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Abstract

Background—While many studies use gait symmetry as a marker of healthy gait, the evidence
that gait symmetry exists is limited. Because gait symmetry is thought to arise through laterality
(i.e., limb preference) and affects gait retraining efforts, it is important to understand if symmetry
exists during gait in older adults. Therefore, the purpose of this study was to evaluate foot and gait
symmetry in the population-based Framingham Foot Study as well as to determine the effects of
vertical force symmetry on physical performance measures.

Methods—Members of the Framingham Foot Study were included in this analysis (N=1333).
Foot function and force data were collected using the Tekscan Matscan during self-selected gait,
with symmetry evaluated using the symmetry index. The short physical performance battery
(SPPB) measures of balance, chair stands and gait speed assessed lower extremity physical
function. Participants were evaluated using quartiles of gait speed and foot symmetry to determine
the effects of symmetry on lower extremity physical function.

Results—Individuals with faster gait speed displayed greater foot function asymmetry;
individuals with —3.0% to —9.5% asymmetry in foot function performed better on the short
physical performance battery (SPPB). Further, with aging, the degree of asymmetry was reduced.

Conclusions—While this research suggests that a moderate degree of foot asymmetry is
associated with better lower extremity function, the causes of vertical force asymmetry are
unknown. Future studies should evaluate the causes of foot asymmetry and should track the
changes in symmetry that occur with aging.
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1. Introduction

Gait symmetry has often been used as a measure of gait health, with lower limb symmetry
assumed to be characteristic of healthy gait. The scientific literature, however, shows
inconsistent findings regarding the extent to which gait symmetry exists in healthy
populations (for review [1]). The discrepancies between results reported in the literature may
be related to how symmetry was determined.

Gait symmetry is often evaluated using the symmetry index (SI) equation. The Sl indicates
the percent deviation from perfect symmetry (e.g., 0 represents perfectly symmetrical gait)
[2]. Mathematically, Sl is:

Xi—-Xp
=—Q——=x 100
05X +X2) (eq- 1)
with ‘X’ being the gait parameter of interest, such as loading force. While clinical studies
using the Sl use “X;” to refer to the unaffected or healthy side and “X5” to refer to the
affected side, there is no common convention for defining which limb is “1” and “2” in
healthy populations.

The lack of consistency in using the Sl affects gait symmetry conclusions [1, 3]. Some
researchers have used “1” for the right limb and “2” for the left (e.g., [4]), while others have
randomly assigned which limb is “1” and “2” (e.g., [5]), and have concluded healthy gait is
symmetrical. Other researchers have suggested the subscript “1” should be the dominant leg
(e.g., limb used to kick a soccer ball) [6] or the peak propulsive limb [7], leading to the
conclusion that a degree of functional asymmetry is characteristic of healthy gait.
Nonetheless, as the Sl has not been applied uniformly, it is unclear if healthy gait is
associated with gait symmetry or asymmetry [1, 3].

The assumption for gait symmetry resides in the continuous nature of walking that each limb
undergoes a swing and stance phase, whereas the theory behind functional gait asymmetry is
based on the idea that each leg is tuned to a specific gait task during the stance phase.
Sadeghi et al. [8] noted that one limb was more responsible for forward propulsion, whereas
the other limb provided support and stability during normal walking. This conclusion was
similar to prior research that noted the left limb was responsible for medio-lateral balance
[9] and support [10-11] during gait, while the right leg provided more forward propulsion in
young adults.

Taken together, these studies suggest that laterality (limb preference to a particular task)
exists in the lower extremities [8-11]. However, notably absent from these studies is the
degree to which asymmetry exists in healthy populations. Further, most gait symmetry
studies base their conclusions on a convenience sample of young adults, which may not
generalize to older adults, who are more likely to need gait retraining as a result of a stroke
or joint injury. Because aging affects many neuromuscular structures and functions and
because laterality affects the duration of gait retraining [12-13], it is imperative to
understand the extent to which symmetry exists during gait as well as to quantify the level of
asymmetry that is characteristic of healthy gait in older adults. Therefore, the purpose of this
paper was to evaluate vertical force symmetry during gait and to determine its effects on
lower extremity physical function in older adults. As young, healthy adults exhibit gait
asymmetry [8-11], our hypothesis is that older adults who display functional asymmetry
during gait will perform better in the lower extremity physical function measures.
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2. Methods

