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Abstract
Background: There is a well-recognised relationship between body weight, plantar pressures and foot pain, but
the temporal association between these factors is unknown. The aim of this study was to investigate the
relationships between increasing weight, plantar pressures and foot pain over a two-year period.
Methods: Fifty-one participants (33 women and 18 men) completed the two-year longitudinal cohort study. The
sample had a mean (standard deviation (SD)) age of 52.6 (8.5) years. At baseline and follow-up, participants completed
the Manchester Foot Pain and Disability Index questionnaire, and underwent anthropometric measures, including body
weight, body mass index, and dynamic plantar pressures. Within-group analyses examined differences in body weight,
foot pain and plantar pressures between baseline and follow up, and multivariate regression analysis examined
associations between change in body weight, foot pain and plantar pressure. Path analysis assessed the total impact of
both the direct and indirect effects of change in body weight on plantar pressure and pain variables.
Results: Mean (SD) body weight increased from 80.3 (19.3), to 82.3 (20.6) kg, p = 0.016 from baseline to follow up. The
change in body weight ranged from −16.1 to 12.7 kg. The heel was the only site to exhibit increased peak plantar
pressures between baseline and follow up. After adjustment for age, gender and change in contact time (where
appropriate), there were significant associations between: (i) change in body weight and changes in midfoot plantar
pressure (B = 4.648, p = 0.038) and functional limitation (B = 0.409, p = 0.010), (ii) plantar pressure change in the heel
and both functional limitation (B = 4.054, p = 0.013) and pain intensity (B = 1.831, p = 0.006), (iii) plantar pressure
change in the midfoot and both functional limitation (B = 4.505, p = 0.018) and pain intensity (B = 1.913, p = 0.015).
Path analysis indicated that the effect of increasing body weight on foot-related functional limitation and foot pain
intensity may be mediated by increased plantar pressure in the midfoot.
Conclusions: These findings suggest that as body weight and plantar pressure increase, foot pain increases, and that
the midfoot may be the most vulnerable site for pressure-related pain.
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Background
Foot pain is common in the community. Approximately
one quarter of adults report frequent foot pain [1] and
one in six adults aged greater than 50 years experience
symptomatic foot osteoarthritis [2]. Foot pain is also associated with pain in other joints, reduced health-related
quality of life and obesity [3]. A recent systematic review
found that obesity, defined by elevated body mass index
(BMI), was strongly associated with chronic plantar heel
pain in a non-athletic population and with non-specific
foot pain in the general population [4]. Elevated BMI
has also been associated with worsening foot pain over a
five-year period in women, even after adjusting for age,
rheumatoid arthritis and diabetes [5].
One of the mechanisms that may link increased body
weight and foot pain is mechanical loading. Increased body
mass is known to contribute to elevated peak plantar pressures [6] and elevated peak plantar pressures are associated
with foot pain [7]. A recent study of older people found
higher midfoot peak pressures and overall foot pain with
increased BMI [8]. It seems intuitive, then, that as body
weight increases, plantar pressure increases, overloading
plantar tissue and causing pain. Furthermore, a previous
study has found that midfoot osteoarthritis is associated
with higher midfoot pressures, suggestive of a mechanical
relationship [9]. Other factors, however, linking foot pain
and body mass, such as metabolic and psychological
factors have been investigated [10], but whether there is
mediation via mechanical pathways is not known.
Indeed, despite this proposed relationship between body
weight, plantar pressure and foot pain, previous studies
have been cross-sectional and therefore have provided no
information regarding the temporal relationship between
these factors. This is important, as it is unknown if the foot
can adapt to increased body weight over time. As such, the
effect of increased body weight on plantar pressures and
foot pain may depend on the extent to which the foot can
adapt to these changes. Prospective studies are needed to
determine if a change in body weight is associated with
pathological foot mechanics.
Therefore, the aims of this study were to: (i) examine
if a change in body weight is associated with a change in
plantar pressures, and to (ii) examine whether a change
in body weight and plantar pressures are associated with
a change in foot pain intensity or foot-related functional
limitation over a two-year period.
Methods
Participants

