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A B S T R A C T

Background: The clinical measure of forefoot-shank alignment (FSA) predicts the amount of foot pronation
during weight-bearing tasks. This may be mediated by a relationship between FSA and the mechanical resistance
of the midfoot joint complex (MFJC) to forefoot inversion, which is a component of weight-bearing foot pro-
nation.
Objective: To investigate if the clinical measure of FSA is associated with MFJC mechanical resistance to in-
version.
Design: Cross-sectional observational study.
Method: Forty-six healthy individuals (27 males; 19 females) with mean age of 26.4 years (SD 5.3) participated
in this study. FSA was measured with photographs. The resistance torque of the MFJC against inversion was
measured with a specially designed device. Mean torque, mean torque normalized by body mass, and joint
resting position were calculated as variables related to MFJC mechanical resistance. Correlation analyses were
carried out to test the association between each MFJC resistance variable and the FSA (α=0.05).
Results: /findings: There were significant moderate correlations of FSA with mean torque (r=−0.44,
p=0.002), mean normalized torque (r=−0.42, p=0.004) and resting position (r= 0.39, p=0.007). The
clinical measure of FSA is associated to the mechanical resistance of the MFJC: (a) the greater the FSA, the
smaller the resistance torques; (b) the greater the FSA, the more inverted the forefoot resting position.
Conclusions: These results showed that the clinical measure of FSA is moderately related to mechanical prop-
erties of the MFJC.

1. Introduction

Clinical measures of non-weight-bearing forefoot alignment in the
frontal-plane (Holt et al., 1995; Mendonça et al., 2013; Monaghan et al.,
2013, 2014; Souza et al., 2014) predict the amount of foot pronation
during orthostatic posture (Souza et al., 2014), walking (Monaghan
et al., 2013, 2014) and running (Monaghan et al., 2014). Both increased
and reduced foot pronation have been associated with different ortho-
pedic conditions (Becker et al., 2017; Gross et al., 2007; Korpelainen
et al., 2001; Louw and Deary, 2014; Menz et al., 2013; Neal et al., 2014;
O'leary et al., 2013; Powers et al., 2012; Sharma et al., 2010; Williams
et al., 2001). These clinical measures quantify the inversion alignment
of the forefoot relative to a global vertical reference. However, it is not
known if the mechanical properties of the foot tissues are related to the

forefoot alignment. The mechanical properties of the midfoot joint
complex (MFJC) tissues are related to the magnitude of foot pronation
during walking (Gomes et al., 2019) and, thus, may mediate the re-
lationship between the clinical measure of forefoot alignment and
weight-bearing foot pronation.

The forefoot-shank alignment (FSA) is one of the measures that
quantify forefoot alignment (Bittencourt et al., 2012; Mendonça et al.,
2013, 2018; Souza et al., 2014). The angle obtained may be influenced
by the MFJC mechanical resistance against forefoot inversion
(Mendonça et al., 2013; Souza et al., 2014), which is a motion-com-
ponent of weight-bearing foot pronation (Neumann, 2006). Therefore,
the capacity of this type of measure to predict the amount of foot
pronation (Monaghan et al., 2013, 2014; Souza et al., 2014), could be,
in part, due to its possible relationship with MFJC mechanical
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properties.
This study investigated the relationship between the mechanical

resistance provided by the MFJC soft tissues to forefoot inversion and
the clinical measure of FSA. The study hypothesis was that larger FSA
angles are related to lower MFJC resistance to forefoot inversion and to
a more inverted MFJC resting position.