2.1 Participants

Study participants included in this analysis are from the Framingham Foot Study. The
Framingham Foot Study members are compiled from large, population-based samples of
residents from Framingham, Massachusetts, USA. These participants are drawn from the
Framingham Heart Study Original Cohort, which was started in 1948 [14], the Framingham
Offspring cohort, which started in 1971 [15], and community members over 50 years of age
recruited between 2002-2005 through random digit dialling from town lists [16]. Between
2002 and 2008 Framingham Foot Study participants received a validated foot exam to assess
presence or absence of foot pain and foot disorders as well as a set of plantar pressure
measurements while standing and walking. Other data included a medical history, lower
extremity physical performance assessment, participant demographics and other self-
reported data collected via questionnaires. The Framingham Foot Study was approved by the
Hebrew SeniorLife institutional review board, and all participants signed an informed
consent prior to enrollment.

Inclusion criteria for this study included Framingham Foot Study participants with valid
plantar pressure data and completed lower extremity physical function from the short
physical performance battery (SPPB); Framingham Offspring had to have a recorded leg
length difference of less than 0.5 inch (approximately 1.3cm) or less [17]. We also evaluated
a subset of Framingham Foot Study population (“Low Burden Group”) to determine if
outcomes differed in individuals who were free from lower extremity (hips, knees and feet)
pain or unilateral foot disorders. Participants in the Low Burden Group were free from seven
foot conditions: hallux valgus, plantar fasciitis, hammer toes, claw toes, fat pad atrophy
(heel or forefoot), Morton’s neuroma, or hallux rigidus, which were noted as present or
absent by a podiatric physician-trained evaluator (kappas > 0.85, all £< 0.01) [18]. The
purpose of creating this subset population was to reduce the effects of gait differences that
may result as individuals compensate for these conditions.

Pain was assessed by the response to the NHANES-type question “On most days do you
have pain, aching or stiffness in [your lower extremities]?” The Low Burden Group was free
from pain at the hips, knees, and feet.

2.2 Foot Function Data Collection

Foot force and gait kinetic variables were collected using a Matscan system (Tekscan Inc.,
Boston MA) collected at a rate of 40 frames per second. The participants were asked to walk
barefoot at a self-selected pace across the mat, using the two-step method [19]. The two-step
method involves participants stepping on the pressure map on the second step and has been
shown to as reliable as a step using the mid-gait approach [19]. There were two gait trials,
one for each foot.

Data was extracted from the Matscan into a custom Matlab program (MathWorks, Natick,
MA) in order to determine the regional forces within the foot. The foot was divided into four
regions: toes, forefoot, arch, and rearfoot [20]. This entails the foot area, not including the
toes, being divided into thirds along the foot’s longitudinal axis to yield the rearfoot,
midfoot and forefoot regions. Peak forces were measured within these four regions and
forefoot-to-rearfoot (FFRF) force ratios were used as they are indicative of foot function
[21-22].

To calculate the vertical force symmetry, we used the symmetry index (SI; eg. 1). To
address the common assumption that the right leg is the dominant leg, which may obscure
some of the functional properties of the lower limbs [1], we used a functional definition
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when substituting our parameters of interest into the SI equation. For our analysis, the
subscript “1” was defined as the limb generating the greater peak vertical propulsive force
during gait [7, 11, 23]. Our parameters of interest were the peak forces in the four foot
regions as well as the FFRF force ratio. We used the FFRF ratio as the main symmetry
outcome when addressing the effects of foot symmetry on physical performance measures as
it is a composite measure addressing foot function, and it shows the relative contribution of
the forefoot (unloading) with respect to the rearfoot (loading) [21-22].

2.3 Physical Performance Measures

Physical performance was measured using the Short Physical Performance Battery (SPPB),
a battery of lower extremity physical performance measures [24]. The SPPB includes
(Figure 1): static balance (side-by-side, semi-tandem and full tandem balance for up to 10
seconds each), gait speed (timed 4-meter walk at a self-selected pace), and chair stand
(ability and time needed to stand five times as quickly as possible with arms folded across
the chest from a straight-backed chair) [25]. These measures have a high test-retest
reliability (r >0.9) [26].

The SPPB performance measures are predictive of falls [27], disability [24, 28], and poor
outcomes over 1-6 years (e.g., disability onset, hospitalizations and death) in studies of
older adults [24, 27-28]. The individual component contributes up to 4 points in the overall
score, so the SPPB scores range from 0 to 12, with higher scores reflecting better lower
extremity physical function.

