamic balance, particularly in walking. Dynamic
balance is a complicated parameter, with a multitude of methods for calculation and interpretation that
currently exist. This review will thoroughly appraise these methods of assessment and their accuracy in
predicting dynamic balance in walking. Typical values expected of normal, healthy, subjects will also be
reported and compared to those of older adults and those with unstable gait. Through this review, the
author hopes to illuminate possible connections between HV and a decline in the dynamic balance of

older adults.

Hallux Valgus

HV is a common foot deformity that can develop over the lifespan. The deformity is
characterized by a deviation of the distal end of the great toe (i.e., hallux) away from the midline of the
body [21]. Colloquially referred to as a bunion, HV is chronic and often progressive. Generally, a clinical
diagnosis of HV is considered to be a deviation of 15 degrees or greater [4,56,57]. Most literature reports
that HV incidence rates among mostly shod (i.e. shoe-wearing) populations fall between 20-45%
[3,4,56,58,59]. These numbers are typically much higher in older adults beyond the age of 65 years,
where incidence rates rise to 35-70% [23,58,60,61]. HV is more prevalent in women than in men (35-
60%), particularly over the age of 60 years [4,23,56,58,61,62]. HV is usually a bilateral deformity, with
only 17% of cases exhibiting the deformity in only one foot [57,59]. In the subsequent review, the causes,

treatments, and effects of HV will be thoroughly explored.
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Musculoskeletal and ligamentous contributions to hallux valgus

Despite the large proportion of the population that suffers from this condition, a conclusive
etiology of HV has yet to be identified. Some theories attribute its development to weakness in the
muscles and ligaments surrounding the hallux. There is evidence that HV was accompanied by
hypermobility in the first ray [57,63]. Subjects with HV have decreased plantarflexion and abduction
strength at the hallux [9,64]. Pes planus, otherwise known as flat-footedness, is commonly observed in
conjuction with HV [3,58,65]. Pes planus indicates increased ligament laxity at the forefoot, resulting in
excess pronation [66]. Patients displaying both pes planus and HV may have inherent ligament weakness
in the forefoot that contributes to the progression of HV. Indeed, changes in plantar pressures with HV
indicate a medially-shifted loading pattern that is associated with overpronation [67]. However, since not
everyone with HV also displays flat-footed characteristics, it is not likely that ligament weakness at the
forefoot is the sole cause. Research on the role of muscular and ligamentous deficiencies in the
development of HV has been limited. While it is likely from the evidence that certain muscles and
ligaments may contribute to HV, further examination is necessary to determine the significance of their

contribution.

Morphological differences associated with hallux valgus

Many with HV claim the deformity is inherited from family members. This claim is supported by
the literature, with more than 85% of people with HV self-reporting a family history [57]. Though
scientists have yet to confirm this link conclusively, some research has illuminated inherited variation
within the musculoskeletal structure of those with HV. HV patients typically have longer first metatarsal
bones than their non-HV peers [57]. Radiographic assessments have shown that increased torsional angle
at the first ray is linked to the development of HV [68]. A recent cadaveric study found that the accessory

tendon of extensor hallucis longus muscle was more frequently found in conjunction with HV [69]. The
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presence of accessory tendons and altered bone structure may alter force vectors at the first ray, thus
gradually contributing to the deformity over the lifespan. Simulation studies have shown that altered force
vectors in the toes could lead to the development of progressive HV [70]. As with the theories on muscle
and ligament weakness, however, these morphological differences are not prevalent enough to match the
high prevalence of the deformity. The current evidence suggests that structural variation likely

contributes, but cannot be confirmed as the sole cause.

The contributions of footwear to the development of hallux valgus

One of the more common theories on the etiology of HV is the contribution of footwear. Strong
evidence suggests that long-term use of narrow, constrictive footwear such as high heels drastically
increases the risk of developing HV [4,62,70,71]. This evidence may explain the higher incidence rates in
female populations, who traditionally tend to wear narrower footwear and high heels. However, there is
evidence that wearing shoes at all may increase risk. A study of a remote island community where many
residents rarely wore shoes showed that HV incidence rates plummeted to 2% in traditionally-barefoot
individuals [56]. It may be that wearing shoes, and especially those that are constrictive, exacerbates
weaknesses and structural issues in the forefoot. Snijders and colleagues [70] proposed that the
constriction of the toes by restrictive footwear may result in increased use of the first ray musculature
through a deviant angle, possibly leading to the progressive development of the characteristic lateral
deviation. A structural predisposition towards HV is likely exacerbated by footwear which inherently
misaligns and detrains the musculature of the forefoot over the lifespan. While not significant on their

own, these factors combined may explain the high prevalence rates of this deformity in shod populations.
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Non-invasive treatment of hallux valgus

Due to the nature of the proposed causes of HV, prevention of the deformity is challenging.
Treatment tends to focus on effective correction, though currently only a few methods of correction are
well-supported. The nature of the musculature surrounding the first ray and the issues with force vectors
makes re-strengthening the afflicted muscle groups difficult, though not impossible. Kim and colleagues
[72] found that a toe-spreading training regimen lessened hallux angle and symptoms, as well as
improved hallucis abductor muscle functioning. Corrective taping to straighten the hallux angle has been
shown to affect certain aspects of balance in older patients with HV [73], and thus tends to be
avoided. Still, no strengthening protocols have been shown to reverse the deviation. In milder cases,
before patients reach the need for surgery, physicians recommend alterations to footwear selection or the
addition of a custom-molded orthotic to current footwear [74]. Chadchavalpanichaya and colleagues [75]
found that wearing a custom-molded toe separator overnight decreased hallux angle in subjects with
moderate to severe HV. These forms of non-invasive treatment need further exploration to validate their
effectiveness at reversing this condition. Though the study by Chadchavalpanichaya and colleagues
showed an improvement in hallux angle in their treatment group, the change was minimal and still
classified within the moderate to severe category. This study found that the control group hallux angle
worsened while the treatment group improved over a 12-month period. This indicates that a custom
orthotic, even worn at night, can potentially improve or at least halt the progression of HV. Currently, full

reversal of the deformity is not possible outside of surgical measures.

Surgical treatment of hallux valgus

A vast number of surgeries are used to correct HV. Though several surgeries exist, no one
procedure has been agreed upon as the gold standard for correcting HV [74,76]. Surgery becomes the
primary correction of HV in cases where pain is debilitating and the hallux angle is severe enough to
cause dysfunction. Most surgeries have fairly high success rates, but the rate of recurrence for nearly all
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of these procedures lies between 10 and 30% [57,77,78]. As there is currently no widely accepted surgical
treatment and the chances of reversing the condition outside of surgery are minimal, prevention of the
deformity is critical. Further research is needed to explore recent developments in HV treatment and

prevention.