2. Methods

2.1. Participants

Forty-six healthy individuals (27 males and 19 females) with mean
age of 26.4 years (SD 5.3) participated in this cross-sectional study. The
inclusion criteria were: (i) no history of injury or any orthopedic sur-
gery in the lower limbs; (ii) no use of foot orthoses, since it is unknown
how the foot orthoses could influence the mechanical properties of the
MFJC; (iii) no sports practice on the day of data collection, to avoid
temporary changes in the MFJC tissues' mechanics; (iv) presenting a
minimum MFJC range of motion of 20° of eversion to 50° of inversion;
(v) having a minimum of 0° of dorsiflexion amplitude (i.e. a straight
angle between the shank and the foot). The exclusion criteria were: (i)
reporting discomfort or pain during the procedures, to avoid muscle
contractions; (ii) not being able to clearly relax the foot and ankle
muscles during at least one trial of the measurement of MFJC me-
chanical properties; (iii) absence of acceptable smoothness in all three
torsimeter data curves; (iv) presenting a MFJC resistance torque greater
than 10 Nm (i.e. the maximum torque measured by the device). Sample
size was estimated for a correlation with a moderate size (r= 0.4 es-
timated based on a pilot study), a two-tailed significance level of 0.05,
and a statistical power of 0.830. This was computed in the G*Power
software (Faul et al., 2007) and resulted in a sample size of 44 parti-
cipants. The pilot study was conducted with ten participants and, be-
sides estimating the correlations' sizes, it assessed the intratester relia-
bility of the clinical measures and the measures representing the
mechanical resistance of the MFJC to forefoot inversion. These parti-
cipants were evaluated twice, one week apart, and Intraclass Correla-
tion Coefficients (ICC) were calculated (Aquino et al., 2018). All par-
ticipants signed a consent form approved by the Institution's Ethics in
Research Committee (CAAE 78785717.7.0000.5149).

2.2. Procedures

2.2.1. Measurement of forefoot-shank alignment
Digital photographs of the foot were taken from a superior view,

with the participant in prone (Fig. 1), using a digital camera (Nikon D-
SLR D5000; Nikon Inc, Melville, NY). The procedures followed the
description of Mendonça et al. (2013) (Mendonça et al., 2013). The
examiner used a caliper rule to mark, on the skin of the shank posterior
aspect of the participant, the central point between the tibial plateaus
and between the superior boards of the malleoli. A flexible rule (80 cm)
was used to connect the central marks between the tibial plateaus and
malleoli and to trace a straight line on the skin of the distal portion of
the shank.

A straight metallic rod was attached to the forefoot, with micropore
tape, and was placed under the first and fifth metatarsal heads to re-
present the alignment of all the metatarsal heads. The assessed lower
limb was positioned with the calcaneus surface facing upwards, to
allow the marks to be seen in the center part of the camera display.
Afterwards, the examiner used a goniometer to position the foot at 0° of
dorsiflexion and asked the subjects to actively sustain this position.
Then, the examiner took the picture of the foot-ankle alignment
(Fig. 2). These procedures were performed three times. The examiner
observed whether the participant extended the toes during the test,
which would invalidate the assessment. All subjects were capable of
avoiding toes extension. The FSA was measured as the angle between
the forefoot line (rod) and a virtual line perpendicular to the shank line

(Fig. 1). The FSA angles were calculated with MATLAB® (2015b,
MathWorks, USA) software.

2.2.2. Measurement of the mechanical resistance of the MFJC to forefoot
inversion

The Torsimeter (patent deposited) (Fig. 3a and b) was used to
measure the resistance torque and the angle of the MFJC. It has a torque
meter (GSP930, Xi'an Gavin Electronic Technology Co, China) and a
potentiometer (model 357, Vishal Spectrol, Israel). The participant was
sitting on an adjustable chair with the posterior aspect of the lower leg
and the calcaneus supported by the instrument's boot. The ankle as-
sumed a 0° position in the sagittal plane (since the shank and foot
supports have a perpendicular position relative to each other). The knee
was positioned at 45° of flexion in the sagittal plane measured with the
goniometer. The hip was near to the neutral position in the transverse
and frontal planes. The forefoot was held with an adjustable clamp,
which was attached to the torque meter and the potentiometer sensors.
The potentiometer axis was aligned with the foot's second ray, which is
the least mobile foot ray (Michaud, 1993) and consequently the ap-
proximate axis for forefoot movement in the frontal plane. The Torsi-
meter's forefoot clamp was positioned immediately proximal to the first
metatarsal phalangeal joint so that the metatarsal heads were firmly
attached to it (Fig. 3b). Velcro strips fixed the shank inside the boot
(Fig. 3b). Clamps for the distal shank, calcaneus and metatarsal heads
held them tight (Fig. 3a). Only the MFJC was free to move. After the
adjustments, the participant was asked to maintain the lower leg and
foot completely relaxed during all procedures and to let the examiner
know whether he/she felt any discomfort or pain. The examiner moved
the participant's forefoot to 20° of eversion (−) and then to 50° of in-
version (+), at a slow angular velocity around 2°/s (using a real-time
check method – we accepted up to 10% of variance below and above
2°/s), to favor the absence of muscle contractions (Nordez et al., 2006).
Three trials were performed to accommodate soft tissues viscosity.
Then, three measurement trials were performed. The torque data was
displayed in real time and the trial was interrupted and discarded if any
peak on the torque/angle curve was visually perceived. Analog signals

