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Background: The frontal plane projection angle (FPPA) is frequently used as a measure of dynamic knee valgus
during functional tasks, such as the single leg squat. Increased dynamic knee valgus is observed in people with
knee pathologies including patellofemoral pain and anterior cruciate injury. As the foot is the primary interface with
the support surface, foot and ankle mobility may affect the FPPA. This study investigated the relationship between
foot and ankle mobility and the FPPA in asymptomatic adults.

Methods: Thirty healthy people (aged 18-50 years) performed 5 single leg squats. Peak FPPA and FPPA excursion
were determined from digital video recordings. Foot mobility was quantified as the difference in dorsal midfoot
height or midfoot width, between non-weightbearing and bilateral weightbearing positions. Ankle joint dorsiflexion
range was measured as the maximum distance in centimetres between the longest toe and the wall during a
knee-to-wall lunge. Linear regressions with generalised estimating equations were used to examine relationships

Results: Higher midfoot width mobility was associated with greater peak FPPA (8 0.90, p < 0.001, odds ratio [OR]
2.5), and FPPA excursion (3 0.67, p < 0.001, OR 1.9). Lower midfoot height mobility was associated with greater
peak FPPA (8 0.37, p=10.030, OR 1.4) and FPPA excursion (8 0.30, p=0.020, OR 1.3). Lower ankle joint dorsiflexion
was also associated with greater peak FPPA (3 0.61, p=0.008, OR 1.8) and greater FPPA excursion (3 0.56, p < 0.001,

Conclusions: Foot and ankle mobility was significantly related to the FPPA during the single leg squat in healthy
individuals. Specifically, higher midfoot width mobility, or lower ankle joint dorsiflexion range and midfoot height
mobility, were associated with a greater FPPA. These foot mobility factors should be considered in the clinical
management of knee-related disorders that are associated with a high FPPA.

Background

Lower limb functional tests are used clinically to assess
individuals at risk of lower limb pathology, and to evalu-
ate the effect of therapeutic interventions [1]. The single
leg squat is one such test that is commonly used, and
can be easily implemented in the clinic. Greater dynamic
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knee valgus during the single leg squat, which can be
measured as the frontal plane projection angle (FPPA) of
the knee, consists of a combination of femoral internal
rotation, hip adduction, knee flexion and knee abduction
[2-4]. The FPPA measured during single leg squat is
correlated with 3D kinematics of the knee during more
dynamic tasks involving primarily sagittal plane motion
such as running [5], thus supporting the clinical utility
of this test.

During weightbearing activities, the foot interfaces
with the ground [6] and so individual variations in foot
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and ankle mobility may affect knee motion, including
the FPPA. For example, experimentally limiting the
available range of ankle joint dorsiflexion during a
double leg squat in asymptomatic individuals, results in
an increased FPPA [7]. Structural measures of foot align-
ment, such as a forefoot varus deformity, have also been
shown to predict a greater FPPA during a single leg
jump in asymptomatic college athletes [2]. It is likely
that foot and ankle mobility can influence the FPPA and
hence, may be potential targets for interventions. Cur-
rently, no studies have directly investigated the relation-
ship between ankle and foot mobility and the FPPA
during a single leg squat.

A high FPPA during dynamic tasks is proposed to rep-
resent large frontal and transverse plane knee motions,
which is linked to chronic aberrant knee loading. A high
FPPA can discriminate those with patellofemoral pain
(PFP) from those without [3]. In addition, high knee ab-
duction moments, which are highly correlated with in-
creased knee valgus angles [8], can predict those at risk
of developing PFP and anterior cruciate ligament (ACL)
injury [9, 10]. Therefore, interventions with the capacity
to reduce the FPPA may be important in the manage-
ment or prevention of PFP and ACL injuries.

This study aimed to determine the relationship
between the FPPA during a single leg squat and mobility
measures of the foot and ankle in asymptomatic individ-
uals. We hypothesised that higher midfoot width and
height mobility would be associated with a higher FPPA
due to a destabilised base of support. In addition, we
hypothesised that a reduced ankle joint dorsiflexion
range limiting sagittal plane movement of the tibia
during squatting would be associated with a higher
FPPA. This study also aimed to provide baseline infor-
mation against which future studies involving popula-
tions with pathology such as PFP or ACL injuries can be
compared.

Methods

Participants

This correlational study was conducted on 30 asymptom-
atic participants recruited from a convenience sample of
staff and students at The University of Queensland,
Australia. For study inclusion, participants were required
to be between 18-50 years of age, and were excluded if
they had: (i) a history of foot, knee or hip surgery, (ii)
current or previous pain in the knee, hip, lumbar spine or
foot that had lasted longer than 3 months and/or required
intervention, (iii) any neurological or systemic arthritis
conditions, or (iv) an inability to understand written and
spoken English. This study was approved by The Univer-
sity of Queensland Medical Research Ethics Committee
(approval number: 2013000467), and each participant gave
written informed consent prior to participation.
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Procedures

Participants’ height and weight were recorded. Partici-
pants were required to be barefoot and wear brief shorts
for the assessment of lower limb function. Both legs
were tested in a random order.