Participants from a previous study [6] that investigated
obesity, foot posture, range of motion and plantar pressure
characteristics were invited to participate in this two-year
longitudinal cohort study. The aim of the previous (i.e.
baseline) study was to evaluate plantar loading and foot
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structure patterns in obese and non-obese individuals, and
to determine the influence of body weight and foot structure on plantar loading. The baseline and follow-up measures were taken in 2012 and 2014, respectively, at Epworth
Hospital, Victoria, Australia. Of the original 68 participants,
51 were included in this study as 17 participants were unable to attend a scheduled follow-up session. The study was
approved by the Alfred Human Research Ethics Committee
(HREC) and Austin Health HREC, project number 121/11.
All participants provided informed consent.
Demographic and anthropometric data

Age, gender, height and body mass were recorded at baseline and follow-up. Body weight was measured to the nearest 0.1 kg using electronic scales and height was measured
to the nearest 0.1 cm using a stadiometer (with shoes,
socks, and bulky clothing removed). From these data BMI
was calculated in line with the baseline study [6].
Foot pain and disability

Foot pain and disability were measured with the Manchester Foot Pain and Disability Index (MFPDI), a valid and
reliable measure of foot pain and disability [11, 12]. The
MFPDI consists of 19 items designed to assess four
domains: functional limitation (10 items), pain intensity (5
items), personal appearance (2 items), and difficulties with
work or leisure activities (2 items). Each item is preceded
with the phrase, “because of pain in my feet,” and is documented as being present ‘none of the time’ (0 points), ‘on
some days’ (1 point), or ‘on most/everyday’ (2 points). All
scores were summed and separated into the four domains,
although only functional limitation and pain intensity
were used in this study. The raw scores for these domains
underwent a Rasch transformation as previously described
by Gijon-Nogueron et al. [13], enabling the resultant
values to be treated as continuous variables in the statistical analysis. Functional limitation is graded on a 0–20
scale, whereas pain intensity is graded on a 0–10 scale.
Plantar pressure

Dynamic plantar pressure data were collected with the
MatScan® (Tekscan, USA) platform system. The platform
consists of a 5 mm-thick floor mat (432 × 368 mm) incorporating 2288 resistive sensors (1.4 sensors/cm2) with a
sampling at a rate of 40 Hz. Step calibration was performed
immediately prior to each participant’s analysis. Following
calibration, participants walked over the platform, which
has been previously shown to have good accuracy [14] and
moderate to good reliability for measuring plantar pressures
in barefoot adults [15]. The MatScan® platform was positioned in the centre of a level walkway, where the participants were asked to walk barefoot in their normal gait
pattern. A midgait protocol was used, whereby participants
were instructed to take two steps and to then strike the
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platform on their third step, before continuing to walk for a
further three steps. The midgait protocol has been found
with few exceptions to have good to excellent reliability
[16]. Data from the right foot were collected from three
valid trials. Individual “masks” were manually constructed
to determine plantar pressures for the whole foot and
under five regions; heel, midfoot, forefoot, hallux and lesser
toes, using the Research Foot software (version 6.51) at
baseline and follow-up (Fig. 1). Measures of maximum
force (kg), contact area (cm2), peak pressure (kPa) and
contact time (ms) were calculated for each of the trials and
an average value obtained. Contact time was used as a
proxy for walking speed [17]. Change in regional peak
plantar pressure was used in this study given the known
association of peak plantar pressure and foot pain [18].
Mean pressure or pressure-time integral were not used in
this study given the interdependence between these
measures and peak plantar pressure [19, 20].
Data analysis

All data were checked for normality prior to inferential statistical analysis. The maximum force variables (hallux and
forefoot) were logarithmically transformed because they
were not normally distributed. Differences between baseline
and follow-up measures for anthropometry variables
(height, body weight and BMI) and MFPDI subscale scores
were analysed with paired-samples t-tests. The difference in
the number of participants with foot pain at baseline and
follow-up were analysed with the chi-squared test. Differences between baseline measures (age and BMI) of those
who completed the study and those that failed to follow-up
were analysed with Mann-Whitney U test, while differences
in the prevalence of foot pain was analysed with the chisquared test. Linear regression was used to test the differences between baseline and follow-up maximum force,
contact area and peak pressure (adjusted for contact time).
Correlations between change in body weight, change in regional peak pressure, change in foot pain intensity and
functional limitation were assessed using multivariable linear regression, where unstandardised B coefficients were
generated, adjusting for age, gender and change in contact
time (where appropriate), Multivariable linear regression,

Fig. 1 Example of individual ‘masks’, defining different regions of the foot
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adjusting for age and gender, was also used for subgroup
analyses of participants whom lost more than 2 kg to
provide clinical context for the association of weight loss
and foot pain. Path analysis, a method used to detect
hypothesised causal relationships between variables [21],
was used to determine the total impact of both the direct
and indirect effects of change in body weight on pressure
and pain variables using standardised β weights. Only regions that showed significant association in the multivariable regressions were used in the path analysis. P values
<0.05 (2-tailed) were regarded as statistically significant. All
analyses were performed using the SPSS statistical package
(standard version 23.0, IBM Corp, NY, USA).