Fig. 1. Shank bisection line and forefoot-shank alignment. The alignment angle
consists of the angle between a virtual line (perpendicular to the shank line)
and the line of the forefoot.
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from the potentiometer and the torque meter were converted to digital
signals through an A/D converter (NI USB-6210, National Instruments,
USA). The torque values and the angular position of the MFJC were
recorded with a sampling rate of 100 Hz, using the software LabVIEW®

(2012, National Instruments, USA). The torque was collected at the
range of −20° to 50°, which was found to be the available range of

motion for all participants. Although there was not a measure of muscle
activity, caution was taken to exclude trials with any sign of muscle
contraction, as explained above and in the next section.

2.3. Data processing

Torque vs angle data were filtered with a Chebyshev, 3rd-order,
low-pass filter, with a 4 Hz cutoff frequency. A smoothness analysis
(Gomes et al., 2019) was carried out for each torque vs angle time-
series, to identify trials with large irregularities, which were more likely
to have been influenced by muscle contraction. Large irregularities
were defined, at each trial, as large changes in the instantaneous slopes
of torque-angle curve (Gomes et al., 2019). The slopes of each torque-
angle curve (Nm/°) were expressed as Δτ/Δθ, where Δτ is the frame-to-
frame change in torque (in Nm) and Δθ is the frame-to-frame change in
angle (in degrees). Slope changes were calculated as the moduli values
of the differences between the slopes of consecutive frame-to-frame
intervals, which were expressed in percentage. To classify slope
changes as ‘large’, a quartile analysis was performed for all change
values obtained from all participants and trials. Change values in the
third quartile were considered large (i.e. change values greater than
18%). Thus, torque-angle curves with slope changes greater than 18%
were excluded from the analyses. From 144 trials, 34 were excluded,
resulting in 110 valid trials. Two subjects were excluded from the study
because their three trials were excluded. Thus, from an initial sample of
48 subjects, 46 subjects remained in the final sample. Fig. 4 shows the
mean torque vs. angle time-series from the final-sample participants.

2.4. Data reduction

For the clinical measure FSA, the mean score of the three measures
were calculated and used for statistical analysis. In a pilot study with
ten participants, the examiner demonstrated good intratester reliability,
with ICC of 0.87 and a standard error of measurement (SEM) of 1.91°
(Portney and Watkins, 2000). The variables extracted from the MFJC
torque vs. angle time-series during forefoot inversion were: mean
torque, mean torque normalized by body mass, and resting position.
The mean torque (Nm) was computed as the average of each trial
torque data. This variable was computed as the mean value from the
test repetitions. Mean torque was then normalized by body mass
(Hamill et al., 2013). The resting position was defined as the angle (°) in
which the passive torque was zero and represents the angle at which the
MFJC begins to resist inversion. An average resting position was also
calculated from the trials. All computations were done in MATLAB®

(2015b, MathWorks, USA). The intratester reliability (ICCs) for mean
torque, mean torque normalized by body mass, and resting position

Fig. 2. Ankle positioning at 0° of dorsiflexion for the forefoot-shank alignment
measurement.

Fig. 3. Torsimeter. A) Lateral view. B) Superior view.
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were 0.85 (SEM=0.046 Nm), 0.87 (SEM=0.0007 Nm/kg) and 0.82
(SEM=1.88°), respectively, which were considered good (Portney and
Watkins, 2000). An average time-series was obtained from all valid
torque vs. angle curves, for description.

