Rheumatology 2013;52:2275-2282
doi:10.1093/rheumatology/ket298
Advance Access publication 17 September 2013

RHEUMATOLOGY
Original article

Foot posture, foot function and low back pain: the
Framingham Foot Study

Hylton B. Menz'>3, Alyssa B. Dufour®®, Jody L. Riskowski%?,
Howard J. Hillstrom* and Marian T. Hannan?®

Abstract

Objective. Abnormal foot posture and function have been proposed as possible risk factors for low back
pain, but this has not been examined in detail. The objective of this study was to explore the associations
of foot posture and foot function with low back pain in 1930 members of the Framingham Study
(2002-05).

Methods. Low back pain, aching or stiffness on most days was documented on a body chart. Foot
posture was categorized as normal, planus or cavus using static weight-bearing measurements of the
arch index. Foot function was categorized as normal, pronated or supinated using the centre of pressure
excursion index derived from dynamic foot pressure measurements. Sex-specific multivariate logistic
regression models were used to examine the associations of foot posture, foot function and asymmetry
with low back pain, adjusting for confounding variables.

Results. Foot posture showed no association with low back pain. However, pronated foot function was
associated with low back pain in women [odds ratio (OR)=1.51, 95% CI 1.1, 2.07, P=0.011] and this
remained significant after adjusting for age, weight, smoking and depressive symptoms (OR=1.48, 95%
Cl 1.07, 2.05, P=0.018).

Conclusion. These findings suggest that pronated foot function may contribute to low back symptoms
in women. Interventions that modify foot function, such as orthoses, may therefore have a role in the
prevention and treatment of low back pain.

Key words: low back pain, risk factors, flatfoot, gait.

Introduction in Australia in 2001 [4]. Treatment of low back pain pre-
sents a considerable challenge, as a specific pathoana-
tomical diagnosis cannot be identified in ~85% of cases
[5]. A complex array of risk factors are known to contribute
to the condition, such as increased age, female sex, low
educational status, obesity, occupation and psychosocial
factors [1].

In addition to these well-established risk factors, pos-
tural variations, such as decreased lumbar lordosis [6, 7]
and leg length inequality [8] have long been suspected to
play a role in predisposition to low back pain by altering

Low back pain is a highly prevalent problem worldwide,
with the point prevalence estimated at ~18% of the gen-
eral population [1]. The financial burden of low back pain
in relation to health care costs and productivity loss is
substantial. Direct healthcare expenditure for low back
pain was reported to be $90.7 billion in the USA in 1998
[2], while total direct and indirect costs have been esti-
mated at £11 billion in the UK in 2000 [3] and A$9.17 billion
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the stresses placed on soft tissue structures around the
spine. Abnormal foot posture and function have also been
implicated, with several authors suggesting that individ-
uals with low back pain are more likely to have planus
(low-arched or pronated) feet [9]. Evidence to support
this assertion, however, is inconsistent and generally of
low methodological quality. A large retrospective study
of 97279 military recruits reported that those with
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moderate or severe pes planus (determined by clinical
observation) were almost twice as likely to report a history
of intermittent low back pain [10]. In contrast, two smaller
clinical studies using more objective measurements of
foot posture found no such association [11, 12], and a
population-based study of 674 individuals reported that
those with low back pain were more likely to have a
cavus (highly arched or supinated) foot posture [13].

Despite this lack of evidence, an association between
foot posture, function and low back pain is biomechanic-
ally and physiologically plausible. Variation in the height of
the medial longitudinal arch has been shown to influence
the magnitude of accelerations at the lumbar spine when
running [14], and alteration of foot position can influence
pelvic alignment [15-17] and the electromyographic activ-
ity of the erector spinae and gluteal muscles when walking
[18]. Furthermore, indirect evidence to support this asso-
ciation can be derived from several small clinical trials that
have reported short-term reductions in low back pain in
participants prescribed a range of foot orthoses com-
pared to no treatment or ‘placebo’ insoles [19-23].

