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The medial-longitudinal arch (MLA) is perhaps the most important feature characterizing foot morphol-
ogy. While current skin-markers based models of the MLA angle used in stereophotogrammetry allow to
estimate foot arch shape and deformation, these do not always appear consistent with foot anatomy and
with standard clinical definitions. The aim of this study was to propose novel skin-markers based mea-
sures of MLA angle and investigate their reliability during common motor tasks.
Markers on the calcaneus, navicular tuberosity, first metatarsal head and base, and on the two malleoli

were exploited to test eight definitions of MLA angle consistent with foot anatomy, both as angles
between two 3-dimensional vectors and as corresponding projections on the sagittal plane of the foot.
The inter-trial, inter-session and inter-examiner reliability of each definition was assessed in multiple
walking and running trials of two volunteers, tested by four examiners in three sessions.
Inter-trial variability in walking was in the range 0.7–1.2 deg, the inter-session 2.8–7.5 deg, and the

inter-examiner in the range 3.7–9.3 deg across all MLA definitions. The Rizzoli Foot Model definition
showed the lowest inter-session and inter-examiner variability. MLA measures presented similar vari-
ability in walking and running.
This study provides preliminary information on the reliability of MLA measurements based on skin-

markers. According to the present study, angles between 3-dimensional vectors and minimal marker sets
should be preferred over sagittal-plane projections. Further studies should be sought to investigate which
definition is more accurate with respect to the real MLA deformation in different loading conditions.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The Medial-longitudinal Arch (MLA) is perhaps the single most
important feature used to describe foot morphology and mechan-
ics. In addition to the weight-bearing properties in static postures,
the skeletal and ligamentous structures comprising the MLA are an
important elastic storage-return mechanism (Hicks, 1954; Ker
et al., 1987), and have a major role in transferring and dampening
forces through the foot during dynamic tasks (Caravaggi et al.,
2009; Nachbauer and Nigg, 1992; Saltzman and Nawoczenski,
1995; Stearne et al., 2016). Morphology and mechanics of the
MLA are multidisciplinary topics, relevant to human anthropology
(Bennett et al., 2009; Griffin et al., 2015), to sport and footwear
biomechanics (Lin et al., 2012; Perl et al., 2012), and to foot
pathologies associated to alterations of MLA shape (Pfeiffer et al.,
2006; Tome et al., 2006). In postural control, decreased mobility
of the MLA was found to increase sway even after small perturba-
tions (Birinci and Demirbas, 2017) further emphasizing the impor-
tance of accurate measurement of MLA dynamics and its
relationships with foot functionality.

Although no consensus has been reached in the literature, the
most widely-used clinical measures to quantify objectively MLA
posture and deformation are the arch height index (Williams and
McClay, 2000), the relative arch deformation (Nigg et al., 1998),
and the navicular drop index. (Saltzman et al., 1995). The latter, still
rather common in the clinical practice, has been shown to be cor-
related with rearfoot pronation (Boozer et al., 2002), which is sug-
gested to be associated to the stability of the MLA. In addition,
footprint-based parameters such as the arch index (Cavanagh and
Rodgers, 1987), the arch-length index (Hawes et al., 1992) and the
Staheli’s index (Staheli et al., 1987) have also been devised. In
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particular, it has been shown that the arch index can explain 50% of
variance in MLA height (McCrory et al., 1997). Scores based on
visual observation and manual palpation, such as the Foot Posture
Index, have also been proposed (Redmond et al., 2006), but this is
associated more with the foot pronation/supination posture which
is not strictly related to MLA shape.

Stereophotogrammetry, in combination with multisegment foot
models, allow to replicate the aforementioned clinical definitions
also in dynamic tasks (Hunt et al., 2000; Jenkyn and Nicol, 2007)
and to track the MLA angle over time. Most of current geometrical
approximations of the MLA angle reported in multisegment foot
protocols entail the use of anatomical landmarks on the calcaneus,
on the navicular bone and on the first metatarsal head (Bandholm
et al., 2008; Simon et al., 2006; Tome et al., 2006). MLA posture is
generally calculated as the angle between two 3-dimensional vec-
tors bounded by those markers, with no particular assumptions on
their orientation with respect to foot anatomy. In an effort to better
replicate the anatomical shape of the MLA, a parabola (Perl et al.,
2012) and an ellipse (Ikeda et al., 2014), which best interpolate
the position of those skin-markers, have also been proposed. In
order to improve the consistency with traditional clinical measures
of MLA based on lateral x-ray images, the Rizzoli Foot Model (RFM)
is currently the only multisegment foot model approximating the
MLA arch as the angle between the projections on the sagittal
plane of the foot of two line segments connecting at the sustentac-
ulum tali (Leardini et al., 2007; Portinaro et al., 2014).