The grading of hallux valgus

While treatment and prevention pose a challenge to physicians, the classifications of severity
within this deformity remain relatively easy. HV is a visually apparent deformity. For medical
professionals, this makes HV an easy affliction to diagnose. The current gold standard for HV
classification is radiographic assessment to measure hallux angle and observe any torsional occurrences
within the metatarsals [29]. Radiographs are cumbersome and costly however, and most patients will not
elect for radiographic evaluation until symptoms become severe. Considering the prevalence of HV, a
more cost-effective and easily accessible method of evaluation is warranted. This endeavor has been
limited by the difficulty of accurately measuring exact hallux angle without the use of x-rays.
Goniometric measurements have been invalidated in recent research due to their inability to reliably

measure hallux angle [57,79].

The Manchester Scale

The most convenient and most commonly recommended tool used by clinicians and researchers
is a scaling system that classifies the hallux angle into categories of severity, rather than measuring the
exact angle. The Manchester Scale was first developed in 2001 by Garrow and colleagues [21] using
standard, accepted photographs of hallux angle with increasing severity to classify the deformity (see
Figure 1). While this style of classification does not provide an exact angle, it does provide a reliable

classification of severity. It has been validated against radiographic assessment [29], and also against the
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American Orthopaedic Foot and Ankle Society Score index [28]. It is highly reliable for inter-rater
assessment, and even reliable enough to be used without specific training [24]. The Manchester Scale is

widely accepted as a reasonable alternative to radiographic assessment when exact hallux angle is not

required.

A

Figure 2. The Manchester Scale for the grading of HV [21]. Each image
indicates a category of increasing severity: 0) no HV present, 1) mild HV,
2) moderate HV, and 3) severe HV.

The impacts of hallux valgus on quality of life

HV is affiliated with a broad range of symptoms and conditions that are not fully understood. The
ones that clearly impact quality of life, such as pain or a loss of function, are often the ones that drive

patients to seek medical attention for their deformity. The symptoms that impact quality of life usually do
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not surface until a patient reaches the moderate to severe classifications. Mild HV is not correlated with
pain or excessive dysfunction [80]. While milder forms of this deformity cause few issues, if any, HV is
often progressive. The symptoms worsen as the deformity progresses, and virtually never recede on their
own, often recurring even after intensive treatment measures are taken [81]. Many studies have shown
that HV has a negative impact on quality of life. Patients with HV frequently complain of displeasure
with the appearance of their feet and report difficulty selecting footwear [82]. HV has been associated
increased hallux pain and decreased foot function [3,64], though this finding is more common in older
adults and somewhat inconsistent. Other studies have shown that more severe HV is not always
accompanied by debilitating foot pain [4]. HV is associated with arthritis in older adults however, which
can produce pain symptoms separately. Kuryliszyn-Moskal and colleagues [83] found a correlation
between increasing hallux angle and worsening osteoarthritis and rheumatoid arthritis. Some have
suggested that HV may in fact worsen osteoarthritis, even in more proximal joints [84]. As mentioned
earlier, HV produces a decline in toe strength, especially in severe HV [6,9,64]. HV also produces altered
plantar pressure distributions [67]. Considering the progressive nature of HV, it is possible that the

decreased functioning and pain in the hallux with HV could precede larger deficits up the kinetic chain.

The effect of hallux valgus on static balance

Several studies have quantified the effects of HV on static stability and postural sway. Menz and
colleagues [85] first linked foot deformities such as HV to declines in performance during tests of
postural sway in older adults. Menz and his associates later found [22] that mediolateral sway is
significantly impacted by severity of HV deformity in similar populations. These results have more
recently been observed in younger demographics as well. Healthy adults between the ages of 20-76 years
show increased mediolateral sway in subjects with HV during double-leg stance [64] and single-leg
stance [9]. Patients with surgical correction for HV still show increased postural sway when compared

with their non-HV peers [13]. HV is often accompanied by other issues such as arthritis and pain, as
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discussed earlier. It could be argued that these confounding variables may influence these results.
However, a recent study showed that even mild HV angles in otherwise asymptomatic adults still results
in a loss of mediolateral and overall stability in single-leg stance [7]. HV appears to have impacts on
functional abilities in otherwise healthy adults. These deficits likely extend beyond static balance into

areas of movement, such as walking.

The effect of hallux valgus on spatiotemporal gait parameters

Study of HV impact on spatiotemporal gait parameters has yielded relatively inconsistent results.
Stride length and step length have been reported to be shorter in HV patients [10,86]. There is also
evidence that stance time with HV subjects increases compared to controls [86,87]. Two studies [10,22]
found that gait speed is decreased in older adults presenting with HV. Walking speed has been observed
to decline in younger adults with HV as well [86]. Mickle et al. [12] found that walking speed was not
affected in older adults with HV compared to controls. There are some minor inconsistencies on whether
gait speed is affected by HV in the literature, though the majority appear to support a decline in walking
speed with HV. Decreased gait speed, increased stance time, and shorter strides are typical characteristics
that indicate an adoption of a more stable gait pattern to compensate for the decline in balance ability in
older populations [1]. These alterations to spatiotemporal gait patterns in older HV subjects may suggest

that a decline in dynamic balance during walking is present.

The effect of hallux valgus on dynamic balance and fall risk

Despite the indications for a decline in balance that exists within altered spatiotemporal gait
parameters with HV, only a few studies have examined performance in tests of dynamic balance in
subjects with HV. Interestingly, these few have shown little indication of a decline in the dynamic balance
of HV patients. A recent study observed no impact of HV on timed up-and-go performance nor in a step
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test [80]. Mickle and colleagues [12] found that gait variability during walking was not impacted by HV.
Sadra and colleagues [13] found that trends of gait imbalance were not present patients with HV.
However, some evidence that dynamic balance is affected still exits. Menz, Morris, and Lord [22] found
that HV negatively impacted performance in sit-to-stand, alternating stepping, and coordinated stability
performance. While the evidence suggests that HV has minimal, if unpredictable, impacts on dynamic
balance, HV is known to be strongly associated with an increased risk for falls in older adults [5,6,12,85].
The gait of older adults was also found to be significantly less stable in older subjects presenting with
moderate to severe HV, particularly on irregular surfaces [10]. It is unlikely that HV would affect static
balance and fall risk so conclusively without also impacting dynamic balance, but no pattern has yet been
discovered. The disconnect between these affiliated areas of literature within the study of HV suggests
that an unknown mechanism behind the relationship between HV and dynamic balance that is not yet

understood.