2.4 Data Analysis

3. Results

Because the purpose of this study was to evaluate foot symmetry during walking and to
determine the effect of foot symmetry on physical performance, we analyzed the data to
evaluate the degree of foot force symmetry and to determine the effects of foot symmetry on
physical performance. First, because research in young adults suggests that asymmetry was
related to gait velocity, we assessed foot symmetry by quartiles of gait speed (using distance
[4m] divided by time) using a multivariate generalized linear model. In this analysis, we
combined the participants within the middle 50% of gait speed categories, leaving three gait
speed groups: 1) fast: highest 25%, 2) slow: lowest 25%, and 3) moderate: middle 50%
(referent). Participants were also evaluated by age group: less than 60 years, 60—74 years,
75-89 years, 90 years and older to determine if there were differences by age group.

In the second analysis that examined the effects of foot symmetry on lower extremity
physical function, we evaluated the individual SPPB measures (i.e., three measures of
balance, gait velocity and chair stand) as well as the overall SPPB score by quartiles of
forefoot-to-rearfoot ratio symmetry values.

To control for multiple comparisons, we used Fisher’s least significant difference (LSD)
procedure in post hoc testing. We tested data normality using graphical analysis and
Shapiro-Wilk statistics, and the statistical significance was set to p <0.05.

Because a single walking trial is not as reliable as multiple assessments [29], we evaluated
the power of our study. Using a conservative reliability of 0.5 [30] of the Tekscan
measurement system to calculate the forefoot-to-rearfoot force ratios and with power at 80%
and an alpha at 0.05, the projected total sample size was 220 participants.

There were 1333 participants included in the Framingham Foot Group, with 929 free from
lower extremity pain and unilateral foot disorders included in the Low Burden Group subset
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(Table 1; Figure 2). The lower extremity limb generating the peak vertical propulsive force
was the right leg in 77% (N=1026) of the Framingham Foot Group and 74% (N=689) of the
Low Burden group.

In the Framingham Foot Group, the force production between feet had greater asymmetry at
the rearfoot and forefoot with increasing self-selected gait speed, but not at the toes or
midfoot (Table 2). The Low Burden Group displayed a similar, significant (p=0.041) pattern
of increasing asymmetry with the faster gait speeds. Moreover, when evaluating foot
function by gait speed, those who walked the fastest having the greatest (p=0.034) forefoot-
to-rearfoot (FFRF) force ratio asymmetry (Figure 3). While this trend of increasing
asymmetry of FFRF force ratio with gait speed was not maintained for individuals 90 years
and older in the Framingham Foot Group (p=0.445), for all other age groups increasing gait
speed was associated with significantly (p<0.05) greater FFRF force ratio asymmetry.

When evaluating the FFRF force ratio by quartiles, individuals in the Framingham Foot
Group with approximately —3.0 to —9.5% of asymmetry performed significantly better in the
SPPB measures than the other quartiles (Table 3). Using these same cut-points from the total
population in Low Burden Group, the participants exhibiting FFRF force ratio asymmetry
between the —3.0 to —9.5% performed significantly better in the SPPB measures of tandem
balance, gait, and chair stands relative to the >3.0% and <-9.5% asymmetry groups. The 3.0
to —3.0% and -3.0 to —9.5% groups had similar overall SPPB scores, with only the chair
stand times being significantly (p=0.046) faster in the —3.0 to —9.5% in the Low Burden
Group.

4. Discussion

The purpose of this study was to evaluate vertical force symmetry during gait in older adults
as well as to determine its effects on lower extremity physical performance measures. We
found significant differences in foot symmetry by gait speed, with individuals who had a
greater self-selected gait speed tending to have a greater foot force asymmetry. Foot force
asymmetry was seen predominantly in the forefoot and rearfoot, as well as in foot function
assessed by the forefoot-to-rearfoot (FFRF) force ratio. Greater foot symmetry was also
associated with lower physical performance. Our results suggest that individuals with 3.0 to
—3% or were between -3 to —9.5% of FFRF force asymmetry performed better on the short
physical performance battery (SPPB) than those with more extreme asymmetry.