Therefore the objective of this study was to explore the
relationships between foot posture, dynamic foot function
and low back pain in men and women who participated in
the Framingham Foot Study, using objective biomechan-
ical measurements. We hypothesized that (i) people with
abnormal foot posture (either planus or cavus) would be
more likely to report low back pain than those with neither
planus nor cavus foot posture, (i) people classified as
having pronated or supinated feet when walking would
be more likely to report low back pain than those with
neither pronated or supinated dynamic foot function and
(iliy people with asymmetry in either foot posture or dy-
namic foot function would be more likely to report low
back pain than those with symmetrical foot posture and
function.

Methods

Participants

The study sample, the Framingham Foot Study cohort,
was derived from two large, population-based samples
of residents of Framingham, MA, USA. The majority of
the cohort was comprised of members from the
Framingham Study original cohort and the Framingham
offspring cohort. The Framingham Study original cohort
was formed in 1948 from a two-thirds sample of the
town of Framingham, MA, in order to study risk factors
for heart disease [24]. This cohort has been followed bi-
ennially since that time. The Framingham offspring cohort,
formed in 1972, consists of adult offspring who had a
parent in the original cohort, as well as the spouses of
the offspring [25]. This group has been followed every
4 years since cohort inception to study familial risk factors
for heart disease. Members of the Framingham cohorts
were examined for the current study either at their sched-
uled Framingham clinic examination or at a call-back
examination.
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The second population-based group used for the study
was a new population sample that was derived from
census-based, random-digit dialing  within  the
Framingham community by the Center for Survey
Research at the University of Massachusetts, selecting
subjects who were >50years old and ambulatory. This
group was added to the Framingham Foot Study recruit-
ment to increase participation by minority persons and
other community members of the Framingham catchment
area (using a targeted random-digit dialling schema in se-
lected Framingham census tracts). Persons contacted via
the random-digit dialling methodology who were interested
in being part of a multiphase physical examination (foot,
osteoarthritis, bone health and general health) received a
written letter of invitation to join the study and a follow-up
phone call to schedule a study appointment.

The collection of study data and information from the
Framingham Foot Study participants followed strict, well-
established protocols that are available upon request from
the Framingham Study. All Framingham Foot Study par-
ticipants gave informed consent for the data collection
and this study was approved by both the Hebrew Senior
Life and the Boston University Medical Center institutional
review boards. The data are extensive, systematically col-
lected, of high quality and gathered by trained personnel.

From these combined population-based cohorts, the
Framingham Foot Study conducted a physical examin-
ation of the foot and collected participant history, per-
formance measures and other data via questionnaires
between 2002 and 2005. A validated foot examination
was used with specific criteria to assess foot pain, foot
symptoms and the presence of foot disorders. Trained
clinical examiners performed all foot examinations. All
participants were ambulatory and cognitively intact as
indicated by Mini-Mental score screening to identify qua-
lified study subjects who would be able to give symptom
information about their feet.

For this analysis, inclusion criteria included a yes or no
response to the query on low back pain, and both a static
and dynamic plantar pressure assessment of each foot.

Low back pain assessment

Low back pain was documented with a structured ques-
tionnaire. Participants were provided with a body chart
with 10 regions highlighted (shoulders, elbows, hips,
wrists, knees, ankles on an anterior view and neck,
upper back, mid-back and lower back on a posterior
view) and were asked: ‘On most days, do you have
pain, aching, or stiffness in any of your joints?’ Those
who responded affirmatively were asked to mark an ‘X’
on the chart indicating which regions were affected.
Participants who placed an ‘X’ on the lower back region
(corresponding to the region between the lowest rib and
the sacrum) were defined as having low back pain (see
Fig. 1).

Foot posture and function assessment

Foot posture and function were both assessed using the
MatScan system (Tekscan Inc, Boston, MA, USA). The
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Fic. 1 Body chart used to determine the location of low
back pain.