It should be noted that nearly all studies mentioned thus far examining dynamic balance in the
gait of HV subjects did not control gait speed. To the author’s knowledge, all studies thus far have
examined HV subjects and controls who naturally walked at slower-than-normal speeds. Gait speed is
widely known to have a large confounding effect on gait parameters, including measures of dynamic
balance while walking [18,88]. Studies examining the impacts of HV on dynamic balance in walking tend
to recruit older adult subjects, due to their inherent increased risk for falls. Older populations are known
for slower self-selected walking speeds [89]. Older adults above the age of 60 years typically walk at a
comfortable speed of 1.2-1.3 m/s, though this number declines as people age [90]. Small changes to gait
speed produce large impacts on spatiotemporal gait parameters [18]. In all studies examining HV gait
speed mentioned in this review, gait speed did not exceed 1.0-1.1 m/s, including those observing
populations younger than 60 years [10,12,86]. The fact that all subjects, both HV and controls, in these

studies walked slower than typical older adults indicates that some declines in gait velocity still exist.
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Future studies of the spatiotemporal gait parameters of adults with HV should consider controlling gait

speed.

Furthermore, no study on dynamic balance in subjects with HV has measured dynamic balance
using calculation of center of mass or its relationship with the base of support. The only study to have
currently examined anything resembling center of mass movement was Sadra and colleagues [13]. The
researchers examined center of mass mediolateral sway during steady state walking and found no
relationship between HV subjects and controls. However, this finding may have been the product of not
controlling for subject age and height or improper calculation of the center of mass. Another large
limitation of that study was the exclusion of center of pressure interaction. The kinematics of the center of
mass and its interaction with the base of support is highly predictive of gait instability and imbalance
[16,40,91]. These concepts will be explored further in this review. In regards to HV however, further
research with greater control for confounding variables is necessary to elucidate the true effects of HV on

dynamic balance in walking.

Dynamic Balance in Walking in Older Adults

Dynamic balance is the ability to maintain posture without falling while experiencing
perturbations from gravity, momentum, or other outside forces. Dynamic balance is particularly important
to walking, where the body is in a constant state of imbalance. Without the ability to maintain balance
dynamically, walking would be impossible. As humans age, dynamic balance declines and falls become
more likely [92]. Falls are of great concern in older populations as they tend to be associated with
increased morbidity rates and the likelihood of sustaining a traumatic injury [93]. Falls are also more
likely in older adults exhibiting HV foot deformity [5,6]. However, the link between HV, fall risk, and

dynamic balance during walking has not yet been identified.
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Quantifying dynamic balance in walking

Dynamic balance is complex and multifaceted. There are many different methods to quantify the
variable ranging from simplistic spatiotemporal gait parameters to complicated center of mass
calculations. There are currently five methods of quantifying dynamic balance during gait that are widely

accepted, and these will be explored in the following subsections.

Initial base of support

Initial base of support is defined as the width between ankle joint centers upon heel strike [91]. It
has also been referred to more generally in walking as step width [94], though initial base of support
indicates an instantaneous value that occurs only at heel strike. Since dynamic balance is related to the
ability to maintain the center of mass over a base of support [95], it seems reasonable that having a larger
base of support might indicate greater stability. However, a number of studies have invalidated initial

base of support as a mechanism for monitoring gait instability [94,96].

Double support duration

Double-support duration (DSD) is defined as amount of time when both feet are in contact with
the ground during a full gait cycle [91,97,98]. Longer amounts of time spent in double-support indicate
the adoption of a safer, more stable pattern of walking, and usually indicate instability. Longer DSD
values are associated with an increased risk for falls in older adults [99]. DSD decreases with vestibular
rehabilitation in people suffering from balance issues affiliated with bilateral vestibular hypofunction
[100]. However, the validity of DSD on its own may not accurately reflect the true presence of instability.
DSD is often paired with other more sensitive measures of gait imbalance, such as alterations to center of

mass trajectory [100].
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Center of mass velocity

The complexity of dynamic balance during walking stems from the complexity inherent in the
kinematics of the whole body center of mass (COM) during gait. One method for monitoring center of
mass movement as an indicator of imbalance during gait is maximum and average anteroposterior (A-P)
COM velocity. Average A-P COM velocity is defined as the change in COM position over the course of a
gait cycle, while maximum A-P COM velocity is the greatest instantaneous change in COM displacement
over time [91]. COM velocity in the forward direction is indicative of the ability to control momentum
during gait, thus maintaining balance [101]. There is little consensus in the literature on how to interpret
COM velocity, and many studies show mixed results [40,101]. COM position has been found to have a
greater effect on balance than the velocity of the COM [102], which may suggest that A-P COM velocity
is not as reliable of a method to assess balance capacity in walking. These findings imply that A-P COM

velocity may not be as sensitive of an indicator of imbalance during walking as was previously thought.

Center of mass-center of pressure separation

The interactions between COM and center of pressure (COP) show far more promise in
accurately reflecting dynamic balance capacities. Some have referred to the maximum moment arm as a
highly sensitive indicator of balance in walking [91]. The horizontal separation of the COM from the
COP indicates how far an individual is willing to allow their COM to displace from their base of support.
This method of analyzing dynamic balance has been used extensively with great results
[15,34,40,91,103,104]. COM-COP separation distances are versatile. They can be used to calculate
separation in all three planes of motion [33]. They can be presented as peak values for a gait cycle
[40,103,104] or as instantaneous events of interest within a gait cycle, such as at heel strike and toe off
[15,34]. Despite its sensitivity, versatility, and wide acceptance in the literature, COM-COP presents one
major flaw. Subject height greatly impacts postural stabilization [95,105], yet COM-COP does not
account for subject height. Without standardizing for intersubject height variability, COM-COP cannot

accurately predict gait imbalance.
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Center of mass-center of pressure inclination angles

COM-CORP inclination angles were developed as a method to account for intersubject height
variability. Inclination angles (1A) were conceptualized and introduced by Lee and colleagues [16], as an
angle that can be calculated using basic trigonometry using the height of the COM and the instantaneous
COM-CORP separation distance. By using COM-COP separation distance as part of the calculation of an
IA, this methodology reaps the benefits and sensitivity of COM-COP separation while still accounting for
the influence of subject height. COM-COP is widely accepted in the most recent literature as the most
valid method for quantifying gait imbalances [19,20,31,32,42,106,107].

When measuring dynamic balance in walking, it is always best to validate findings by using more
than one method to quantify the results. Utilizing both a COM-related variable and a spatiotemporal gait
parameter (DSD) may mitigate any loss of accuracy in determining gait imbalances. For the purposes of
this review, we will explore DSD and COM-COP inclination angles in the anterior-posterior and

mediolateral directions as complementary measurements of dynamic balance during walking.

