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Abstract

Objective—To examine the relationship between plantar stress over a step, cumulative plantar
stress over a day, and first metatarsophalangeal (MTP) joint pain among older adults.

Methods—~Plantar stress and first MTP pain were assessed within the Multicenter Osteoarthritis
Study. All included participants were asked if they had pain, aching, or stiffness at the first MTP
joint on most days for the past 30 days. Pressure time integral (PTI) was quantified as participants
walked on a pedobarograph, and mean steps per day were obtained using an accelerometer.
Cumulative plantar stress was calculated as the product of regional PTI and mean steps per day.
Quintiles of hallucal and second metatarsal PTI and cumulative plantar stress were generated. The
relationship between predictors and the odds ratio of first MTP pain was assessed using a logistic
regression model.

Results—Feet in the quintile with the lowest hallux PTI had 2.14 times increased odds of first
MTP pain (95% confidence interval [95% CI] 1.42-3.25, P< 0.01). Feet in the quintile with the
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lowest second metatarsal PTI had 1.50 times increased odds of first MTP pain (95% CI 1.01-2.23,
P=0.042). Cumulative plantar stress was unassociated with first MTP pain.

Conclusion—Lower PTI was modestly associated with increased prevalence of frequent first
MTP pain at both the hallux and second metatarsal. Lower plantar loading may indicate the
presence of an antalgic gait strategy and may reflect an attempt at pain avoidance. The lack of
association with cumulative plantar stress may suggest that patients do not limit their walking as a
pain-avoidance mechanism.

INTRODUCTION

Pain at the first metatarsophalangeal (MTP) joint is one of the key symptoms of first MTP
osteoarthritis (OA) (1). First MTP OA is the most common form of degenerative joint
disease in the foot and affects 15-50% of adults over age 65 years (2). Individuals with first
MTP OA have debilitating foot pain and reduction in motion, with consequent limitations in
activities of daily living and quality of life (3). Foot pain has been linked to significant
disability (4) and increased health care utilization (5).

The incidence and progression of OA have been linked to mechanical loading, sustained
during weight-bearing activities of daily living (6). However, few studies have assessed
mechanical loading in individuals with foot pain. Elevated mechanical loads, in terms of
increased regional plantar pressure, may contribute to pain perception by stimulation of
cutaneous nociceptors (7). Additionally, increased regional plantar pressure may influence
net joint reaction forces and moments and lead to elevated articular joint stress (8).
Consistent with this theory of mechanical overloading, recent reports have found increased
regional plantar pressure accompanying foot pain in clinical populations (9,10). Compared
to asymptomatic control subjects, patients with radiographic first MTP OA (hallux rigidus)
or hallux limitus have demonstrated higher plantar loads under the great toe region (11,12).
While previous studies have suggested that increased regional plantar loads may contribute
to foot pain, objective evidence examining the relationship between hallucal pressure time
integral (PTI1) during walking and frequent first MTP joint pain in older adults is not
available.

In contrast to the mechanical overloading hypothesis, some studies postulate that individuals
experiencing foot pain adopt an antalgic strategy to avoid exacerbating their foot pain
(Figure 1). An antalgic strategy is characterized by lower plantar loading and may reflect an
attempt at pain avoidance. In agreement with the antalgic theory, individuals with first MTP
OA have been reported to shift their weight laterally in an attempt to unload the painful first
MTP region during walking (13,14). Similarly, lower forefoot loading has been reported in
patients with rheumatoid arthritis (RA) and low Health Assessment Questionnaire (HAQ)
score (more disability, more pain) compared to RA patients with high HAQ scores (15).
These results may suggest that patients with pain (lower HAQ score, more disability) may
adopt an antalgic loading strategy. However objective data quantifying the presence of either
mechanical overloading (increased hallucal loading) or antalgic strategies (elevated second
metatarsal loading) in individuals with frequent first MTP pain are lacking.
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Clinical and population-based studies indicate that individuals who report foot pain limit
their physical activity to avoid exacerbating their pain (5,13). The combined effect of
physical activity and plantar pressure has been proposed as a key mediator of tissue stress
and the consequent evolution of symptoms (16). Cumulative regional plantar stress (the
product of regional PTI and mean daily strides) has been used to evaluate the amount of
mechanical trauma accumulated by plantar tissues in individuals with diabetes mellitus and
neuropathy (17). While both limited physical activity and mechanical stress have been noted
in individuals with foot pain, no studies have assessed the relationship between cumulative
plantar stress and frequent first MTP joint pain.