Neck

Upper back
Mid-back

Lower back

system consists of a 5-mm thick floor mat (432 x 368 mm)
comprised of 2288 resistive sensors (1.4 sensors/cm?)
that samples data at a frequency of 40 Hz. The reliability
of the MatScan system has been described in detail pre-
viously [26]. Two types of scans were collected: standing
and walking. For the standing scan, a one-frame self-se-
lected bipedal stance image was collected for each par-
ticipant. For the walking scans, participants walked
across the mat at a self-selected pace using the two-
step method, which involves striking the platform on the
second step. One walking trial of each foot was recorded,
with data from the right foot used for this analysis.

Foot posture was assessed using the arch index (Al),
first described by Cavanagh and Rogers [27]. From the
maximum peak pressure image of the participant’s bi-
pedal relaxed stance, the Al was calculated as the ratio
of the area of the middle third of the footprint to the entire
footprint area (excluding the toes), with a higher value
representing a ‘flatter’ (i.e. more planus) foot (Fig. 2). Al
scores have previously been shown to be highly corre-
lated with navicular height [28] and angular medial longi-
tudinal arch measures [29] obtained from foot
radiographs. Al scores were divided into quintiles for
men and women separately, and foot posture categorized
as cavus (those in the lowest 20%), the normal reference
group (those in the middle 60%) or planus (those in the
highest 20%). The cut-off scores to define each category
were as follows: cavus (0-0.171), the reference group
(0.172-0.294) and planus (0.295-0.491) for men and
cavus (0-0.157), the reference group (0.158-0.286) and
planus (0.287-0.486) for women.

Foot function was assessed by calculating the centre of
pressure excursion index (CPEI) of the walking trials. The
CPEI represents the degree of lateral deviation of the centre
of pressure at the anterior one-third trisection of the foot
relative to a line connecting the first and last centre of pres-
sure data points (see Fig. 3). To calculate the CPEI, the
maximum peak pressure image of a dynamic footprint
was divided into thirds. A construction line was drawn

www.rheumatology.oxfordjournals.org

Fic. 2 Calculation of the Al.

The length of the static footprint excluding the toes is
divided into equal thirds. The Al is then calculated as the
area of the middle third of the footprint divided by the
entire footprint area (Al=B/A + B +C).

Fic. 3 Calculation of the CPEI.

) D
construction line
— center of pressure

from the first to the last centre of pressure data point. A
line (AD) was constructed at the anterior one-third trisection
of the foot. The distance between the intersection of the
construction line and line AD (point B) and where the centre
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of pressure intersects with line AD (point C) was measured.
The CPEI was then calculated by normalizing the distance
BC to the width of the foot (AD), so CPEI=BC/AD x 100. In
a pronated foot, the concavity of the centre of pressure
curve is decreased, resulting in a smaller CPEI value. In a
supinated foot, the concavity of the centre of pressure
curve is increased, resulting in a larger CPEI value [30].
As with Al scores, CPEl scores were then divided into
sex-specific quintiles, and participants were categorized
as having supinated foot function (those in the highest
20%), a reference group of foot function (those in the
middle 60%) or pronated foot function (those in the
lowest 20%). The cut-off scores to define each category
were as follows: supinated (23.6-42.2), the normal
reference group (10.3-23.4) and pronated (—25.3-10.2)
for men and supinated (19.3-37.9), the reference group
(6.2-19.2) and pronated (—11.2-6.1) for women. Typical
examples of cavus, normal and planus foot posture and
supinated, reference and pronated foot function categories
using this classification system are shown in Fig. 4.

Asymmetry in foot posture and foot function were
defined as the absolute right foot value minus the absolute
left foot value, divided by the average of the right and left
foot values. If both the right and left values were zero, the
asymmetry score was also documented as zero. Quintiles
were created and the top quintile defined as asymmetric.
The cut-off scores to define asymmetry in foot posture
were >0.38 for men and >0.44 for women. The cut-off
scores to define asymmetry in foot function were >0.86
for men and >1.17 for women.