Calculating COM-CORP inclination angles

As was previously stated, COM-COP inclination angles (1A) are currently the most broadly
accepted method for determining dynamic balance, particularly in gait. Often, 1A are calculated using
basic trigonometry [16,19]. The simplest method is the original method, which was developed by Lee and

colleagues [16] and is demonstrated below (see Figure 2). Per this method, 1A are calculated as follows:

O=tan*(d/h)
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where @ is the IA, h is the instantaneous height of the COM, and d is the corresponding

horizontal distance between the COM and the COP.

Figure 1. The calculation of the
center of mass-center of pressure
inclination angle uses the height of
the COM (h) and the horizontal
separation of the center of mass and
center of pressure (d) to

calculate the angle (), as shown
above. This model can be applied to
either the sagittal (anterior-
posterior) or the frontal
(mediolateral) planes.

Inclination angles are typically analyzed in the mediolateral (M-L) and anterior-posterior (A-P)
directions. Typically, gait imbalance is associated with smaller peak A-P angles and greater peak M-L
angles [16]. These peaks tend to occur at heel strike for the peak anterior COM-COP angle and at toe off
for the peak posterior COM-COP angle [16], as weight is transferred from the trailing limb to the leading
limb. Peak medial angles occur during double-support as well [16] The occurrence of these peaks at the
start and end of the double-support phase indicate that the greatest area of interest for studying imbalance
during gait is during the transfer of weight from one limb to the next.

COM can be calculated using a motion-sensing cameras and 39 reflective markers placed on a
subject according to the VICON Plug-In Gait full body placement (see Figure 3) and two AMTI force

plates. Segmental COMs are calculated and used to estimate whole body COM. The COP is recorded by
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each of the force plates when the foot is in contact with the plate. However, the area of interest occurs
when one foot is on each force plate and the weight is distributed between both limbs. Therefore, COP

must be calculated as a resultant COP using the following equation:

F . F.,
4— + COP, y

COPy = COP, 7 =F > Ty )

where COPg is the resultant COP, COP; and COP; are each COP for the two respective force

plates, and Fz1 and Fz; are the vGRF from each respective force plate [15,16,44].
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Figure 3. A diagram of the full-body marker placement as described by VICON Plug-In Gait (Centennial, CO, USA)
as seen from an anterior (left) and posterior (right) view.

Acronyms: left/right forehead (LFHD/RFHD), left/right back of head (LBHD/RBHD), 7th cervical vertebrae (C7), 10th thoracic vertebrae (T10),
clavicle (CLAV), sternum (STRN), right-side back (RBAK), left/right shoulder (LSHO/RSHO), left/right upper arm (LUPA/RUPA), left/right
elbow (LELB/RELB), left/right forearm (LFRA/RFRA), left/right thumb-side wrist (LWRA/RWRA), left/right pinkie-side wrist
(LWRB/RWRB), left/right 2nd metacarpal (LFIN/RFIN), left/right anterior superior iliac spine (LASI/RASI), left/right posterior superior iliac
spine (LPSI/RPSI), left/right lateral mid-thigh (LTHI/RTHI), left/right lateral knee (LKNE/RKNE), left/right lateral mid-shank (LTIB/RTIB),
left/right lateral malleolus of the fibula (LANK/RANK), left/right heel (LHEE/RHEE), and left/right 2nd metatarsal (LTOE/RTOE).

Typical values for COM-COP inclination angles

At preferred speeds, older adults with gait instability and a higher risk for falls tend to show an
increase in medial or mediolateral (M-L) COM-COP peak 1A while simultaneously showing a decrease in
anterior and posterior (A-P) COM-COP peak IA (see Table 1). Fallers may not be willing to allow their
COM to travel too far forward or back from their base of support, thus displaying a more cautious gait to
prevent falls. This unwillingness to lean too far forward or back while walking may explain excess

mediolateral movement, possibly resulting from a translation of momentum. The effects of HV on
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inclination angles have not yet been explored. Note that all studies listed in Table 1 did not control for
gait speed, and that among those who reported gait speeds the older subjects with imbalance issues all
walked at slower speeds. Gait speed has a large impact on gait parameters and COM movement during
walking [18,46]. The possible consequences of not controlling for gait speed when studying dynamic

balance in walking will be explored in a later section of this review.

Self-Selected Peak Anterior Peak Posterior Peak Medial
Gait Speed COM-COP IA COM-COP IA COM-COP IA

Lee et al. 2006 [16]

Healthy OA 1.16 m/s 13.18° 11.69° 4.06°

OA Fallers 1.01 m/s 10.31° 10.07° 5.89°
Lugade et al. 2008
[42]r * 1.28 m/s ~13° ~13.5° ~4°

Healthy OA 1.00 m/s ~10° ~11.5° ~5.5°

OA requiring

THA

1.14 m/s ~12.5° 4.98°

Mandeville et al. 2008 0.94 m/s ~10.0° 5.13°
[108]*

Healthy OA

OA requiring Not reported 12.3° 11.3° 4.6°

TKR 10.3 10.1° 5.3°
Chen et al. 2010 [17]

Healthy OA

OA with

Imbalance

Table 3. A summary of results found by various studies examining peak A-P and M-L inclination angles when
comparing healthy older adults against older adults with fall history, increased fall risk, or other conditions that
may impact dynamic balance when walking. Some of those conditions included are subjects scheduled to
receive a Total Hip Arthroplasty (THA) and Total Knee Replacement (TKR) surgery, which are a treatment for
conditions associated with gait imbalance [109-111].

lindicates that exact inclination angles were not reported in the study, estimates
are made from figures

*indicates that not all of the subjects in the study were within the ages of 60-80
years
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Due to its complexity, dynamic balance is most frequently calculated using more than one method
[91,97]. For this reason, this next section will cover a complementary method of calculating dynamic

balance alongside COM-COP IA: double support duration.

Calculating double support duration

Double support duration (DSD) is calculated as the amount of time when both feet are in contact
with the ground. Often this value is easily normalized for intersubject variability by presenting it as a
percentage of the gait cycle. Force plates are commonly used to measure DSD due to their sensitivity.
Two force plates are necessary for quantifying DSD to distinguish between each foot’s contact. Using
force plates, DSD has been calculated as the time when both force plates’ vertical ground reaction forces
exceed negligible values [19,31,107]. This method pairs well with measures of COM-COP interaction,
such as 1A, because COP coordinates can be calculated from force plate data. Generally, commercially-
available force plate and motion capture software automatically calculate COP coordinates from forces
and moments measured. DSD has been used previously to validate COM-COP IA as a measure of

dynamic balance in walking [19,31,107].