While the importance for measuring the MLA is generally rec-
ognized, no consensus has thus far been reached on which MLA
model better represents the foot medial longitudinal arch shape
and deformation. Some of the current definitions used in gait anal-
ysis, based on skin-markers, do not appear consistent with foot
anatomy and mechanics. Furthermore, despite the importance of
MLA biomechanics across several disciplines, a thorough investiga-
tion of the error in the calculation of MLA deformation during com-
mon motor tasks has yet to be performed. The aim of this study
was to compare eight skin-markers based definitions of MLA angle,
Fig. 1. Left (top to bottom), four skin-markers based measures of medial longitudinal a
(MLA1b, MLA2b and MLA4b) and using TN instead of ST (MLA3b).
both as angles between 3-dimensional vectors and as angles
between corresponding projections on the sagittal plane of the
foot, in terms of inter-trial, inter- and intra-examiner reliability
during walking and running.
2. Methods

2.1. Skin-markers based definitions of MLA

The eight geometrical definitions of MLA were based on skin-
markers located on the calcaneus (CA: upper central ridge of the
calcaneus posterior surface), sustentaculum tali (ST: most medial
apex), talo-navicular tuberosity (TN: most medial apex of the nav-
icular tuberosity), the two malleoli (distal apex of the medial and
lateral malleolus), base of the first metatarsal bone (FMB: dorso-
medial aspect of the first metatarso-cuneiform joint) and head of
the first metatarsal bone (FMH: dorso-medial aspect of the first
metatarso-phalangeal joint) (Fig. 1), as described in (Leardini
et al., 2007; Portinaro et al., 2014). These MLA definitions aim at
mimicking the Moreau-Costa-Bertani angle (Moreau and Costa-
Bertani, 1943) and the angle between rearfoot inclination and first
metatarsal inclination described by Saltzman et al. (1995). All MLA
measurements were calculated: (1) as angles between two 3-
dimensional vectors (here called 3D angles), and (2) as angles
between the projections of those vectors on the sagittal plane of
the foot (here called 2D angles, a in Eq. (1)). This is defined as
the plane orthogonal to the transverse plane (through CA, FMH
and head of the fifth metatarsal bone), and passing through CA
and head of the second metatarsal bone (Cappozzo et al., 1995).

a ¼ cos�1 u!� v!
� �

ð1Þ

where u and v are two unit vectors, the directions of which are
established by real markers on anatomical landmarks or by ‘‘vir-
tual” markers constructed from a set of real and virtual points.
rch angle. Right, four variations using either the projection of FMH on the ground
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A detailed description of each marker-based MLA measure fol-
lows (see Fig. 1).

– MLA1 - or RFM definition: the vector on the proximal segment
is bounded by marker CAp and ST, where CAp is the projection of
CA on the x-y plane of the laboratory reference frame (i.e. the
ground). The vector on the distal segment is bounded by mark-
ers FMH and ST.

– MLA1-b: as MLA1 by replacing FMH with FMHp, where FMHp is
the projection of FMH on the ground.

– MLA2 - or talo-navicular apex definition: the vector on the
proximal segment is bounded by marker CAp and by TN. The
vector on the distal segment by FMH and TN.

– MLA2-b: as MLA2 by replacing FMH with FMHp.
– MLA3 - or first metatarsal bone orientation definition: the
vector on the proximal segment is bounded by markers CAp
and ST. The vector on the distal segment by FMH and FMB.

– MLA3-b: as MLA3 by replacing ST with TN.
– MLA4 - or calcaneal tuberosity definition: the vector on the
proximal segment is bounded by CAt and TN, where CAt is the
projection of CAm - midpoint between CA and the midpoint
between peroneal tubercle and ST - on the ground plane. The
vector on the distal segment is bounded by FMH and TN.

– MLA4-b: as MLA4 by replacing FMH with FMHp

Each of the above MLA angles was calculated both as the 3D and
2D angles, for a total of 16 MLA measures.