Results
Participant characteristics

Fifty-one of 68 participants (75%), completed the two-year
study. The sample had a mean (standard deviation (SD))
age of 52.6 (8.5) years. Participant characteristics are shown
in Table 1. The 17 participants (14 women, 3 men) who
were lost to follow-up were not significantly older, with an
age median (range) of 54.9 (40.9–65.0) years versus 53.8
(34.7–67.8) years, p = 0.328), but did have a significantly
higher baseline BMI, median (range) of 33.0 (21.4–45.2)
kg/m2 versus 25.3 (17.6–48.1) kg/m2, p = 0.042. The prevalence of baseline foot pain was not significantly higher
(58.9% versus 47.1% χ2 = 0.706, p = 0.401) in those lost to
follow-up. There were significantly more women than men
in this study, χ2 = 4.412, p = 0.036.
Change in body weight and BMI

Mean (SD) body weight increased from baseline to followup by 2.0 (5.9) kg from 80.3 (19.3), to 82.3 (20.6) kg,
p = 0.016) as did BMI (28.2 kg/m2 versus 28.9 kg/m2,
p = 0.029). The change in body weight ranged from −16.1
to 12.7. Twenty-five participants gained more than 2 kg,
with a mean (SD) of 6.6 (3.8) kg while 11 participants lost
more than 2 kg, with a mean (SD) of 5.1 (4.3) kg.
Change in plantar pressure

The change in plantar pressure from baseline to follow-up
is summarised in Table 2. The change in peak plantar pressure from baseline to follow-up ranged from −121.0 to
58.8 kPa. There were significant differences in all regions for
contact area, and maximum force for whole foot, forefoot
and heel before adjustment for differences in contact time.
There were, however, only significant differences in the contact area of the hallux, mean (SD) 9.8 (1.7) cm2 to 10.6 (1.6)
cm2, p = 0.017) and lesser toe regions, mean (SD) 9.5 (2.9)
cm2 to 11.0 (2.4) cm2, p = 0.008) after adjusting for differences in contact time. The heel was the only specific region
of the foot to demonstrate a significant increase in peak
pressure from baseline to follow-up, mean (SD) 197 (45) to
222 (39) kPa, p = 0.012) after adjusting for contact time.
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Table 1 Participant characteristics (values are the means (SD)s unless otherwise indicated)
Baseline

Follow-up

Age

52.6 (8.5)

54.8 (8.5)

Gender, no. women (%)

33 (65)

33 (65)

Height, m

1.69 (0.1)

1.69 (0.1)a

Body mass, kg

80.3 (19.3)

82.3 (20.6)a

2

95% CI

p value

−0.0

-0.0 to 0.0

0.145

2.0

0.4 to 3.6

0.016

Mean difference

a

BMI, kg/m

28.2 (6.9)

28.9 (6.9)

0.6

0.1 to 1.2

0.029

MFPDI Functional limitation score

3.2 (4.5)

3.6 (5.1)a

0.4

−0.8 to 1.6

0.511

MFPDI Pain intensity score

1.9 (2.4)

1.9 (2.4)a

0.1

−0.5 to 0.6

0.784

Abbreviations: SD standard deviation, kg kilograms, m metres, BMI body mass index, CI confidence interval, MFPDI Manchester Foot Pain and Disability Index
a
p calculated for differences between baseline and follow-up measures analysed with paired samples t-test

Change in foot pain

Change in foot pain scores are detailed in Table 1. Current
foot pain was reported by 24 (48%) and 28 (55%) participants at baseline and follow-up respectively. Mean (SD)
functional limitation scores increased from baseline to
follow-up 3.2 (4.5) points to 3.6 (5.1) points, p = 0.511, the
change in scores ranged from −9.7 to 20.0 points. Mean
(SD) foot pain intensity did not change between baseline
Table 2 Change in maximum force, contact area and peak
plantar pressure between baseline and follow-upa (values are
means (SD)s unless otherwise indicated)
Baseline