Normal values for double support duration

DSD usually only lasts for about ~20% of the gait cycle, beginning at initial contact of the
leading heel through pre-swing at the toe-off of the trailing leg [112]. Shorter DSD can indicate
improvements in dynamic balance during walking [91,100]. Increased DSD is known to be affiliated with
an increased risk for falls and gait disturbance [99,113]. Longer time spent in DSD may indicate the

adoption of a more stable gait pattern to prevent falls and mitigate imbalance.

DSD increases drastically in older adults, showing DSD values ranging anywhere from 14% to
30% of the gait cycle [47,98,99]. Older adults with instability or increased fall risk tend to have these

increased DSD values, rarely remaining in DSD for anything less than 20% of the gait cycle (see Table
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2). Larger DSD values suggest the adoption of a safer, more stable walking pattern that indicate
imbalance while walking. Older adults are known for adopting safer, more stable patterns of walking,
which may explain the trend for increased DSD in older populations. It is reasonable to expect this type of
pattern to be exacerbated in older adults also suffering from conditions that challenge balance such as

HV.

Double support duration when hallux valgus is present

Very few studies have examined double support as a measure of dynamic balance in patients with
HV [12,13]. Though the results were not statistically significant, Sadra and colleagues [13] did find an
increasing trend in DSD when comparing patients without HV against those with preoperative and
postoperative HV. This finding may suggest that dynamic balance may be affected in those suffering from
the HV deformity. Mickle and colleagues [12] conversely found minimal to no impact of HV of DSD.
Further evidence is necessary to better understand the true effect of HV on DSD and balance while

walking.
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Self-Selected Double Support
Gait Speed Duration
Maki 1997 [98]
Healthy OA/no fear of falling 0.79 m/s 14.1% GC
OA Fallers/with fear of falling 0.66-0.76 m/s 18.2-19.8% GC
Verghese et al. 2009 [99]
Healthy OA 0.95 m/s 26.60-30.0% GC
OA Fallers -0.1 m/s +10% GC
Callisaya et al. 2011[114]
Healthy OA 1.18 m/s 22.4% GC
OA Fallers 1.08-1.13 m/s 23.1-24.0% GC
Sadra et al. 2013 [13]*
Healthy 1.25 m/s 18.30% GC
Preoperative HV 1.25 m/s 20.28% GC
Postoperative HV 1.06 m/s 23.03% GC
Mickle et al. 2011 [12]
Healthy 1.00 m/s 23.6% GC
HV 1.03 m/s 24.0% GC

Table 4. A summary of results found in various studies examining DSD as a percentage of the gait cycle (GC)
among older adult populations, populations of older adults experiencing imbalance or elevated fall risk during
walking, and populations of older adults with hallux valgus (HV).

*indicates that not all of the subjects in the study were within the ages of 60-80 years
1. The researchers reported smaller than normal values because they chose to define
DSD using only heel and metatarsal contact with the ground, excluding the period of
toe contact to remove possible motion artifact that may have been caused by dragging
the toes

2. This study evaluated the risk factors associated with falls. The researchers found
that a 10% increase in DSD from the values reported for Healthy OA would result in a
statistically significant increase in fall risk. This finding is reflected and supported by
other studies [98,114].
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The effect of walking speed on measures of dynamic balance

As mentioned previously in this review, walking speed has a large impact on parameters of gait.
It is well known that walking speed influences spatiotemporal parameters, such as double support
duration. In healthy adult subjects, double support duration decreases as walking speed increases [18]. As
seen in Table 2, slower walking speed are correlated with longer DSD, though these values may also be
impacted by age and instability. Other studies have reported that DSD values are longer at slower speeds
and shorter at faster speeds [19,20]. COM movement is also affected by walking speed. Mediolateral
COM movement decreases as walking speed increases in healthy, young adult subjects, though
mediolateral COM excursion is smallest at preferred walking speeds [46]. If COM excursion is affected
by walking speed, it seems likely that COM-COP inclination angles could possibly be impacted as well.
Recent evidence has found that peak A-P COM-COP IA increase with increasing walking speed while M-
L COM-COP IA decrease in younger adult subjects [19,20]. Considering this evidence, walking speed
should be treated as a confounding variable when studying dynamic balance in walking.

There are counter-arguments that advocate for preferred walking speed. Preferred walking speed is
more externally valid as it is more representative of an individual’s natural gait pattern. However,
considering the threat to the internal validity of any outcomes measured using preferred walking speed, it
may be prudent to test both preferred and controlled speed to mitigate this issue when conducting research
on walking imbalance. Controlled speed trials should be set at a speed most representative of the age
group being studied. This can account for the effect of age on walking speed [115,116]. In this case, both
controlled and preferred speed trials may result in very similar gait velocities for each subject as a result.
Regardless, the inclusion of both a controlled and self-selected speed walking trial is essential to maintain

both the internal and external validity of any study examining dynamic balance.
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Conclusion

From the literature, it can be concluded HV is a condition with varying degrees of effect on foot
strength, sensation, and function. The condition is progressive and irreversible without extreme treatment
measures, and as a result tends to be more prevalent in older populations. This is concerning considering
that the implications that HV has a detrimental effect on balance, both in standing and potentially also in
walking. Balance is a key area of interest for older populations, who are at an increased risk for falls and
often suffer from the serious complications that result from such incidents. Balance is difficult to
measure, but there is a sensitive method of analysis that has yet to be used to verify the effects of HV on
dynamic balance in walking. From this review, it is apparent that there is a need for research examining

dynamic balance in walking in older adults with HV using more sensitive techniques.
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APPENDIX A

Western Washington University Informed Consent

The effects of bunions on walking balance in older adults at fixed speeds

We are asking you to be in a research study. Participation is voluntary. The purpose of this form is to give
you the information you will need to help you decide whether to participate. Please read the form
carefully. You may ask questions about anything that is not clear. When we have answered all of your
questions, you can decide if you want to be in the study or not. This process is called “informed consent.”

Purpose and Benefit:

This research aims to examine the effects of bunions on balance during walking in older adults at fixed
walking speeds. The effects of this common foot condition on balance in older adults are not fully
understood. This study will increase our current understanding of how bunions impact balance during
walking in older adults.

| understand that:
* To be eligible for this research, participants should be:
* between the ages of 60 and 85 years
» able to walk continuously for at least 10 minutes

» Participant is aware that the entirety of the testing session will be conducted in bare feet while wearing
spandex clothing and reflective markers placed on the clothes and the skin.

» Participation in this research will involve the completion of 5 walking trials at two controlled walking
speeds (2.2 and 2.9 mph) for a total of 10 trials. Participation will require approximately a 1-hour time
commitment.