The purpose of this study was to examine the relationship between plantar loading during
walking and first MTP joint pain among older adults. We hypothesized that older adults
reporting frequent first MTP pain will show elevated hallucal PTI during walking (reflective
of mechanical overloading) and increased second metatarsal PTI (reflecting the use of an
antalgic strategy). In addition, the study purpose was to evaluate the relationship between
cumulative plantar stress for the hallux and second metatarsal regions and frequent first
MTP joint pain in older adults. The findings of this study have direct relevance to patient
care by informing practice. Walking has been ranked as the highest priority for improvement
by patients seeking specialized care for foot and ankle disorders (18). By identifying key
contributors to frequent first MTP pain, this study can motivate the design of targeted,
effective intervention strategies.

SUBJECTS AND METHODS

Subjects

All procedures were approved by the Institutional Review Boards at the University of lowa,
University of Alabama, Birmingham, University of California, San Francisco, and Boston
University School of Medicine. Participants were subjects in the Multicenter Osteoarthritis
Study (MOST). The MOST comprises a community-based sample of men and women who
either have, or are at risk for, knee OA. MOST participants were followed prospectively over
84 months. Details related to recruitment and study population have been described
previously (19). The current study used data from the 60-month MOST clinic visit, when
plantar load distribution and first MTP pain were assessed. The following exclusion criteria
were used specific to the current study: legs with an open foot wound, lower extremity
amputation, recent surgery, or a total knee replacement. Individuals unable to safely walk
short distances without using an assistive device (such as a cane or walker or knee brace)
were also excluded.

From the parent MOST study, 3,387 feet with plantar pressure data were available for
analyses. After screening for exclusion criteria and missing data (no response to first MTP
pain question), 2,589 legs were included (1,693 individuals, 58% women, mean + SD age 61
+ 7 years, mean + SD body mass index [BMI] 30.3 + 5.8 kg/m?).
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First MTP pain

The presence of frequent first MTP pain was assessed by asking participants if they
experienced “pain, aching, or stiffness in the front of the foot on most days for the past 30
days,” and to identify the location of these symptoms on a foot diagram. For the current
analysis, first MTP pain was defined as pain at the dorsal aspect of the great toe.

Plantar loading and cumulative plantar stress

Participants walked on a plantar pressure-measuring device (Emed, Novel Electronics)
embedded in a walkway. Five trials per foot were acquired during self-selected speed
walking. Walking speed was measured using an electronic walkway (GaitRite, CIR
Systems). Starting position was standardized to avoid targeting and to ensure clean foot
contact on the plantar pressure-measuring device. Using a second step protocol, a minimum
of 3 and maximum of 5 steps were collected to ensure adequate reliability (20,21).

Novel Database software (Novel Electronics) was used to define regions of interest (hallux,
second, fourth, and fifth metatarsal) (22). PTI defined as the area under the pressure-time
curve throughout stance phase, expressed in Ns/cm?2, was computed in the regions of
interest. PTI represents the regional plantar load during each step and is highly relevant to
physical stress theory (16). The definitions of independent variables used to characterize
plantar loading are consistent with definitions used in previous studies (23-25).

Mean steps per day were obtained using accelerometer data (Stepwatch, Orthocare
Innovations). Study participants wore this small device (75 x 50 x 20 mm, 1.5 ounces) at
their ankle for 3—7 days. Reliability (26) and accuracy (27) of the accelerometer in
quantifying physical activity have been established in previous studies. Accelerometer data
were downloaded and analyzed (StepWatch Analysis Software, Orthocare Innovations) to
quantify mean steps per 24 hours. Cumulative plantar stress was calculated as the product of
regional PTI and mean steps per day (17,28).

Statistical analysis

Quintiles of hallucal and second metatarsal plantar PT1 were generated. The relationship
between PTI and relative odds of first MTP joint pain was assessed using a logistic
regression model with generalized estimating equations to account for the dependence
between 2 feet of a single subject. Age, sex, BMI, knee OA status, and walking speed were
included as covariates. A secondary analysis was also performed, similarly using PTI under
the fourth and fifth metatarsals as exposure variables.