2.5. Statistical analyses

Normality of data distribution was verified with the Shapiro-Wilk
test and Pearson correlation analyses were performed between each
MFJC mechanical variable and the FSA. The significance level was set
at 0.05. All the analyses were carried out with SPSS 24 (SPSS Inc,
Chicago, USA).

3. Results

There were significant moderate (Cohen, 1988, 1992) and negative
correlations of FSA with mean torque (r=−0.44, p=0.002), mean
torque normalized by body mass (r=−0.42, p=0.004), and a sig-
nificant moderate and positive correlation of FSA with resting position
(r= 0.39, p=0.007) (Table 1). Table 2 presents the values of mean
and standard deviation, range and ICC of the clinical measure, the mean
torque, the mean torque normalized, and the resting position. The data
distribution (scatterplots) for the correlations between the FSA and the
MFJC mechanical variables are presented in Fig. 5.

4. Discussion

This study demonstrated that increased forefoot inversion align-
ment, identified with the clinical measure of FSA, was moderately as-
sociated with reduced MFJC mechanical resistance to forefoot inver-
sion. Specifically, increased forefoot inversion alignment was
associated with reduced mean torque and reduced mean torque nor-
malized by body mass. Further, a more inverted FSA was associated
with a more inverted resting position (i.e. with a resistance to inversion
that begins later in the MFJC range of motion).

The clinical measure of FSA was associated to the resistance pro-
vided by the MFJC soft tissues. The contraction of the tibialis anterior
(i.e. the main ankle dorsiflexor) required to maintain ankle neutral
position (0° of dorsiflexion) during the FSA measurement tends to invert
the forefoot (Muanjai et al., 2017). Therefore, lower MFJC resistance to
forefoot inversion will lead to more forefoot inversion in the FSA
measure. However, it is expected that other factors, such as bone
alignment components including forefoot varus, rearfoot varus and ti-
bial varus, influence FSA (Mendonça et al., 2013; Souza et al., 2014).
This fact could help explain that a moderate correlation between MFJC
mechanical resistance and FSA was found.

The present findings support the hypothesis that MFJC resistance to
forefoot inversion may partly mediate the relationship between high
values of weight-bearing foot pronation and high values of non-weight-
bearing inversion position of the forefoot, demonstrated by previous
studies (Monaghan et al., 2013, 2014; Souza et al., 2014). During
weight-bearing tasks, with the whole forefoot on the ground, foot
pronation, characterized by rearfoot eversion, is accompanied by mo-
tions at the MFJC (Lundgren et al., 2008; Neumann, 2006). These
motions permit the metatarsal heads, as a unit, to invert relative to the
rearfoot and stay horizontally supported. Thus, the MFJC resistance to
forefoot inversion may also resist rearfoot eversion during weight-
bearing tasks (Gomes et al., 2019; Souza et al., 2014). Additionally, the
relationship between FSA and MFJC resting position suggests that FSA
reflects the tendency for the open-chain position of the forefoot before
it contacts the ground in support phases of weight-bearing tasks, which
is associated with the magnitude of foot pronation during the stance
phase of walking and running (Monaghan et al., 2013, 2014).

Traditional clinical measures of forefoot alignment (commonly
considered as measures of forefoot varus) quantify the open-chain
frontal-plane forefoot position relative to the calcaneus in an attempt to
measure bone shapes assumed to be the origin of this alignment
(Donatelli et al., 1999; Michaud, 1993; Root et al., 1977). However,
previous studies have demonstrated contradictory findings regarding
the ability of these measures to explain foot pronation during weight-

Fig. 4. Mean torque vs. angle curve from all participants. The shaded area represents one standard deviation above and under the mean torque.

Table 1
Correlation between forefoot-shank alignment and the mechanical resistance of the MFJC.