» Participant’s feet will be visually examined to determine if bunions are present on the feet or not. ¢
There are minimal risks from participation in this research. Participant may experience some mild fatigue
from the walking trials.

* The participant understands that there are no potential direct benefits from participation in this study.

» Participation is completely voluntary. Participants are able to withdraw from this research at any time
without penalty or loss of benefits to which they are otherwise entitled.

+ All information is confidential. Participants will be given an ID number for this study, which will be
used to label their data. The link between this ID number and the participant’s name and other identifying
information will be stored separately. Only the primary investigator and graduate researcher will have
access to the data collected from this study.

* Participant signature on this form does not waive any legal rights of protection.

* A physical copy of this informed consent form will be provided to the participant upon arrival at the
laboratory.
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This research is conducted by Carolyn Barbee under the supervision of Dr. Harsh Buddhadev. Any
guestions that you have regarding the study or your participation may be directed to Dr. Harsh Buddhadev
at harsh.buddhadev@wwu.edu or to Carolyn Barbee at barbeec@wwu.edu.

If you have any questions about your participation or your rights as a research participant, you can contact
the WWU Office of Research and Sponsored Programs (RSP) at compliance@wwu.edu or (360) 650-
2146. If during or after participation in this study you suffer from any adverse effects as a result of
participation, please notify the researcher directing the study or the RSP.

By signing below you are saying that you have read this form, that you have had your questions
answered, that you understand the tasks involved, and volunteer to take part in this research.

I have read the above description and agree to participation in this study.

Participant’s Signature: Date:

Participant’s Printed Name:
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APPENDIX B: Gait & Posture Format Guidelines

GUIDE FOR AUTHORS

JOURNAL DESCRIPTION
Gait and Posture publishes new and innovative basic and clinical research on all aspects of human
movement, locomaotion and balance.

The topics covered include: Techniques for the measurement of gait and posture, and the
standardization of results presentation; Studies of normal and pathological gait; Treatment of
gait and postural abnormalities; Biomechanical and theoretical approaches to gait and posture;
Mathematical models of joint and muscle mechanics; Neurological and musculoskeletal function
in gait and posture; The evolution of upright posture and bipedal locomotion; Adaptations
of carrying loads, walking on uneven surfaces, climbing stairs, running and performing other
movements. Spinal biomechanics only if they are directly related to gait and/or posture and are
of general interest to our readers; The effect of aging and development on gait and posture;
Psychological and cultural aspects of gait; Patient education.

Submission checklist
You can use this list to carry out a final check of your submission before you send it to the journal for
review. Please check the relevant section in this Guide for Authors for more details.

Ensure that the following items are present:

One author has been designated as the corresponding author with contact details: E-mail address
Full postal address

All necessary files have been uploaded:

Manuscript: Include 3-5 keywords Include a structured abstract (see below for format) All figures
(include relevant captions) All tables (including titles, description, footnotes) Ensure all figure and
table citations in the text match the files provided Indicate clearly if color should be used for any
figures in print Graphical Abstracts / Highlights files (where applicable) Supplemental files {where
applicable)

Further considerations Manuscript has been 'spell checked' and 'grammar checked' All references
mentioned in the Reference List are cited in the text, and vice versa Permission has been obtained
for use of copyrighted material from other sources (including the Internet) A competing interests
statement is provided, even if the authors have no competing interests to declare Journal policies
detailed in this guide have been reviewed Referee suggestions and contact details provided, Based
on jeurnal requirements For further information, visit our Support Center Support Center

BEFORE YOU BEGIN
Ethics in publishing
Please see ourinformation pages on Ethics in publishing and Ethical guidelines for journal publication.

Declaration of interest

All authors must disclose any financial and persenal relationships with other people or organizations
that could inappropriately influence (bias) their work. Examples of potential competing interests
include employment, consultancies, stock ownership, honoraria, paid expert testimony, patent
applications/registrations, and grants or other funding. Authors must disclose any interests in two
places: 1. A summary declaration of interest statement in the title page file (if double-blind) or the
manuscriptfile (if single-blind). If there are no interests to declare then please state this: 'Declarations
of interest: none'. This summary statement will be ultimately published if the article is accepted.
2. Detailed disclosures as part of a separate Declaration of Interest form, which forms part of the
journal's official records. It is important for potential interests to be declared in both places and that
the information matches. More information.

Submission declaration and verification

Submission of an article implies that the work described has not been published previously (except in
the form of an abstract, a published lecture or academic thesis, see 'Multiple, redundant or concurrent
publication' for more information), that it is not under consideration for publication elsewhere, that
its publication is approved by all authors and tacitly or explicitly by the responsible authorities where
the work was carried out, and that, if accepted, it will not be published elsewhere in the same form, in

AUTHOR INFORMATION PACK 29 May 2019 www.elsevier.com/locate fgaitpost 4
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English or in any other language, including electronically without the written consent of the copyright-
holder. To verify originality, your article may be checked by the originality detection service Crossref
Similarity Check.

Preprints

Please note that preprints can be shared anywhere at any time, in line with Elsevier's sharing policy.
Sharing your preprints e.g. on a preprint server will not count as prior publication (see 'Multiple,
redundant or concurrent publication' for more information ).

Use of inclusive language

Inclusive language acknowledges diversity, conveys respect to all people, is sensitive to differences,
and promotes equal ocpportunities. Articles should make no assumptions about the beliefs or
commitments of any reader, should contain nothing which might imply that one individual is superior
to another on the grounds of race, sex, culture or any other characteristic, and should use inclusive
language throughout. Authors should ensure that writing is free from bias, for instance by using 'he
or she', 'his/her' instead of "he' or 'his', and by making use of job titles that are free of stereotyping
{e.g. 'chairperson' instead of 'chairman' and 'flight attendant' instead of 'stewardess').

Author contributions

For transparency, we encourage authors to submit an author statement file outlining their individual
contributions to the paper using the relevant CRediT roles: Conceptualization; Data curation;
Formal analysis; Funding acquisition; Investigation; Methodology ; Project administration; Resources;
Software; Supervision; Validation; Visualization; Roles/Writing - original draft; Writing - review &
editing. Authorship statements should be formatted with the names of authors first and CRediT role(s)
following. More details and an example

Authorship
All authors should have made substantial contributions to all of the following: (1) the conception and
design of the study, or acquisition of data, or analysis and interpretation of data, (2) drafting the
article or revising it critically for important intellectual content, (3) final approval of the version to
be submitted.