A similar analytic plan was followed to assess the relationship between cumulative plantar
stress and odds ratio of the first MTP joint pain, adjusting for age, sex, BMI, knee OA status
(at risk or with OA\), and walking speed. A secondary analysis was performed by calculating
cumulative stress using PTI under the fourth and fifth metatarsal. All statistical analysis was
performed using SPSS software, version 22, at a significance level of a = 0.05.
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RESULTS

First MTP pain was reported in 14.7% of the legs tested (445 of 1,943 individuals, 22% of
subjects). Mean + SD steps per day was 8,765 * 3,550 and 9,256 + 3,725 in individuals with
and without first MTP pain, respectively. Quintiles of PTI and cumulative stress were
generated (Table 1), and percentage of participants reporting pain in each quintile is shown
in Figure 2.

Feet in the quintile with the lowest hallux PTI had 2.14 times increased odds of first MTP
pain (95% confidence interval [95% CI] 3.25-1.42, P< 0.01) (Table 2). Feet in the quintile
with the lowest second metatarsal PTI had 1.50 times increased odds of first MTP pain (95%
Cl 1.01-2.23, P=0.004). No significant relationships were found between cumulative
plantar stress and odds of first MTP pain.

DISCUSSION

The chief objective of this study was to examine the relationship between plantar loading
during walking and first MTP joint pain among older adults. The key findings of our study
indicate that lower PTI, at both the hallux (P < 0.01) and second metatarsal (= 0.004), was
modestly associated with increased prevalence of frequent first MTP pain. The reduction in
plantar loading during walking may reflect an attempt at pain avoidance in individuals with
frequent first MTP pain. These findings may suggest that individuals experiencing foot pain
adopt an antalgic strategy to avoid exacerbating their foot pain. Our findings, demonstrating
lower loading at the hallux and second metatarsal, are contrary to the mechanical
overloading hypothesis that leads us to expect increased loading in individuals with
musculoskeletal pain. Longitudinal studies are needed to examine the long-term
consequences of persistent pain avoidance plantar loading patterns.

There are several unique aspects to this study. While a select handful of studies have
examined foot pain in large cohorts of community-dwelling adults, this is the first study to
simultaneously assess pain, plantar loading, and cumulative stress. Foot pain has emerged as
an important public health concern due to its high prevalence and substantial negative impact
on quality of life and physical mobility (29,30). In previous reports, the prevalence of foot
pain has ranged from 12-37% in population-based cohorts (29,31-33). In the current study,
we assessed first MTP pain, an anatomically specific subset of foot pain, and found a
prevalence of 14.7%, which is consistent with previous findings (2,29,34). Similar to our
study, 2 recent studies have assessed the prevalence of foot pain in community-dwelling
adults with coexisting musculoskeletal symptoms (29,34). In the Johnston County
Osteoarthritis Project (n = 2,572), Golightly et al (29) noted that foot symptoms were
reported by 37.0% and knee symptoms were reported by 50.1% of participants. In the
Progression Cohort of the Osteoarthritis Initiative (n = 1,389), Suri et al (34) found that
16.6%, 57.4%, and 87.9% of individuals reported foot, back, and knee pain, respectively.
Taken together, these studies provide a context to facilitate generalizability of our findings
and also underscore the presence of musculoskeletal pain comorbidity in community-
dwelling adults.
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Another key feature of the current study is that we quantified plantar loading in one of the
largest cohorts studied to date. The patterns and magnitude of plantar loading noted in the
current study are consistent with recent reports quantifying plantar loading using similar
technology, methods, and definitions of regions of interest (35). While a substantial body of
literature supports the presence of mechanical overloading strategies in individuals with
musculoskeletal pain, our study is the first that we are aware of to provide objective evidence
supporting the presence of pain avoidance loading patterns. Evidence supporting the
presence of mechanical overloading, reflected as increased plantar pressure, comes from
recent studies in individuals with OA or RA. Zammitt et al (12) noted that individuals with
radiographically defined first MTP joint OA demonstrated 23% increased peak pressure
under the hallux compared to age- and sex-matched control subjects. Similarly, in
individuals with midfoot OA, higher pressure was noted under the medial midfoot compared
to age-, sex-, and BMI-matched control subjects (10,36). In individuals with RA, high
forefoot pressure was associated with pain during barefoot walking (37). Taken together,
these data support the mechanical overloading theory and indicate that regional plantar
loading is directly related to patients’ symptoms. Consequently, current clinical decision-
making and most of the existing literature support alleviating symptoms using strategies that
decrease plantar loading (e.g., footwear or surgery).