Follow-up

Mean difference 95% CI

Maximum force (kg)
Whole foot 64.6 (19.3)

71.1 (22.1)

6.5

3.2 to 9.7

Heel

36.4 (10.5)

Midfoot

13.8 (9.1)

41.9 (12.0)

5.5

3.5 to 7.4

13.4 (8.9)

−0.4

−1.9 to 1.2

Forefoot
Hallux

47.8 (13.8)

51.6 (16.1)

3.8

1.5 to 6.1

8.0 (2.9)

8.2 (2.7)

0.2

−0.4 to 0.7

Lesser toes 4.5 (1.9)

4.5 (1.9)

0

−0.5 to 0.5

Whole foot 109.1 (17.1) 112.7 (16.7)

3.6

2.2 to 4.9

Heel

31.0 (4.5)

32.6 (4.7)

1.6

0.9 to 2.4

Midfoot

25.6 (9.3)

23.2 (8.0)

−2.4

−3.8 to −1.1

Forefoot

47.8 (6.4)

49.2 (6.8)

1.4

0.6 to 2.3

Hallux

9.8 (1.7)

10.6 (1.6)

0.8

0.2 to 1.1*

Lesser toes 9.5 (2.9)

11.0 (2.4)

1.5

0.7 to 2.1*

247 (42)

9

Contact area (cm2)

Peak pressure (kPa)
Whole foot 238 (37)

−1 to 18

Heel

197 (45)

222 (39)

25

14 to 37*

Midfoot

92 (44)

90 (45)

−2

−12 to 8

Forefoot

233 (40)

238 (46)

5

−4 to 16

Hallux

155 (42)

150 (40)

−5

−14 to 6

74 (26)

−3

−10 to 4

Lesser toes 77 (29)

Abbreviations: SD standard deviation, kg kilograms, cm2 centimetres squared,
kPa kilopascal, CI confidence interval
a
p calculated for differences between baseline and follow-up measures analysed with linear regression, adjusted for contact time
*p < 0.05

and follow-up, but the change in scores ranged from −4.4
to 6.3 points.
Associations between change in body weight, change in
plantar pressure and change in foot pain

Multivariable associations between change in body weight,
change in peak pressure and change in foot pain, after
adjusting for age and gender and change in contact time
(where appropriate) are summarised in Tables 3 and 4.
As body weight increased, peak pressure increased in all
regions, however the midfoot was the only region to show
significant, positive correlation with body weight in multivariable regression (B = 4.648, 95% CI 0.273 to 9.024,
p = 0.038). There was also a significant, positive correlation
between change in body weight and change in functional
limitation (B = 0.409, 95% CI 0.101 to 0.717, p = 0.010), but
not pain intensity (B = 0.216, 95% CI -0.611 to 1.044,
p = 0.601).
There were positive, significant correlations between
changes in heel (B = 1.831, 95% CI 0.540 to 3.121,
p = 0.006) and midfoot (B = 1.913, 95% CI 0.392 to 3.434,
p = 0.015) peak pressure and change in foot pain intensity,
and a significant, positive correlation between changes in
heel (B = 4.054, 95% CI 0.898 to 7.210, p = 0.013) and
midfoot (B = 4.505, 95% CI 0.825 to 8.186, p = 0.018) peak
pressure and change in functional limitation.
Of the 11 participants whom lost more than 2 kg, there
was a significant positive correlation between change in
weight and change in functional limitation (B = 0.654,
95% CI 0.174 to 1.134, p = 0.015), and there was a nonsignificant positive correlation between change in weight
and change in pain intensity, (B = 0.274, 95% CI -0.009 to
0.556, p = 0.056).
Path analysis

Results of the path analysis are shown in Figs. 2 and 3. For
pain intensity, there was a small (β = 0.078) direct effect of
change in body weight, but a larger indirect effect with
change in midfoot pressure as a mediator variable (β =
0.107). For functional limitation, change in body weight had
a larger direct (β = 0.374) than indirect (β = 0.102) effect
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Table 3 Multivariable linear regression between change in body weight with change in regional peak plantar pressure and change in
foot pain
Unstandardised B coefficients (95% CI)

p value

Whole foot

2.151 (−2.275 to 7.186)