The virtual markers’ positions (such as CAp) were established
with the subject in static bipedal standing posture. During
Fig. 2. Mean temporal profiles of MLA angles during normalized stance phase duratio
continuous bold line (3D angle), dotted bold line (2D angle), continuous thin line (3D
straight lines are showing the mean MLA angle in bipedal standing posture. See Fig. 1 f
kinematic analysis, the trajectory of virtual markers was rigidly
fixed to that of the relevant segment local reference frame.
2.2. Repeatability study

A repeatability study was performed to evaluate the inter-trial,
inter- and intra-examiner error in calculating MLA angle according
to the 16 definitions. The study entailed measuring MLA angle dur-
ing static bipedal standing posture, and temporal profiles during
walking and running in two subjects (subject A: female; 30 years;
57 kg; 1.54 m; Arch Index = 0.22; Foot Posture Index = +2; subject
B: male; 26 years; 74 kg; 1.76 m; Arch Index = 0.26; Foot Posture
Index = +3). The shank and foot of these subjects were instru-
mented with reflective skin-markers by four examiners in three
sessions, one week apart (Schwartz et al., 2004). An 8-camera
motion analysis system (Vero Vicon; sampling rate = 100 Hz) was
used to track 16 markers, according to the RFM (Leardini et al.,
2007; Portinaro et al., 2014). Markers trajectories were filtered
with a Woltring low-pass filter (cutoff frequency = 10 Hz) and
imported as .c3d files in Visual3D (Visual3D, C-Motion, German-
town, MD) for angles calculation. The variability of MLA measures
was computed as the average of the standard deviation over the
gait cycle (AVG-SD), across a number of walking trials pooled
according to Schwartz et al. (2004). Accordingly, the variability
was determined from the average of this error as follows:
inter-trial, across 24 groups (4 examiners*2 subjects*3 sessions)
of 5 trials; inter-session, from 8 groups (4 observers * 2 subjects)
of 15 trials; inter-examiner, from 2 groups (2 subjects) of 60 trials.
n for one of the two subjects across 60 walking trials. MLA angles are shown as
angle, b variation) and dotted thin line (2D angle, b variation). For each definition,
or measures description.



Fig. 3. Mean temporal profiles of MLA angles during normalized running cycle for one of the two subjects across 60 walking trials. MLA angles are shown as continuous bold
line (3D angle), dotted bold line (2D angle), continuous thin line (3D angle, b variation) and dotted thin line (2D angle, b variation). For each definition, straight lines are
showing the mean MLA angle in bipedal standing posture. See Fig. 1 for measures description.

Table 1
Inter-trial, inter-session and inter-examiner variability [deg] of MLA measures in walking and running. Variability data are reported for each of the eight measures calculated both
as angles between 3-dimensional vectors (3D), and as angles between corresponding projections on the sagittal plane of the foot (2D). See Fig. 1 for details.

MLA definition Variability – AVG-SD [deg]

Inter-trial Inter-session Inter-examiner

Walking Running Walking Running Walking Running

MLA1 3D 0.7 0.7 2.8 3.0 3.7 4.0
2D 0.8 1.0 3.6 3.3 4.8 4.6

MLA1-b 3D 0.7 0.7 3.7 3.5 5.1 5.2
2D 0.8 0.9 4.3 4.0 6.0 5.8

MLA2 3D 0.8 0.7 3.4 3.3 4.2 4.2
2D 1.1 1.0 5.2 4.9 6.9 6.6

MLA2-b 3D 0.8 0.7 4.5 4.3 5.9 6.1
2D 1.0 0.9 5.7 5.1 7.7 7.6

MLA3 3D 0.9 0.8 5.4 4.2 6.5 5.4
2D 1.2 1.1 7.5 6.2 9.3 7.9

MLA3-b 3D 0.9 0.8 4.2 3.8 5.7 5.1
2D 1.1 1.1 6.2 5.5 8.2 7.3

MLA4 3D 0.7 0.7 3.9 3.4 4.8 4.4
2D 1.1 1.0 5.9 5.4 8.1 7.3

MLA4-b 3D 0.7 0.7 4.9 4.5 6.6 6.5
2D 1.1 1.0 6.4 5.8 8.9 8.5
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3. Results

Mean temporal profiles of MLA angles across 60 walking and 60
running trials for one of the two subjects, along with mean MLA
angles during static bipedal standing posture, are shown in Fig. 2
and Fig. 3, respectively. In general, the 2D angles were larger than
the corresponding 3D angles.