Changes to authorship

Authors are expected to consider carefully the list and order of authors before submitting their
manuscript and provide the definitive list of authors at the time of the original submission. Any
addition, deletion or rearrangement of author names in the authorship list should be made only
before the manuscript has been accepted and only if approved by the journal Editor. To request such
a change, the Editor must receive the following from the corresponding author: (a) the reason
for the change in author list and (b) written confirmation (e-mail, letter) from all authors that they
agree with the addition, removal or rearrangement. In the case of addition or removal of authors,
this includes cenfirmation froem the author being added or removed.

Only in exceptional circumstances will the Editor consider the addition, deletion or rearrangement of
authors after the manuscript has been accepted. While the Editor considers the request, publication
of the manuscript will be suspended. If the manuscript has already been published in an online issue,
any requests approved by the Editor will result in a corrigendum.

Clinical trial results

In line with the position of the International Committee of Medical Journal Editors, the journal will not
consider results posted in the same clinical trials registry in which primary registration resides to be
prior publication if the results posted are presented in the form of a brief structured (less than 500
words) abstract or table. However, divulging results in other circumstances (e.g., investors' meetings)
is discouraged and may jeopardise consideration of the manuscript. Authors should fully disclose all
posting in registries of results of the same or closely related work.

Article transfer service

This journal is part of our Article Transfer Service. This means that if the Editor feels your article is
more suitable in one of our other participating journals, then you may be asked to consider transferring
the article to one of those. If you agree, your article will be transferred automatically on your behalf
with no need to reformat. Please note that your article will be reviewed again by the new journal.
More information.
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Copyright

Upon acceptance of an article, authors will be asked to complete a 'Journal Publishing Agreement' (see
more information on this). An e-mail will be sent to the corresponding author confirming receipt of
the manuscript together with a 'Journal Publishing Agreement’ form or a link to the online version
of this agreement.

Subscribers may reproduce tables of contents or prepare lists of articles including abstracts for internal
circulation within their institutions. Permission of the Publisher is required for resale or distribution
outside the institution and for all other derivative works, including compilations and translations. If
excerpts from other copyrighted works are included, the author(s) must obtain written permission
from the copyright owners and credit the source(s) in the article. Elsevier has preprinted forms for
use by authors in these cases.

For gold open access articles: Upon acceptance of an article, authors will be asked to complete an
'Exclusive License Agreement' (more information). Permitted third party reuse of gold open access
articles is determined by the author's choice of user license,

Author rights
As an author you (or your employer or institution) have certain rights to reuse your work. More
information.

Elsevier supports responsible sharing
Find out how you can share your research published in Elsevier journals.

Role of the funding source

You are requested to identify who provided financial support for the conduct of the research and/or
preparation of the article and to briefly describe the role of the sponsor(s), if any, in study design; in
the collection, analysis and interpretation of data; in the writing of the report; and in the decision to
submit the article for publication. If the funding source(s) had no such involvement then this should
be stated.

Funding body agreements and policies

Elsevier has established a number of agreements with funding bodies which allow authors to comply
with their funder's open access policies. Some funding bodies will reimburse the author for the gold
open access publication fee. Details of existing agreements are available online.

After acceptance, open access papers will be published under a noncommercial license. For authors
reguiring a commercial CC BY license, you can apply after your manuscript is accepted for publication.

Open access
This journal offers authors a choice in publishing their research:

Subscription

= Articles are made available to subscribers as well as developing countries and patient groups through
our universal access programs.

= No open access publication fee payable by authors.

« The Author is entitled to post the accepted manuscript in their institution's repository and make this
public after anembargo period (known as green Open Access). The published journal article cannot be
shared publicly, for example on ResearchGate or Academia.edu, to ensure the sustainability of peer-
reviewed research in journal publications. The embargo period for this journal can be found below.
Gold open access

= Articles are freely available to both subscribers and the wider public with permitted reuse.

+ A gold open access publication fee is payable by authors or on their behalf, e.g. by their research
funder or institution.

Regardless of how you choose to publish your article, the journal will apply the same peer review
criteria and acceptance standards.

For gold open access articles, permitted third party (rejuse is defined by the following Creative
Commons user licenses:
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Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

For non-commercial purposes, lets others distribute and copy the article, and to include in a collective
work (such as an anthology), as long as they credit the author(s) and provided they do not alter or
madify the article.

The gold open access publication fee for this journal is USD 3500, excluding taxes. Learn more about
Elsevier's pricing policy: https://www.elsevier.com/openaccesspricing.

Green open access

Authors can share their researchin a variety of different ways and Elsevier has a number of green open
access options available. We recommend authors see our open access page for further information.
Authors can also self-archive their manuscripts immediately and enable public access from their
institution's repository after an embargo period. This is the version that has been accepted for
publication and which typically includes author-incorporated changes suggested during submission,
peer review and in editor-author communications. Embargo period: For subscription articles, an
appropriate emount of time is needed for journals to deliver value to subscribing customers before
an article becomes freely available to the public. This is the embargo period and it begins from the
date the article is formally published online in its final and fully citable form. Find out more.

This journal has an embargo period of 12 months.

Elsevier Researcher Academy

Researcher Academy is a free e-learning platform designed to support early and mid-career
researchers throughout their research journey. The "Learn" environment at Researcher Academy
offers several interactive modules, webinars, downloadable guides and resources to guide you through
the process of writing for research and going through peer review. Feel free to use these free resources
to improve your submission and navigate the publication process with ease.

Language (usage and editing services)

Please write your text in good English {American or British usage is accepted, but not a mixture of
these). Authors who feel their English language manuscript may require editing to eliminate possible
grammatical or spelling errors and to conform to correct scientific English may wish to use the English
Language Editing service available from Elsevier's WebShop.

Submission

Our online submission system guides you stepwise through the process of entering your article
details and uploading your files. The system converts your article files to a single PDF file used in
the peer-review process. Editable files (e.g., Word, LaTeX) are reguired to typeset your article for
final publication. All correspondence, including notification of the Editor's decision and requests for
revision, is sent by e-mail.

Submit yvour article
Please submit your article via https:/fwww.evise.com/profilefapi/navigate/GAIPOS.