4.1 Foot Asymmetry

Our results suggest that faster gait speeds are associated with a greater degree of asymmetry
at the population-level in older adults. Even when removing individuals with lower
extremity pain and unilateral foot disorders, the association between faster gait speed and
greater foot asymmetry persisted. These results are similar to the research by Seeley et al.,
who found that within-person asymmetry increases with increases in gait speed [6]. Our
study did not evaluate the within-person affects of increasing gait speed; however, we found
that individuals with greater self-selected gait speeds had greater foot force asymmetries
forefoot and rearfoot regions of the foot as well as in the FFRF force ratio.

When examining quartiles of the FFRF ratio, we noted that asymmetry values between-3.0
to —9.5% was associated with better lower extremity performance measures on the SPPB
relative to those with more than 3% or less than —9.5, and marginally better than those who
had a FFRF force ratio 3.0% to —3.0%. There are limited studies evaluating limb symmetry
and physical performance in older adults. However, studies of younger adults show similar
findings to ours in that international level athletes displayed a greater degree of asymmetry
hamstring and quadriceps strength relative to the national level athletes [31]. Because SPPB
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performance can predict health outcomes (disability onset, hospitalizations and death) in
older adults populations [24, 27-28], exhibiting and maintaining this asymmetry may be
important in healthy aging.

4.2 Implications of Research

Our results suggest that laterality and functional dominance are a natural component in older
adult gait as individual with FFRF force ratio symmetry values ranging from —3.0 to —9.5%
was associated with better SPPB scores, regardless of lower extremity pain or foot disorders.
While the SPPB has been noted as a predictor of poor health outcomes, it is unknown if
FFRF asymmetry could also predictive of lower extremity health and function. Moreover,
when evaluating symmetry of foot function by aging, we noted that the fastest walkers
tended to have less asymmetry relative to the other age groups. Thus, longitudinal research
should investigate how foot and gait asymmetry relates to long-term physical function and
quality of life.

Further, given the cross-sectional associations of asymmetry in foot function to lower
extremity physical function in our research, the mechanisms that affect, promote, or
diminish foot asymmetry are unknown. Laterality of the central nervous system (CNS) is
thought to arise as a function of the task specificity of the lower extremities during gait (i.e.,
balance and control versus forward propulsion) that cause differences in neural activation
patterns and mapping at the CNS level [32-34]. The CNS laterality corresponds to
peripheral nervous system laterality, with the dominant limb displaying a greater number of
motoneurons [35]. The greater number of motoneurons in the dominant limb may be related
to the greater energy generation needs of the plantar flexors for this limb’s more propulsive
force [36].

This difference between functional tasks and subsequent loading responses may also affect
bone density between the lower extremities. Research by Beck et al. [37] noted that femoral
neck bone mineral density in adults (average age approximately 32 years) was different in
dominant and non-dominant limbs, with limb dominance being defined by the Waterloo
Footedness Questionnaire [38]. As the Waterloo Footedness Questionnaire is a self-report
assessment of foot function, it does not objectively measure differences between functional
tasks of gait. Hence, the association self-reported foot function to objective measures of
footedness remains in question. However, with no objective measure in footedness, future
research should evaluate if the limb’s task-specific tuning during gait is related to bone
mineral differences between the lower extremities. Correspondingly, research should
objectively evaluate how the limb’s tuning towards a functional task affects injury and risk
of foot disorders [39], which may open up preventative measures to address future foot
complications and injuries.

4.3 Strengths & Limitations

Though we found specific functional foot asymmetry to be associated with gait and lower
extremity physical performance, there are several limitations to this study. First, our analysis
was a cross-sectional evaluation of foot symmetry and function, and it thus cannot assess
causal relationships. In the future, longitudinal studies of foot function and symmetry are
needed to determine how symmetry changes with aging as well to evaluate the mechanism
related to loss of foot symmetry. Further, only a single scan of each foot was recorded. As a
result, we were unable to determine if the recorded step was an accurate or unbiased
representation of the individual’s normal gait. However, the projected total sample size was
estimated to be 220 participants based on the forefoot-to-rearfoot symmetry values, which is
well below the participant numbers in the smaller Low Burden group (N=929). Therefore,
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due to the higher sample size of our study, we are confident that the study was adequately
powered and that the findings noted are not an artifact of the single scan of each foot.