Covariates

Covariates in our analyses included age, sex, weight,
smoking status and depressive symptoms. Age in years
at the time of examination was recorded. Weight was
measured using a standardized balance beam and re-
corded to the nearest half pound. A participant’s smoking
status was assessed via questionnaire as a regular
smoker in the last year. Depressive symptoms were as-
sessed using the Center for Epidemiologic Studies
Depression (CES-D) scale. The CES-D comprises 20
questions relating to depressive feelings over the past
week, documented as rarely (score=0), some or a little
of the time (score = 1), occasionally or a moderate amount
of the time (score =2) or most or all of the time (score = 3).
The summed CES-D score ranges from 0 to 60, with
higher scores indicating more severe depressive symp-
toms [31].

Statistical analysis

Because sex is a potential confounder for both low back
pain and foot function, all analyses were performed as
sex-specific. Descriptive statistics were generated separ-
ately for men and women as means and standard
deviations or percentages, where appropriate. Sex-
specific multivariable logistic models were used to calcu-
late odds ratios (ORs) and 95% Cls for the associations
of foot posture and foot function (and asymmetry in
foot posture and function) to low back pain, adjusting
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Fic. 4 Typical examples of cavus, normal and planus foot
posture categories (top) and supinated, normal and pro-
nated foot function categories (bottom).

normal

cavus

Q
0

planus
)

supinated normal pronated

for age, weight, smoking status and CES-D score. All
analyses were conducted using the SAS statistical
analysis package, version 9.1 (SAS Institute, Cary, NC,
USA).

Results

Of the 3378 participants in the Framingham Foot Study,
1930 had low back pain and foot pressure data at the
time of the analysis (863 men and 1067 women). The
mean age of participants was 64 years (range 36-92 years)
and 55% of the sample was female. The mean height
and weight were 65.7 inches and 176.1 pounds, respect-
ively. Of these participants, 661 (34%) reported the pres-
ence of low back pain, aching or stiffness on most days.
Table 1 shows the characteristics of the study sample by
sex.

Table 2 reports the associations of foot posture and foot
function to low back pain in men and women, adjusted for
age, weight, smoking and depressive symptoms. Neither
foot posture nor asymmetry in foot posture or function
was significantly associated with low back pain.
However, compared to the normal foot function reference
group, pronated foot function was significantly associated
with an increased likelihood of low back pain in women
(OR=1.51,95% CI 1.10, 2.07, P=0.011). This association
remained significant after adjusting for age, weight, smok-
ing and depressive symptoms (OR=1.48, 95% CI 1.07,
2.05, P=0.018).

www.rheumatology.oxfordjournals.org
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Discussion

The objective of this study was to examine the associ-
ations of foot posture and foot function with low back
pain using objective biomechanical measurements in
people who participated in the population-based
Framingham Foot Study (2002-05). Our findings indicate
that pronated foot function, as indicated by centre of
pressure excursion measurements obtained from dy-
namic footprints, is significantly associated with low
back pain in women after adjusting for age, weight, smok-
ing and depressive symptoms. Contrary to our initial
hypotheses, neither foot posture (cavus or planus) nor
asymmetry in foot posture or foot function showed an
association with low back pain.

An association between foot posture and low back pain
has been widely speculated for some time [9], with both
planus [10, 32-34] and cavus [13, 35] foot types being
implicated. However, contrary to our expectations, we
found no relationship between static foot posture (mea-
sured using the Al) and low back pain. The mechanical
basis for suspecting such an association relates to the
proposed interaction between foot position and lumbo-
pelvic alignment when standing. Two studies have
shown that when the foot is experimentally manipulated
into a pronated position using frontal plane wedges, there
is a corresponding increase in anterior pelvic tilt [15, 16].