In contrast, our results suggest that antalgic (pain avoidance) gait patterns may predominate
in individuals with first MTP pain. Adjusting for age, sex, BMI, knee OA status, and
walking speed, we found a modest and statistically significant relationship between regional
(hallucal and second metatarsal) loading and odds of first MTP pain. Contrary to our
hypothesis, we did not find evidence for lateral load transfer in our results. Evidence for
lateral load transfer has been reported in small subgroups (25-30% of the study sample) in
previous clinical studies assessing preoperative plantar load distribution patterns in
individuals with first MTP OA (38,39). Recent evidence from a large population-based
cohort showed that individuals with forefoot-only pain showed lower toe loads and higher
midfoot and rear-foot loads (40). Taken together, these results may indicate that individuals
with foot pain deploy multiple different load redistribution strategies. Some individuals may
adopt a medial-lateral strategy while others may show an anterior-posterior redistribution.
Future studies that are longitudinal in design and studies that stratify patients by the severity
of their foot pain are essential to examine the development (or resolution) of plantar load
redistribution strategies. Longitudinal studies are also indicated to examine the long-term
consequences of pain avoidance strategies in individuals with foot pain. In contrast to
mechanical overloading, the management of pain avoidance has received little attention in
the literature. Based on physical stress theory, graduated reloading may be an especially
relevant treatment goal in this population (16). Our findings, supporting pain avoidance,
suggest that restoration of load distribution may be an important but frequently overlooked
potential treatment goal in individuals with frequent first MTP disorders.

Cumulative stress is a measure of overall mechanical load sustained at the foot-floor
interface, and may be relevant in individuals with musculoskeletal pain (41). Cumulative
stress quantifies not only the magnitude of plantar pressure but also the number of steps
taken over a day. This study is the first in the literature to present an estimate of cumulative
stress in individuals with foot pain. However, in the current study, we did not find evidence
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supporting a cross-sectional relationship between cumulative plantar stress and first MTP
pain, despite finding a relationship between PTI and first MTP pain. One possible reason for
this finding may be that individuals experiencing first MTP pain reduce plantar load
distribution by changing lower extremity biomechanics. This reduction in PTI may
ameliorate symptoms and may not necessitate additional pain avoidance mechanisms, such
as a systematic reduction in physical activity. Additionally, altering the number of steps
taken per day may be influenced by a large number of social and environmental factors.
Recent studies in individuals with musculoskeletal disorders show that while pain and health
status can be barriers to physical activity, other factors such as support and access may
facilitate physical activity (42). The lack of association with cumulative plantar stress in our
study may suggest that subjects in our cohort did not limit their walking (steps/day) as a
pain-avoidance mechanism. Longitudinal studies are needed to examine changes in the
quantity of walking behavior in individuals with foot pain.

In summary, this is first study to simultaneously assess pain, plantar loading, and cumulative
stress in a large, population-based cohort of older adults. Our results suggest that antalgic
gait patterns may predominate in individuals with first MTP pain. The findings of our study
must be interpreted in light of its limitations. The chief limitations are its cross-sectional
design and the potential role of additional factors, such as joint deformity and foot posture,
that may mediate the relationship between plantar loading and foot pain. A subset of the
sample in our study may have had radiographic first MTP OA. Individuals in this subset
(who have both first MTP pain and radiographic OA) could employ several possible
modifications, depending on the underlying pathology. For instance, factors such as joint
deformity (43) and external foot progression angle during walking (44) may influence the
relationship between first MTP pain and plantar loads. Future studies examining plantar load
and cumulative stress in the full spectrum of first MTP disorders are indicated to identify the
discrete contributions of plantar load and radiographic changes to the prevalence of MTP
pain.

In future studies, alternative biomechanical pathways that may mediate pain, such as joint
range of motion (39), external foot progression angle (44), and foot posture, should be
assessed. In healthy subjects, a recent simulation supports the contention that external foot
progression angle may decrease medial and increase lateral loading (44). In individuals with
first MTP OA, pronated foot posture has been hypothesized to contribute to increased
symptom severity (45,46). However, objective evidence is mixed (47,48). Longitudinal
studies are lacking and previous cross-sectional studies suggest that age and BMI play
important roles in mediating first MTP symptoms (47,48).