The strengths of this study include its participants, data collection, and analysis. The
Framingham Foot Study is a well-described, population-based cohort of older adults
evaluating foot health, foot function, and lower extremity physical function. This range of
participant demographics (e.g., men and women, aged 36 to 100 years, BMI range of 15.3 to
58. 5 kg/m?) included in the study provides greater generalizability, relative to the smaller
study samples (e.g., N=20) [6]. Further, this study also evaluated foot symmetry based on
limb functional dominance. As many studies typically report symmetry between lower limbs
between right and left feet, we evaluated symmetry with respect to functional task of the
lower limbs, which may provide greater insights into the differences that exist between
limbs [8-11].

5. Conclusion

This research suggests that in older adult gait, slight foot asymmetry during gait is
associated with better lower extremity physical function. Because the work is cross-
sectional, future work should explicitly evaluate differences in muscle activation and limb
properties based on the task-specific tuning of the limb.
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Balance Tests

Side-by-Side Stand
Feet together side-by-side for 10 sec

J 10 sec (1 pt)

Semi-Tandem Stand
Heel of one foot against side of big toe of the
other for 10 sec

l 10 sec (+1 pt)

Tandem Stand
Feet aligned heel to to= for 10 sec

l 10 sec (+2 pt)
3-0.90 sec (+1 pt)

< 10 sec (0 pt)

< 1C sec (+0 pt)

Page 10

Go to 4-Neter
Gait Speed Test

Go to 4-Meter
Gait Speed Test

<3 sec (+0 pt)
2. Gait Speed Test <4.82 sec 4 pt
4.82-6.20 sec 3 pt
. . .21-8.70
Measures the time required to walk 6.2 sec 2pt
4 meters at a normal pace (use best of 2 times) | ~ =87 sec 1pt
Unable 0 pt
|
= im 2m 3m 4m
3. Chair Stand Test
Pre-test
Participants fold their ams across their chest | ooo___C u ']9'.‘-)_[?.__.,. Stop (0 pt)
and try to stand up once from a chair
able
3 <11.19 sec 4 pt
5 repeats 11.20-13.69 sec 3 pt
Mezsures the time required tc perform five rises 13.70-16.60 sec 2 pt
from a chair to an uprght position as fast as =16.7 sec 1pt

Figure 1.
Short physical performance battery (SPPB) flowchart [23].
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Framingham Foot Study
(N =3378)

alid pressure dat
& SPPB measures

Page 11

Excluded N = 2045

No SPPB data: N =1131

Novalid plantar pressure data:N=421
Limb length discrepancy < 0.5in: N = 79
Two or more exclusion criteria N = 394

Framingham Foot Group
N=1333

E painand unilatera
ootdisorder freg

Excluded N =647

Has lower extremity pain: N =373
Has unilateraldisorders: N = 142
Has pain & unilateraldisorders N =132

Low Burden Group
N=929

Figure2.

Flowchart of included participants. LE = lower extremity; SPPB = short physical

performance battery.
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4% Framingham Foot Group

2%

0% T

Slowest 25% Middle 50% .
2%

_4% l _\-\\

60-74 years

Forefoot-to-Rearfoot Ratio

-8% —m—75-89 years
-+ M- 90+ years
-10% -

- ——All Participants
—@—Less than 60 years
-6% -+

Gait Velocity Ranking

a% Low Burden Group

2%

0%

Slowem"'ﬁ/ﬁﬂ&pso%
2% B

-4%

—&—All Participants
~—Less than 60 years
60 - 74 years
-+M--75-89 years

<M.+ 90+ years

-6%

Forefoot-to-Rearfoot Ratio

-8%

-10%

Gait Velocity Ranking

Figure 3.

Page 12

Forefoot-to-rearfoot (FFRF) ratio of Framingham Foot Group and Low Burden Group by
age-group. * significantly different (p<0.05) between individuals aged 90 years and older

and other age groups.
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Table 1

Page 13

Demographics information of the included Framingham Foot Study (FFS) participants and the subset “Low
Burden Group”, which was free from lower extremity pain and unilateral foot disorders. Data reported as
mean + standard deviation, unless otherwise noted.

FFS Population (N=1333)

Low Burden Group (N=929)

Age, years (range)

66.4 + 10.6 (36-100)

73.0 + 10.6 (36-98)

Female (%) 745 (55.9) 566 (61.0)
Height, cm 166.4 £9.9 164.8 +10.2
Weight, kg 785+17.9 69.7+11.2

BMI, kg/m? (range)

28.6 + 4.6 (15.3-58. 5)

25.7 + 4.1 (15.5-56. 5)
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