Mean torque (Nm) Mean torque normalized (Nm/Kg) Resting position (°)

Forefoot-shank alignment Correlation (r)
Significance (p)

-.44a

.002
-.42a

.004
.39a

.007

a Correlation is significant with α≤ 0.05.
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bearing tasks (Cornwall et al., 2004; Hamill et al., 1989; Mcpoil and
Cornwall, 1996). For example, Mcpoil and Cornwall (1996) (Mcpoil
and Cornwall, 1996) have found that forefoot alignment is a poor
predictor of rearfoot movement during gait, while Donatelli et al.
(1999) (Donatelli et al., 1999) and Silva et al. (2014) (Silva et al., 2014)
reported opposite findings. On the contrary, recent studies have con-
sistently shown that measures of forefoot alignment relative to a global
vertical reference are related to foot pronation (Monaghan et al., 2013,
2014; Souza et al., 2014) and related movements, such as dynamic knee
valgus (Bittencourt et al., 2012). Differently from the FSA measure,
Monaghan et al. (2013, 2014) (Monaghan et al., 2013, 2014) used the
treatment table as the reference for the forefoot alignment, while the
subject's shank was vertically oriented relative to the table. Thus, both
measures are very similar. These measures probably quantify the
combination of multiple factors that may influence foot pronation
during weight-bearing tasks, including bone alignment and soft tissues
mechanical resistance. Thus, it is possible that increased forefoot in-
version alignment reflects a combination of factors that favors in-
creased foot pronation.

In the present study, FSA was measured by photography (Mendonça
et al., 2013; Monaghan et al., 2013, 2014). In clinical settings, the use
of a goniometry is more common (Souza et al., 2014). Even though
there are no studies comparing the values of this measure obtained by
goniometry and photography (Gross et al., 2007; Mendonça et al.,
2013; Monaghan et al., 2013, 2014), they are expected to be similar
considering that both use similar parameters: anatomic references, the

superior view, and the subject's positioning (Mendonça et al., 2013;
Souza et al., 2014). The FSA angles, in the photography method, were
obtained with Matlab software. This could be easily done by using
currently available, commercial smartphones apps (Stove et al., 2018).

Limitations of the study should be acknowledged. It was not guar-
anteed that foot-ankle intrinsic and extrinsic muscles were not active
during the measurements of MFJC mechanical resistance. However, the
careful procedures for the measurement of MFJC torque (e.g. the low
speed) and the MFJC torque time-series showing a typical passive
torque pattern (Chino and Takahashi, 2015; Muanjai et al., 2017)
suggest that the foot muscles were not active or were minimally active
during data collection. The low-speed movement during the measure-
ment of the MFJC mechanical resistance was performed to avoid muscle
contraction. However, this does not reflect the velocity of the MFJC
during different weight bearing tasks, such as gait. In addition, it should
be noted that the present results are limited to young, able-bodied and
asymptomatic individuals, which applies to preventive contexts. The
same investigation should be also conducted with other clinical popu-
lations.

The only moderate correlations observed indicated a limitation of
the FSA measure to inform about MFJC mechanical resistance (i.e. only
about 16% of explanation). Still, the significant correlations show that
the FSA and the MFJC mechanical variables have a significant covar-
iation. Considering the lack of clinical measures to assess MFJC me-
chanical resistance, the findings point to the use of the FSA to gain
insight about this resistance, when a clinician is investigating individual

Table 2
Description and intratester reliability of the forefoot-shank alignment and the variables related to the mechanical resistance of the MFJC.

Mean (SD) Range ICCa SEM

Forefoot-shank alignment 17.41° (5.29) 6.70° to 31.66° 0.87 1.91°
Mean torque 0.47 Nm (0.56) −0.54 to 1.80 Nm 0.85 0.046 Nm
Mean torque normalized by body mass 0.0074 Nm/kg (0.0085) −0.0089 to 0.0272 Nm/kg 0.87 0.0007Nm/kg
Resting position 10.31° (4.91) −1.85° to 18.74° 0.82 1.88°

SD: Standard deviation, ICC: intraclass correlation coefficient.
SEM: Standard error of measurement.

Fig. 5. Scatterplots of the relationship between the forefoot-shank alignment and the variables describing the MFJC mechanical resistance. The trend-line (least-
squares fit) represents the tendency of the relationship.
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factors that may be related to an observed magnitude of weight-bearing
foot pronation (Gomes et al., 2019). However, improvements of this
measure and the development of other measures are recommended.

5. Conclusion

The clinical measure of FSA is moderately associated to the MFJC
mechanical resistance to inversion: the more inverted the alignment in
the clinical measure, the smaller the torque and the more inverted the
resting position. Therefore, the FSA partially reflects the mechanical
properties of the MFJC.
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