Coloured markers (green electrical tape approximately
15 mm wide arranged in a cross) were placed bilaterally
over the anterior superior iliac spines, the midpoint of
the femoral condyles, and the midpoint of the malleoli
of the ankles (by examiner AD]J). Digital video record-
ings (Microsoft Kinect™ camera) of the frontal plane
were made while participants performed the single leg
squat test. The camera was placed approximately 2.0 m
directly in front of the participant, at a height of ap-
proximately 0.9 m from the ground. This height aligned
approximately to the level of the participants’ pelvis.
Video recording were made at PAL video frame rates of
approximately 25 frames per second at a resolution of
800 x 600 pixels.

Participants stood with their feet aligned in the sagittal
plane, indicated by markings on the floor, and their arms
folded across their chest. Participants performed five
repetitions of a single leg squat on each leg. Participants
were instructed to squat to a depth of 60° of knee flexion
as indicated by touch of the participants buttocks to a
tripod positioned behind the participant. Upon touch,
participants were to immediately begin the rise to an up-
right single leg stance. The task was performed at a
cadence of 2 s per rise and 2 s per lower as indicated by
a metronome.

The raw video footage was imported into a 2D motion
analysis program (eHAB V3, NeoRehab Pty Ltd,
Brisbane) for conversion to still frames and subsequent
analysis. The frame at which the knee marker was at its
highest point of the 2nd, 3rd and 4th squat just prior to
the commencement of knee flexion was selected to indi-
cate the top of the squat, and the frame with the lowest
point of knee flexion as indicated by the knee marker,
prior to the knee extending was selected as the bottom
of the squat. As described by Murphy et al. [11], the
eHAB software superimposes lines to connect the se-
lected hip, knee and ankle landmarks and then calculates
the FPPA (Fig. 1). Angles were measured in degrees,
with a varus knee angle defined as a negative angle and
a valgus knee angle defined as a positive angle [12]. The
primary FPPA variables of interest were the FPPA at: (i)
the lowest point of the knee marker during the squat
(FPPApeak), and (ii) the difference between the FPPA
when the knee markers were at their highest point just
prior to knee flexion, to the maximum angle obtained at
the lowest point of the squat. This measure was used to
quantify the amount of knee excursion (FPPAexc). The
average of three trials was obtained for analysis. The 2D
FPPA measurements utilised in this study were
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Fig. 1 Measurement of the FPPA

determined to have a between-day standard error of the
mean (SEM) of 0.63-0.74° for the single leg squat. Two-
dimensional FPPA measures have excellent agreement
with 3D motion analysis measures (ICC = 0.918) [13].

To measure ankle joint dorsiflexion range, the partici-
pant aligned their 2nd toe and the bisection of their
calcaneus along a line perpendicular to a wall, and the
middle of their knee against the vertical projection of
the perpendicular floor line (Fig. 2). They were then
asked to move their heel back along this line and
attempt to flex the knee forward to again touch the per-
pendicular wall line while keeping their foot and knee
aligned in the sagittal plane. The maximum distance (in
centimetres) that was achieved with the knee touching

Fig. 2 Measurement of ankle joint dorsiflexion range

the wall and without the heel lifting was measured from
the wall to their longest toe [14].

Foot structure and mobility were measured as de-
scribed by McPoil et al. [15], utilising a custom-made
foot measurement platform. Initially, total foot length
was obtained in bilateral lower limb weightbearing. At
50 % of the total foot length, the height of the midfoot,
and midfoot width was measured (Fig. 3a and c). The
participant was then assessed in a seated non-weight
bearing position, with the legs hanging freely off the
edge of an examination plinth, and the foot and ankle
relaxed. A non-weightbearing measurement platform
was positioned until it was minimally contacting the
plantar surface of the foot, at which point the midfoot
height measure was repeated (Fig. 3b). Midfoot width
was also measured in this seated position, without the
non-weightbearing platform (Fig. 3d). Foot mobility was
characterised by two measures: (i) the difference in mid-
foot height from non-weightbearing to standing with
approximately equal body weight on each foot, and (ii)
the difference in midfoot width from non-weightbearing
to standing with approximately equal body weight on
each foot. Foot mobility measures have been shown to
have high levels of intra- and inter-rater reliability [16].