PREPARATION

Peer review

This journal eperates a single blind review process. All contributions will be initially assessed by the
editor for suitability for the journal. Papers deemed suitable are then typically sent to a minimum of
two independent expert reviewers to assess the scientific quality of the paper. The Editor is responsible
for the final decision regarding acceptance or rejection of articles. The Editor's decision is final. More
information an types of peer review,

Introduction
State the objzctives of the work and provide an adequate background, avoiding a detailed literature
survey or a summary of the results.,

1. Article types accepted are: Original Article (Full Paper or Short Communication), Review Article,
Book Review. Word limits are as follows: Full Paper 3,000 words plus no more than 6 figures/
tables in totzl; Short Communication 1,200 words plus no more than 3 figures/tables in total.The
recommended word limit for Review Papers is 6,000 words. The word limits are non-inclusive of
figures, tables, references, and abstracts. If the Editor feels that a paper submitted as a Full Paper
would be more appropriate for the Short Communications section, then a shortened version will be
requested. References should be limited to 30 for Full Papers; and 15 for Short Papers; there is no limit
for review articles. A structured abstract of no more than 300 words should appear at the beginning
of each Articlz. Authors must state the number of words when submitting.
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Short Communications are intended to introduce new techniques that improve the analysis and
evaluation of human movement. This article type is not for preliminary or case studies, and such
submissions will be rejected without review. Authors submitting a Short Communication should justify
why it is a Short Communication rather than a Full Paper in their cover letter. Gait and Posture does
not accept case reports.

All papers should contribute to improved understanding of human movement, particularly in clinical
populations, and must therefore include a statement of significance in both the structured abstract and
the main text. The contribution may be methodological; however Articles that simply validate existing
methods or technologies are discouraged. Validation of methodology should instead be included within
a larger study in which the methodology is used to answer a clinically relevant question.

2. All publications will be in English. Authors whose 'first’ language is not English should arrange
for their manuscripts to be written in idiomatic English before submission. A concise style avoiding
jargon is preferred.

3. Authors should supply up to five keywords that may be modified by the Editors.

4, Authors should include a structured abstract of no more than 300 words including the following
headings: Background, Research question, Methods, Results and Significance. The scientific and
clinical background should be explained in 1-2 sentences. One clear scientifically relevant question
should be derived from the background which represents the principle research question of the paper.
This should be framed specifically as a question not simply as a description. The Methods section
should summarise the core study methodology including the type of study ( prospective/retrospective,
intervention etc), procedures, number of participants and statistical methods. The Results section
should summarise the study's main findings. The Significance section should place the results into
context. Furthermore this section should highlight the clinical and/or scientific importance of the
work, answering the question "so what?" This section should not simply repeat the study results or
conclusions.

5. Acknowledgements should be included in the title page. Include external sources of support.

6. The text should be ready for setting in type and should be carefully checked for errors. Scripts
should be typed double-spaced on one side of the paper only. Please do not underline anything, leave
wide margins and number every sheet,

7. All illustrations should accompany the typescript, but not be inserted in the text. Refer to
photographs, charts, and diagrams as 'figures' and number consecutively in order of appearance in
the text. Substantive captions for each figure explaining the major point or points should be typed
on a separate sheet.

8. Tables should be presented on separate sheets of paper and labelled consecutively but the captions
should accompany the

9. Authors should also note that files containing text, figures, tables or multimedia data can be placed
in a supplementary data file which will be accessible via ScienceDirect (see later section for further
details).

What information to include with the manuscript

Having read the criteria for submissions, authors should specify in their letter of transmittal whether
they are submitting their work as an Original Article (Full Paper or Short Communication), Review
Article, or Book Review. Emphasis will be placed upon originality of concept and execution. Only papers
not previously published will be accepted. Comments regarding articles published in the Journal are
solicited and should be sent as "Letter to the Editor”. Such Letters are subject to editorial review.
They should be brief and succinct. When a published article is subjected to comment or criticism, the
authors of that article will be invited to write a letter or reply.

A letter of transmittal must include the statement, "Each of the authors has read and concurs with

the content in the final manuscript. The material within has not been and will not be submitted for
publication elsewhere except as an abstract.” The letter of transmittal must be from all co-authors.
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All authors should have made substantial contributions to all of the following: (1) the conception and
design of the study, or acquisition of data, or analysis and interpretation of data, (2) drafting the
article or revising it critically for important intellectual content, (3) final approval of the version to
be submitted.

All contributors who do not meet the criteria for authorship as defined above should be listed in an
acknowledgements section. Examples of those who might be acknowledged include a person who
provided purely technical help, writing assistance, or a department chair who provided only general
support. Authors should disclose whether they had any writing assistance and identify the entity that
paid for this assistance.

Work on human beings that is submitted to Gait & Posture should comply with the principles laid down
in the Declaration of Helsinki; Recommendations guiding physicians in biomedical research involving
human subjects. Adopted by the 18th World Medical Assembly, Helsinki, Finland, June 1964, amended
by the 29th World Medical Assembly, Tokyo, Japan, October 1975, the 35th World Medical Assembly,
Venice, Italy, October 1983, and the 41st World Medical Assembly, Hong Kong, September 1989. The
manuscript should contain a statement that the work has been approved by the appropriate ethical
committees related to the institution(s) in which it was performed and that subjects gave informed
consent to the work. Studies involving experiments with animals must state that their care was in
accordance with institution guidelines. Patients' and volunteers' names, initials, and hospital numbers
should not be used.

All Articles should include a justification of their sample size. While there is no set requirement for
minimum sample size, studies considered to have too small a sample size to answer the research
question will be rejected.

At the end of the text, under a subheading "Conflict of interest statement" all authors must
disclose any financial and personal relationships with other people or organisations that could
inappropriately influence (bias) their work. Examples of potential conflicts of interest include
employment, consultancies, stock ownership, honoraria, paid expert testimony, patent applications/
registrations, and grants or other funding.

All sources of funding should be declared as an acknowledgement. Authors should declare the role
of study sponsors, if any, in the study design, in the collection, analysis and interpretation of data;
in the writing of the manuscript; and in the decision to submit the manuscript for publication. If the
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Supplementary material
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or PowerPaint files will appear as such online). Please submit your material together with the article
and supply a concise, descriptive caption for each supplementary file. If you wish to make changes to
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Research data
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about the availability of your data when submitting your manuscript. If you are sharing data in cne of
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sharing and using research data and other relevant research materials, visit the research data page.

Data linking
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the dataset. Elsevier collaborates with a number of repositories to link articles on ScienceDirect with
relevant repositories, giving readers access to underlying data that gives them a better understanding
of the research described.

There are different ways to link your datasets to your article. When available, you can directly link

your dataset to your article by providing the relevant information in the submission system. For more
information, visit the database linking page.
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To foster transparency, we encourage you to state the availability of yvour data in your submissicn.
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access to the final published version of the article on ScienceDirect. The Share Link can be used for
sharing the article via any communication channel, including email and social media. For an extra
charge, paper offprints can be ordered via the offprint order form which is sent once the article is
accepted for publication. Both corresponding and co-authors may order offprints at any time via
Elsevier's Webshop. Corresponding authors who have published their article gold open access do
not receive a Share Link as their final published version of the article is available open access on
ScienceDirect and can be shared through the article DOT link.

AUTHOR INQUIRIES
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be published.
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