TasLe 1 Descriptive characteristics of men and women
in the Framingham Foot Study who completed the
biomechanical foot examinations

Men Women

Characteristic (n=863) (n=1067)

Age, mean (s.p.), years 64.5 (8.9) 63.4 (8.9)
Weight, mean (s.n.), Ibs 194.7 (33.9) 161.0 (37.4)

Regular smoker, n (%) 77 (8.9) 108 (10.1)

CES-D scale, mean (s.n.) 10.3 (9.5) 12.1 (9.9)

Low back pain, n (%) 257 (29.8) 404 (37.9)

Although these observations confirm a mechanical link
between foot position and pelvic alignment, it is arguable
as to whether experimentally manipulating a normal foot
into a pronated position is an accurate reflection of pos-
tural changes that occur in individuals with planus feet.
Furthermore, it is likely that in individuals with low back
pain, the potentially detrimental changes in lumbo-pelvic
alignment arising from planus foot posture when standing
would be compensated for by consciously altering the
alignment of the lower limb.

Although we found no association between static foot
posture and low back pain, our findings suggest that the
dynamic function of the foot may play a role. The signifi-
cant association we observed between low back pain and
pronated foot function may be at least partly explained by
the kinematic interaction of the lower extremity joints
during walking. When the foot pronates during the early
stance phase of gait, the calcaneus everts while the talus
adducts and the plantar flexes [36]. The inferomedial
translation of the talus induces a corresponding internal
rotation of the tibia, which in turn leads to internal rotation
of the femur [37]. In theory, this increase in internal rota-
tion of the femur results in anterior pelvic tilt due to the
tight fibrous connection provided by the sacroiliac joint
[38]. Although these movements are considered to be
normal components of gait, it is possible that in individuals
with ‘excessive’ foot pronation (defined in this study as
those in the lowest quintile of the CPEI), the compensatory
movements of proximal joints are increased in magnitude
and place greater stresses on the lumbo-pelvic region,
thereby contributing to the development of low back pain.

Interestingly, the association between pronated foot
function and low back pain was only evident in women,
which may be partly due to sex differences in the align-
ment, range of motion and function of lower limb and
spinal joints. Previous studies have shown that women
exhibit greater static anterior pelvic tilt [39] and dorsal in-
clination of the spine [40], have greater internal hip rota-
tion range of motion [39] and medial longitudinal arch
flexibility [41] and walk with greater trunk extension [42]
and hip internal rotation [43] compared with men. It is
therefore possible that kinematic changes induced by

TasLe 2 ORs for the associations of foot posture and function with low back pain®

Men

OR (95% CI)

OR (95% CI)

Foot posture

Cavus vs normal 0.72 (0.47, 1.13) 0.155 0.89 (0.61, 1.29) 0.542
Planus vs normal 1.30 (0.87, 1.96) 0.202 0.71 (0.48, 1.05) 0.091
Asymmetrical vs symmetrical 0.65 (0.42, 1.01) 0.056 0.87 (0.60, 1.24) 0.424
Foot function
Supinated vs normal 1.01 (0.69, 1.48) 0.958 1.10 (0.79, 1.52) 0.583
Pronated vs normal 1.11 (0.76, 1.61) 0.597 1.48 (1.07, 2.05) 0.018
Asymmetrical vs symmetrical 1.35 (0.93, 1.95) 0.110 1.26 (0.91, 1.74) 0.163
@Adjusted for age, weight, smoking and depressive symptoms.
www.rheumatology.oxfordjournals.org 2279
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excessive foot pronation are more readily transmitted
to proximal structures in women, although more detailed
kinematic studies would need to be undertaken to confirm
this.

Asymmetry in foot posture or function was not asso-
ciated with low back pain. The mechanical basis for sus-
pecting this association relates to the theoretical clinical
concept of ‘functional’ limb length discrepancy, where the
limb with the flatter/more pronated foot functions as if it
were structurally shorter, resulting in pelvic tilt to the ipsi-
lateral side [44]. There are two possible explanations for
this lack of association. First, given that moving the sub-
talar joint from a neutral position to a pronated position
results in an average change in ankle joint height of only
3 mm [45], it could be that only very large asymmetries in
foot posture or function produce clinically significant
changes in lumbo-pelvic alignment and motion. Second,
several authors have suggested that due to limb prefer-
ence and laterality, some degree of asymmetry is a nor-
mal feature of gait, with the preferred limb providing
greater propulsion and the non-preferred limb providing
greater support [46]. Consistent with this concept, asym-
metry in foot posture approached statistical significance
in men (P=0.056), with the direction of this association
indicating that asymmetry may be protective against
back pain.