Data analysis

Linear regression models with generalised estimating
equations were utilised to allow data from both limbs to
be included in the same data set as potentially correlated
observations between legs from the same person are
accounted for. Two separate models were used to exam-
ine the association between the input variables of ankle
joint dorsiflexion range, midfoot width mobility, midfoot
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Fig. 3 Measurement of midfoot height mobility. Midfoot height at 50 % total foot length in bilateral weightbearing (a). Midfoot height
measurement at 50 % total foot length in non-weightbearing (b). Bilateral weightbearing midfoot width measurement at 50 % total foot length
(c). Non-weightbearing midfoot width measured at 50 % total foot length (d)

J

height mobility, height and weight, and each of the FPPA
indices (FPPApeak, FPPAexc). Sex was entered as a fac-
tor into each model. Betas (f3), p values and odds ratios
(OR) with 95 % confidence intervals (CI) are reported
for each model. In order to more easily interpret the
factors associated with a higher FPPA (more valgus), the
signs for the input variables were converted if required.
For ankle and midfoot height mobility, a positive OR
indicates lower mobility and is associated with a greater
FPPA. For midfoot mobility, a positive OR indicates
higher mobility and is associated with a greater FPPA.
Significance was set at p <0.050. All analyses were per-
formed with IBM SPSS version 22 (Chicago Illinois,
USA).

Results
Of the 32 individuals who participated in this study, 2
were excluded due to incomplete data sets, leaving 30
individuals (60 limbs) in the final analysis (19 (67 %)
women; mean (SD) age 22 (3) years; mean (SD) BMI
21.7 (2.9) kg/m?).

Means and standard deviations for each measure are
presented in Table 1. Based on Pearson’s product mo-
ments, there were no significant correlations between

the midfoot and ankle variables and thus, all measures
were included in the same model.

During the single leg squat, higher midfoot width mo-
bility accounted for the largest contribution to a greater
(more valgus) FPPA, while lower ankle joint dorsiflexion
range and lower midfoot height mobility were also asso-
ciated with a greater (more valgus) FPPA (midfoot width
mobility: 8 0.90, p <0.001, OR 2.5, 95 % CI 1.6 to 3.7;
ankle joint dorsiflexion: 5 0.61, p=0.008 OR 1.8, 95 %
CI 1.2 to 2.9; midfoot height mobility: 5 0.44, p = 0.030,
OR 1.5, 95 % CI 1.1 to 2.3). Similar trends for each foot
mobility variable on FPPA excursion during the single
leg squat were observed (Table 2).

Table 1 Means and standard deviations of each of the

measures

Measure N limbs Mean (SD)
Midfoot width mobility (mm) 60 10 (3)
Midfoot height mobility (mm) 60 15 (3)
Ankle joint dorsiflexion (cm) 60 10.7 (34)
FPPApeak (°) 58 4(7)
FPPAexc () 60 1(5)

N limbs number of limbs; FPPASq the FPPA during a single leg squat; FPPAexc
single leg squat excursion; SD standard deviation



Wyndow et al. Journal of Foot and Ankle Research (2016) 9:3

Discussion

Higher frontal plane foot mobility and lower sagittal
plane mobility, specifically higher midfoot width mobil-
ity and lower midfoot height mobility, were significantly
associated with greater FPPA (or greater valgus) during
the single leg squat. Lower ankle joint dorsiflexion range
was also significantly associated with greater FPPA dur-
ing the squat. As a greater FPPA is associated with, and
is likely to be a risk factor for, the development of PFP
and anterior cruciate injury [9, 17, 18], the results of this
study highlight the possibility of addressing these foot
and ankle mobility factors for the prevention and man-
agement of these conditions.

Individuals with higher midfoot mobility were 2.4
times more likely to have a greater peak FPPA and 1.9
times more likely to have greater FPPA excursion during
single leg squat. The association between higher frontal
plane mobility at the midfoot and hip (peak FPPA) dur-
ing single leg squat might provide a basis for exploring
mechanisms through which physical treatments aimed
at the foot improve knee or hip pain. For example, limit-
ing motion of the midfoot with foot orthoses [19] might
explain why those with PFP and higher midfoot mobility
are more likely to experience positive outcomes with
foot orthoses [20, 21], conceivably through a reduction
in the FPPA [22].