0.302

Heel

2.921 (−0.940 to 6.782)

0.135

Midfoot

4.648 (0.273 to 9.024)

0.038

Forefoot

2.230 (−2.231 to 6.691)

0.319

Hallux

1.444 (−3.046 to 5.935)

0.521

Lesser toes

4.303 (−1.032 to 9.638)

0.111

Pain intensity subscale

0.216 (−0.611 to 1.044)

0.601

Functional limitation subscale

0.409 (0.101 to 0.717)

0.010

i) Plantar pressuresa

b

ii) Manchester Foot Pain and Disability Index

Each region and pain subscale was analysed independently. The change in foot pain intensity and functional limitation units are Manchester Foot and Disability
Index Rasch transformed scores (pain intensity and functional limitation domains)
Abbreviation: CI confidence interval
a
Adjusted for age, gender and change in contact time
b
Adjusted for age and gender

with change in midfoot pressure as a mediator variable. The
total effect of change in body weight (i.e. the combined
direct and indirect effects) was smaller for pain intensity (β
= 0.185) than functional limitation (β = 0.476).

Discussion
This study is the first to examine the effect of increasing
body weight on plantar pressures and foot pain using a
prospective study design. Such a design allows for temporal inferences to be made. There were significant associations between change in body weight, change in midfoot
plantar pressure and change in functional limitation.
Change in heel plantar pressure was significantly associated with a change in functional limitation, but not a
change in body weight. Path analysis indicated that the
effect of increasing body weight on foot related functional
limitation may be mediated by increased plantar pressure
in the midfoot, supporting a significant biomechanical
effect. These findings suggest that as body weight
increases, foot pain increases, and that the midfoot may
be the most vulnerable site for pressure-related pain.
Change in body mass was not significantly associated
with change in foot pain intensity, but there were

significant, positive correlations between change in foot
pain intensity and change in both heel and midfoot peak
pressure. While there were statistically significant increases in contact area of the hallux and lesser toes from
baseline to follow-up, following adjustment for differences
in contact time, these are likely to be of questionable
clinical significance given the lack of significant increases
in peak pressures in these regions. The heel was the only
site to increases in peak pressures following adjustment
for differences in contact time. This suggests that the foot
may be able to modulate force and contact area to reduce
peak pressure, however given the heel is usually the first
region to strike the ground in normal gait, [22] this region
may be less efficient in increasing contact area. Previous
studies investigating the effect of increasing body weight
on plantar pressure have traditionally used weighted
backpacks or vests [23–25], and therefore, have measured
the instantaneous effects of increased body weight, and
not weight that is physiologically gained over time.
Previous studies have also used asymptomatic volunteers,
which may not reflect how plantar pressures change with
not only body mass gain, but also with foot pain. In
contrast, our study examined the effect of increasing body

Table 4 Multivariable linear regression between change in peak plantar pressure and change in foot paina
Region

Pain intensity

p value

Functional limitation

p value

Whole foot

1.405 (−0.237 to 3.047)

0.092

3.446 (−0.510 to 7.401)

0.086

Heel

1.831 (0.540 to 3.121)

0.006

4.054 (0.898 to 7.210)

0.013

Midfoot

1.913 (0.392 to 3.434)

0.015

4.505 (0.825 to 8.186)

0.018

Forefoot

1.450 (−0.087 to 2.987)

0.064

3.184 (−0.548 to 6.915)

0.093

Hallux

−0.352 (−1.945 to 1.241)

0.672

1.120 (−2.716 to 4.956)

0.560

Lesser toes

0.623 (−1.309 to 2.556)

0.520

2.530 (−2.092 to 7.151)