Future studies should evaluate both the presence and severity of foot pain using robust
outcome instruments. Most importantly, longitudinal studies are indicated to examine
whether the incidence and progression of foot pain are related to the magnitude of plantar
loading or cumulative plantar stress.
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Significance & Innovations

. Foot pain results in significant disability and increased health care utilization.
Mechanical loads, quantified terms of plantar stress over a step, and
cumulative plantar stress over a day, have been postulated to contribute to foot
pain.

. In contrast to this mechanical overloading hypothesis, some studies suggest
that individuals experiencing foot pain adopt an antalgic strategy to avoid
exacerbating their foot pain. An antalgic strategy is characterized by lower
plantar loading, and may reflect an attempt at pain avoidance. Objective data
quantifying the presence of either loading strategy are not available. These
data are the necessary precursors to motivate the design of targeted, effective
intervention strategies.

. To address this critical gap in the literature, we examined the relationship
between plantar loading during walking and first metatarsophalangeal (MTP)
joint pain among older adults.

. Our findings uncovered the presence of an antalgic gait strategy. Lower
pressure time integral was modestly associated with increased prevalence of
frequent first MTP pain at both the hallux and second metatarsal. The lack of
association with cumulative plantar stress may suggest that the individuals
with first MTP pain in this cohort did not limit their walking as a pain-
avoidance mechanism.
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Figure 1.
Representation of mechanical overloading and antalgic patterns of load distribution. On the

left, the grey ovals indicate the regions assessed: hallux, second, fourth, and fifth
metatarsals. On the right, mechanical overloading (evidenced as increased loading on hallux)
is depicted in the top image, and an antalgic strategy (evidenced as increased loading on
second, fourth, or fifth metatarsal) is depicted in the bottom image. Color figure can be
viewed in the online issue, which is available at http://onlinelibrary.wiley.com/journal/doi/
10.1002/acr.22826/abstract.
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Percentage of legs with first metatarsophalangeal (MTP) pain by quintile of pressure time
integral (Top) and cumulative stress (Bottom). Quintiles are rank ordered such that 1 has the
lowest mean and 5 has the highest mean. Each column represents a region of interest. Black
arrows emphasize that the highest prevalence of first MTP pain was noted in the lowest

quintile of the hallux and the second metatarsal pressure time integral. Met =

metatarsophalangeal.
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Table 1

Summary of pressure time integral in kPa/s and cumulative stress in kPa/s x steps/day *

Page 14

Hallux 2nd metatarsal 4th metatarsal 5th metatarsal

Pressure time integral, kPa/s

Q1 (lowest) 2.99+1.12 8.16 + 1.42 5.96 + 1.02 4.02+0.88

Q2 5.97£0.77 11.15+0.73 8.00 £ 0.47 6.22 + 0.60

Q3 8.85+0.94 13.76 + 0.86 9.63+0.48 8.79+0.93

Q4 12.83 £1.50 17.31+1.21 11.80 £ 0.85 13.14+1.76

Q5 (highest) 23.16 £ 7.96 2755+ 7.76 18.98 + 6.47 24.92 +8.27
Cumulative stress, kPa/s x
steps/day

Q1 (lowest) 49,839.23 + 7,206.78 55,106.16 + 16,029.58  38,384.22 + 10,870.87 28,746.26 + 9,186.37

Q2 63,601.15 + 12,029.58 92,900.55 + 9,082.30 65,280.53 + 6,088.35 53,429.51 + 6,331.74

Q3 77,363.06 £ 9,217.08 124,902.49 + 9,440.27 88,114.47 +7,142.14 78,618.12 + 8,796.11

Q4 117,199.00 +13,844.22  164,343.29 + 14,992.19  115,179.61 +9,817.14  119,600.55 + 15,475.97

Q5 (highest) 214,699.35 + 73,472.04  272,556.17 + 77,980.78  195,872.52 + 66,019.13  244,783.57 + 96,723.42

*
Values are mean + SD. Data for each quintile are organized by row, and the 4 regions of interest are presented in columns.
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