Lower sagittal plane motions at the ankle joint and, to
a lesser extent, at the midfoot (midfoot height mobility),
were also significantly associated with greater FPPA dur-
ing single leg squat. This finding with regards to ankle
joint dorsiflexion range is consistent with previous find-
ings in healthy controls [7]. Our results confirm that
lower ankle joint dorsiflexion range is related to more
dynamic knee valgus during single leg squat in asymp-
tomatic adults. As structural restriction of ankle joint
dorsiflexion range limits the anterior translation of the
tibia over the fixed foot during dynamic tasks, it is
possible that this is compensated for by foot pronation
in order to utilise the dorsiflexion component of subtalar
and midtarsal joint motion [23, 24]. This compensatory
strategy will inherently involve motion in other planes

Table 2 Odds ratios, 95 % confidence intervals and p values for
foot and ankle factors associated with the FPPA

FPPApeak FPPAexc

OR(95 % Cl)  P-value OR(95 % Cl)  P-value
Midfoot width mobility  2.4(1.63-3.61) <.001 1.9(1.51-251) <0.001
Ankle joint dorsiflexion  1.8(1.18-2.90) 0.008  1.7(1.32-231) <0.001
Midfoot height mobility 1.5(1.04-2.29) 0.030  1.4(1.04-1.76) 0.020

For midfoot width mobility, a greater OR indicates that higher midfoot
mobility contributes to a greater FPPA. A greater OR for ankle joint
dorsiflexion and midfoot height mobility indicates that a lower range of ankle
or midfoot height mobility contributes to a greater FPPA

FPPApeak the peak FPPA during a single leg squat; FPPAexc single leg squat
excursion; OR odds ratio; C/ confidence interval
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due to the triplanar axis of the subtalar and midtarsal
joints [25], and may contribute to transverse and frontal
plane tibial motions, potentially increasing the FPPA. Al-
ternatively, individuals with lower ankle dorsiflexion may
utilise different hip strategies, such as increased hip ad-
duction and internal rotation, to achieve a greater depth
of squat. One study has demonstrated that foot orthoses
can reduce hip adduction during a step-up task in those
with lower ankle joint dorsiflexion range [22]. It is pos-
sible that the foot orthoses employed in this previous
study may have elevated the heel sufficiently to improve
the available ankle joint sagittal plane range of motion.

Lower midfoot height mobility was significantly associ-
ated with greater FPPA. This finding was surprising, as
higher midfoot mobility would be expected to present as
both greater midfoot width and midfoot lowering with
weightbearing. However, as highlighted by Nester et al.
[25], the joints of the foot show incomplete evidence of
coupling, and there is high person to person variability
in joint coupling. It is plausible that in the current sam-
ple, lower midfoot height mobility restricted sagittal
plane compensatory motion at the midtarsal joint [24],
and induced similar compensations as reduced ankle
joint dorsiflexion. This proposition requires further
investigation.

A greater FPPA during the single leg squat is a feature
of people with PFP [3]. High knee valgus moments dur-
ing a drop vertical jump task, which is a similar measure
to the FPPA, can predict those at higher risk of ACL
injury and patellofemoral pain [9, 10]. We observed that
foot mobility measures are associated with increased
FPPA during a single leg functional task. Clinical inter-
ventions directed towards ameliorating the negative
effect of these foot and ankle factors on the FPPA may
be important in injury management or prevention of
these conditions. For example, foot orthoses can imme-
diately reduce hip adduction and knee internal rotation
(both components of the FPPA) during a step-up task in
healthy individuals [22], while a full length 5° medial foot
wedge reduces hip adduction, hip internal rotation and
knee valgus during a single leg squat [26]. Strengthening
exercises of the foot intrinsic muscles in those with high
midfoot mobility may also provide functional perform-
ance benefits [27, 28]. In those with reduced ankle joint
dorsiflexion range, common clinical interventions for
this presentation, such as calf stretching and/or the use
of heel lifts, may minimise the negative impact of this
feature on lower limb function.

This study focused on foot mobility measures, there-
fore specific forefoot alignment measures, such as the
forefoot varus angle, were not included in this study.
However, midfoot mobility measures are composite
measures of motion in all foot regions [29], and will
partially account for major structural deviations at the
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forefoot. As static forefoot alignment can predict greater
FPPA during double limb squats and jumps [2], and
greater hip internal rotation during a single leg squat
[30], future studies may benefit from the inclusion of
forefoot alignment. In addition, this study only focused
on distal factors, so proximal factors, such as range of
motion and strength of the hip joint [1, 31], should be
included in a more comprehensive perspective of prox-
imal and distal contributors to the FPPA. Finally, the re-
sults cannot be generalised to clinical populations. The
presence of pain may alter the compensatory strategies
employed [32] in response to changes in foot and ankle
mobility. For example, those with chronic PFP may
avoid deep knee flexion and adduction by employing
more hip flexion, as has been shown during stair ascent
[33]. Further studies are warranted to determine the re-
lationship between foot and ankle mobility and specific
lower limb pathologies.

Conclusion

Higher midfoot mobility was significantly associated with
greater FPPA during single leg squat, as was lower ankle
joint dorsiflexion and sagittal plane midfoot mobility.
Addressing these variables may result in a more optimal
FPPA and potentially be important in the prevention or
management of lower limb injury.
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