0.276

Each region and pain subscale was analysed independently. Change in foot pain intensity and functional limitation units are Manchester Foot and Disability Index
Rasch transformed scores (pain intensity and functional limitation domains)
Values are unstandardised B coefficients (95% confidence interval)
a
Adjusted for age, gender and change in contact time
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Fig. 2 Calculation of direct and indirect effects of change in body weight on change in pain intensity. Values are standardised β coefficients: (a)
direct effect of change in body weight on foot pain intensity, (b) indirect effect of change in body weight, mediated by change in midfoot
pressure. (*) Direct effect, (**) Indirect effect. The total effect of change in body weight on foot pain intensity is therefore the sum of the direct
and indirect effects, i.e. total impact is 0.078 + 0.107 = 0.185

weight on plantar pressures over time and measured this in
the context of foot pain intensity and functional limitation.
The results of this study provide evidence to support the
assertion that increases in peak plantar pressure are associated with foot pain and disability. Given that pain intensity
and functional limitation increased as peak pressure under
the midfoot and heel regions increased, these regions may
be most at risk from increasing body weight. Furthermore,
the significant positive correlation with body weight and
peak pressure under the midfoot, but not other regions, is
suggestive that the mechanical link between increased body
weight, increased plantar pressure and pain is focused in
this region in particular. The positive association with plantar pressure and pain in this study are inconsistent with a
recent study that found people with prolonged plantar heel
pain paradoxically had reduced peak pressure in this region
[26]. The authors suggested that this may be an offloading
mechanism, which could be initiated as pain increases beyond tolerable levels. That is, people with plantar heel pain
adopt an antalgic gait pattern to reduce resultant pressure
from the ground being applied to the painful heel when
walking. The association between increases in plantar
pressure and foot pain observed in our study may reflect
less disabling foot pain not yet requiring gait alterations to
offload the painful region.
While a change in foot pain intensity was not significantly
associated with a change in body weight, studies have found
body composition, as opposed to body weight alone, may
be more strongly associated with pain. An increase in fat

mass, rather than fat-free mass, is the main component of
body mass that contributes to foot pain [10, 27] and likely
does so via metabolic as opposed to mechanical pathways.
The association between body weight and functional limitation may indicate that increasing body weight affects the
ability to undertake daily activities more so than increasing
the intensity of pain.
This study should be considered in light of some limitations. The site of foot pain was not recorded and we cannot, therefore, draw conclusions as to whether the region
of increased plantar pressure corresponded to the region
of pain. Differences in pressure between those with bilateral or unilateral foot pain was also not explored. There
was a relatively small sample size, and the modest increase
in body mass over the two-year period may also limit extrapolations for larger gains in body weight. A change in
body weight of greater than 5% is considered clinically
relevant, whereas our cohort increased by only 2.5% [28].
Those who took part in this study tended be younger and
have a lower BMI than those lost to follow-up. Thus, our
results are generalisable to this population only, which
may also reduce the power of the study since the
spectrum of obesity and foot pain was reduced. Minimal
important differences for the MFPDI domains scores are
not available [29] and therefore the clinical importance of
changes in these scores cannot be determined.
The main clinical implication of this study is that higher
peak pressures in the heel and midfoot are most strongly
related to pain intensity and functional limitation as body

Fig. 3 Calculation of direct and indirect effects of change in body weight on change in functional limitation. Values are standardised β coefficients: (a)
direct effect of change in body weight on functional limitation, (b) indirect effect of change in body weight, mediated by change in midfoot pressure. (*)
Direct effect, (**) Indirect effect. The total effect of change in body weight on functional limitation is therefore the sum of the direct and indirect effects, i.e.
total impact is 0.374 + 0.102 = 0.476
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weight increases. The midfoot may, therefore, be the most
susceptible region to developing pain following weight gain
and interventions that reduce pressure in this region may
reduce foot pain. Moreover, the 11 participants that lost
more than 2 kg had a significant correlation between
change in functional limitation and change in weight, this
provides temporal evidence that weight loss is associated
with reduced foot pain, but studies involving larger samples
and clinical trials with directed weight loss interventions
are needed. Indeed, future research is required to determine
whether interventions designed to normalise or decrease
plantar pressures can reduce foot symptoms over time.