In addition to providing insight into a possible ‘postural-
structural-biomechanical’ mechanism [47] underlying low
back pain in some individuals, the association we
observed between pronated foot function and low back
pain may also partly explain the apparent clinical effect-
iveness of foot orthoses in reducing low back symptoms.
Five randomized controlled trials have reported reduc-
tions in low back pain in participants prescribed a range
of foot orthoses compared to no treatment or ‘placebo’
insoles [19-23]. Although the mechanism of action was
not explored in these trials, foot orthoses have been
shown to reduce rearfoot eversion and tibial internal rota-
tion [48]—kinematic variables associated with foot prona-
tion that may be increased in magnitude in individuals with
low back pain. Furthermore, controlling foot motion
by applying wedges to the sole of the foot leads to earlier
onset of erector spinae muscle activity when walking
[18], which could potentially correct for the delayed
activity of this muscle observed in individuals with low
back pain [49] and assist in controlling the motion of the
trunk.

The findings reported here need to be interpreted in the
context of several study design limitations. First, we used
a single question and a body chart to define low back
pain. Recently developed consensus guidelines recom-
mend that epidemiological case definitions of low back
pain should also include questions related to the severity
and duration of symptoms [50], so it is likely that our
sample included individuals with relatively mild symp-
toms. Second, we made no attempt to delineate the
underlying cause of low back pain, although previous re-
search suggests that a specific pathoanatomical diagno-
sis cannot be identified in the majority of cases [5]. Third,
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while our measure of dynamic foot function—the
CPEI—has been shown to discriminate between clinically
determined planus and rectus foot types [30], it has yet to
be validated against a multisegment kinematic foot model.
Therefore, whether a pronated foot defined using this
measure also demonstrates greater rearfoot eversion, sa-
gittal plane midfoot motion or forefoot abduction is yet to
be determined. Third, in the absence of any established
criteria, we used quintiles to determine the cut-points
defining the three foot posture and function categories,
which assumes that 60% of participants in the reference
group have ‘normal’ feet and that the distribution of ‘ab-
normal’ feet is symmetrical, i.e. 20% of the population has
planus/pronated feet and 20% has cavus/supinated feet.
While this approach is epidemiologically sound, as it
examines the extremes of a large distribution, it may not
reflect clinical observations suggesting that planus/
pronated feet are more common than cavus/supinated
feet. Finally, the key limitation of all cross-sectional
studies is the inability to confidently infer causation.
Although we consider reverse causation (i.e. that
back pain leads to pronated foot function) to be unlikely,
we acknowledge that several common causal structural
or functional variables could be responsible for the
observed association between foot function and low
back pain.

Despite these limitations, our study has several import-
ant strengths. First, in contrast to previous investigations
focusing on military [10] or clinical [11, 12] samples, our
study was population-based and our findings are there-
fore more likely to be representative of the general popu-
lation. Second, we used an objective measure of foot
posture rather than relying on visual assessment by clin-
icians, which is known to have questionable reliability.
Third, to the best of our knowledge this is first study to
incorporate a measure of dynamic foot function. This is an
important consideration, given that static measures of foot
posture may not always provide an accurate indicator of
dynamic foot function when walking.

In conclusion, pronated foot function when walking, as
evidenced by centre of pressure measurements obtained
with a plantar pressure system, is associated with low
back pain in women. These findings provide preliminary
evidence to support a possible ‘postural-structural-bio-
mechanical’ mechanism underlying low back pain in
some individuals. Interventions that modify abnormal
foot function, such as foot orthoses, may therefore have
a role in the prevention and treatment of low back pain
and warrant further investigation.

Rheumatology key messages

e Planus or cavus foot posture is not associated with
low back pain in men or women.

o Pronated foot function when walking is associated
with low back pain in women.

o Interventions that modify abnormal foot function
may facilitate prevention and treatment of low
back pain.

www.rheumatology.oxfordjournals.org
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