Conclusion
Increasing body weight is associated with increasing midfoot plantar pressure and foot-related functional limitation
over a two-year period, while changes in midfoot and heel
plantar pressures are associated with changes in foot pain
intensity. These findings suggest that as body weight and
plantar pressure increase, foot pain increases, and that the
midfoot may be the most vulnerable site for pressurerelated pain.
Abbreviations
BMI: body mass index; CI: confidence interval; cm: centimetre; HREC: Human
Research Ethics Committee; Hz: Hertz; IBM: International Business Machines
Corporation; kg: kilogram; kPa: kilopascal; MFPDI: Manchester Foot Pain and
Disability Index; ms: millisecond; NY: New York; SD: standard deviation;
SPSS: Statistical Package for the Social Sciences; USA: United States of
America
Acknowledgements
TPW is funded by a Nursing and Allied Health Scholarship and Support Scheme
funded by the Commonwealth Department of Health and administered by
Services for Australian Rural and Remote Allied Health. AEW and DMU are the
recipients of National Health and Medical Research Council Career
Development Fellowships (Clinical Level 2 No. 1063574 and Clinical Level 1 No.
1011975, respectively). HBM is currently a National Health and Medical Research
Council of Australia Senior Research Fellow (ID: 1020925).
We thank Alice Noone for her assistance with participant recruitment and
coordination for this study. We also thank the participants for their involvement.
Funding
This work was supported by the National Health and Medical Research
Council (Project Grant 384233), Monash University Strategic Grant Scheme,
Shepherd Foundation, and Royal Australasian College of Physicians.
Availability of data and materials
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
Authors’ contributions
TPW, PAB, DMU, FMC and HBM conceived the study and its design. AEW,
KBL and EMS participated in the study design. Data collection was
performed by TPW and PAB. Data analysis was performed by TPW, PAB and
HBM. All authors provided input into the review draft and agreed on the
final manuscript. All authors read and approved the final manuscript.
Ethics approval and consent to participate
The study was approved by the Alfred Human Research Ethics Committee
(HREC) and Austin Health HREC, project number 121/11. All participants
provided informed consent.

Page 7 of 8

Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Author details
1
College of Medicine and Public Health, Flinders University, Bedford Park,
South Australia, Australia. 2Department of Orthopaedics and Trauma, The
Queen Elizabeth Hospital, Woodville South, South Australia, Australia.
3
Discipline of Podiatry and La Trobe Sport and Exercise Medicine Research
Centre, School of Allied Health, College of Science, Health and Engineering,
La Trobe University, Bundoora, Victoria, Australia. 4School of Health and
Human Sciences, Southern Cross University, Bilinga, Queensland, Australia.
5
Department of Epidemiology and Preventive Medicine, School of Public
Health and Preventive Medicine, Monash University, Melbourne, Victoria,
Australia. 6Department of Rheumatology, Southern Adelaide Local Health
Network, Bedford Park, South Australia, Australia.
Received: 8 May 2017 Accepted: 11 July 2017

References
1. Thomas MJ, Roddy E, Zhang W, Menz HB, Hannan MT, Peat GM. The
population prevalence of foot and ankle pain in middle and old age:
a systematic review. Pain. 2011;152:2870–80.
2. Roddy E, Thomas MJ, Marshall M, Rathod T, Myers H, Menz HB, et al. The
population prevalence of symptomatic radiographic foot osteoarthritis in
community-dwelling older adults: cross-sectional findings from the clinical
assessment study of the foot. Ann Rheum Dis. 2015;74:156–63.
3. Hill CL, Gill TK, Menz HB, Taylor AW. Prevalence and correlates of foot pain
in a population-based study: the north West Adelaide health study. J Foot
Ankle Res. 2007;1:2.
4. Butterworth PA, Landorf KB, Smith SE, Menz HB. The association between
body mass index and musculoskeletal foot disorders: a systematic review.
Obes Rev. 2012;13:630–42.
5. Gay A, Culliford D, Leyland K, Arden NK, Bowen CJ. Associations between
body mass index and foot joint pain in middle-aged and older women:
a longitudinal population-based cohort study. Arthritis Care Res (Hoboken).
2014;66:1873–9.
6. Butterworth PA, Urquhart DM, Landorf KB, Wluka AE, Cicuttini FM, Menz HB.
Foot posture, range of motion and plantar pressure characteristics in obese
and non-obese individuals. Gait Posture. 2015;41:465–9.
7. Menz HB, Fotoohabadi MR, Munteanu SE, Zammit GV, Gilheany MF. Plantar
pressures and relative lesser metatarsal lengths in older people with and
without forefoot pain. J Orthop Res. 2012;31:427–33.
8. Mickle KJ, Steele JR. Obese older adults suffer foot pain and foot-related
functional limitation. Gait Posture. 2015;42:442–7.
9. Menz HB, Munteanu SE, Zammit GV, Landorf KB. Foot structure and
function in older people with radiographic osteoarthritis of the medial
midfoot. Osteoarthr Cartil. 2010;18:317–22.
10. Walsh TP, Gill TK, Evans AM, Yaxley A, Shanahan EM, Hill CL. The association
of fat mass and adipokines with foot pain in a community cohort. Arthritis
Care Res (Hoboken). 2016;68:526–33.
11. Garrow AP, Papageorgiou AC, Silman AJ, Thomas E, Jayson MI, Macfarlane
GJ. Development and validation of a questionnaire to assess disabling foot
pain. Pain. 2000;85:107–13.
12. Menz HB, Tiedemann A, Kwan MMS, Plumb K, Lord SR. Foot pain in
community-dwelling older people: an evaluation of the Manchester foot
pain and disability index. Rheumatology (Oxford). 2006;45:863–7.
13. Gijon-Nogueron G, Ndosi M, Luque-Suarez A, Alcacer-Pitarch B, Munuera PV,
Garrow A, et al. Cross-cultural adaptation and validation of the Manchester
foot pain and disability index into Spanish. Qual Life Res. 2014;23:571–9.
14. Giacomozzi C. Appropriateness of plantar pressure measurement devices:
a comparative technical assessment. Gait Posture. 2010;32:141–4.

Walsh et al. Journal of Foot and Ankle Research (2017) 10:31

Page 8 of 8

15. Zammit GV, Menz HB, Munteanu SE. Reliability of the TekScan MatScan(R)
system for the measurement of plantar forces and pressures during
barefoot level walking in healthy adults. J Foot Ankle Res. 2010;3:11.
16. Bryant A, Singer K, Tinley P. Comparison of the reliability of plantar pressure
measurements using the two-step and midgait methods of data collection.
Foot Ankle Int. 1999;20:646–50.
17. Taylor AJ, Menz HB, Keenan A-M. The influence of walking speed on plantar
pressure measurements using the two-step gait initiation protocol. Foot.
2004;14:49–55.
18. Menz HB, Zammit GV, Munteanu SE. Plantar pressures are higher under callused
regions of the foot in older people. Clin Exp Dermatol. 2007;32:375–80.
19. Keijsers NLW, Stolwijk NM, Pataky TC. Linear dependence of peak, mean,
and pressure–time integral values in plantar pressure images. Gait Posture.
2010;31:140–2.
20. Waaijman R, Bus SA. The interdependency of peak pressure and pressuretime integral in pressure studies on diabetic footwear: no need to report
both parameters. Gait Posture. 2012;35:1–5.
21. Stage FK, Carter HC, Nora A. Path analysis: an introduction and analysis of a
decade of research. J Educ Res. 2004;98:5–13.
22. Perry J. Gait analysis: normal and pathological function. New York, USA:
McGraw-Hill; 1992.
23. Vela SA, Lavery LA, Armstrong DG, Anaim AA. The effect of increased
weight on peak pressures: implications for obesity and diabetic foot
pathology. J Foot Ankle Surg. 1998;37:416–20.
24. Pirozzi K, McGuire J, Meyr AJ. Effect of variable body mass on plantar foot
pressure and off-loading device efficacy. J Foot Ankle Surg. 2014;53:588–97.
25. Arnold JB, Causby R, Jones S. The impact of increasing body mass on peak
and mean plantar pressure in asymptomatic adult subjects during walking.
Diabet Foot Ankle. 2010;1
26. Sullivan J, Burns J, Adams R, Pappas E, Crosbie J. Plantar heel pain and foot
loading during normal walking. Gait Posture. 2015;41:688–93.
27. Butterworth PA, Urquhart DM, Cicuttini FM, Menz HB, Strauss BJ, Proietto J,
et al. Fat mass is a predictor of incident foot pain. Obesity (Silver Spring).
2013;21:E495–9.
28. Stevens J, Truesdale KP, McClain JE, Cai J. The definition of weight
maintenance. Int J Obes. 2006;30:391–9.
29. Riskowski JL, Hagedorn TJ, Hannan MT. Measures of foot function, foot
health, and foot pain: American Academy of orthopedic surgeons lower
limb outcomes assessment: foot and ankle module (AAOS-FAM), Bristol foot
score (BFS), revised foot function index (FFI-R), foot health status
questionnaire. Arthritis Care Res (Hoboken). 2011;63(Suppl 11):229–39.

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