The inter-trial variability in walking was in the range 0.7–
1.2 deg, the inter-session 2.8-7.5 deg, and the inter-examiner in
the range 3.7–9.3 deg across all MLA definitions (Table 1). MLA1,



Table 2
For each MLA definition, the inter-trial median [25–75%] ROM [deg] in walking and running for the two subjects. ROM data are reported for each of the 8 measures calculated both
as angles between 3-dimensional vectors (3D), and as angles between corresponding projections on the sagittal plane of the foot (2D). See Fig. 1 for details.

MLA definition ROM [deg]

Walking Running

Subject 1 Subject 2 Subject 1 Subject 2

MLA1 3D 9 [8 11] 7 [6 7] 16 [15 17] 15 [12 19]
2D 11 [10 12] 10 [9 11] 19 [18 21] 22 [20 26]

MLA1-b 3D 9 [8 10] 7 [6 7] 15 [14 16] 15 [12 19]
2D 12 [10 13] 10 [9 11] 19 [18 20] 21 [19 26]

MLA2 3D 13 [11 15] 9 [9 11] 17 [16 19] 17 [14 20]
2D 16 [15 18] 16 [15 18] 21 [20 24] 28 [25 30]

MLA2-b 3D 13 [11 14] 9 [10 12] 17 [15 17] 17 [14 18]
2D 16 [15 17] 16 [14 17] 20 [19 22] 24 [22 26]

MLA3 3D 17 [15 18] 14 [12 16] 20 [19 21] 19 [18 24]
2D 18 [17 20] 17 [16 20] 21 [20 24] 26 [25 31]

MLA3-b 3D 15 [13 17] 12 [10 14] 21 [20 23] 21 [17 24]
2D 17 [15 19] 16 [13 18] 22 [21 25] 27 [25 31]

MLA4 3D 12 [10 13] 10 [9 11] 16 [15 18] 14 [13 18]
2D 15 [14 17] 15 [14 18] 20 [18 22] 24 [22 27]

MLA4-b 3D 12 [11 13] 11 [10 12] 15 [14 16] 16 [14 18]
2D 16 [15 17] 16 [15 17] 20 [18 22] 24 [22 26]
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and its variation MLA1-b, showed the lowest inter-session and
inter-examiner variability in both walking and running. MLA mea-
sures showed similar variability in walking and running. For each
MLA definition, the variability of the 3D angles was always smaller
than the corresponding 2D angles.

In walking, the inter-trial (n = 60) median range of motion
(ROM) ranged between 9 and 18 deg for subject 1 and 7–17 deg
for subject 2, across the MLA definitions (Table 2). In running,
ROM ranged between 15 and 22 deg for subject 1, and between
14 and 28 deg for subject 2. MLA1 showed the lowest ROM in both
walking and running. For each MLA definition, ROM of the 3D
angles in walking and running was lower than that for the corre-
sponding 2D angles.
4. Discussion

The main objective of this study was to establish a set of pos-
sible geometrical definitions of the MLA angle based on skin-
markers, and to assess their repeatability during common loco-
motor activities with respect to traditional definitions. In order
to be consistent with clinical/radiological measures, these were
calculated both as angles between 3-dimensional vectors and as
angles between the projected vectors on the sagittal plane of
the foot. For each MLA definition, variability and ROM in walking
and running of the 3D angles were always lower than the corre-
sponding 2D angles. This could be accounted for to the additional
error in the definition of the sagittal plane of the foot, on which
markers’ positions are projected. For the same reason, larger vari-
ability was also detected for MLA definitions based on larger
number of real and virtual markers, such as MLA3 and MLA4.
As expected, the inter-examiner variability was larger than the
inter-session and this was larger than the inter-trial across all
MLA measurements. Despite the larger accelerations the foot is
subjected to in running, no differences in variability were
detected with respect to the corresponding errors in walking.
While the present inter-trial and inter-session variability of
MLA measurements is rather consistent with those previously
reported, the average inter-examiner repeatability is slightly
lower than what calculated for other foot joints during walking
(range 2.7–11.5 deg, from Caravaggi et al. (2011)). This result is
remarkable considering the larger angles and overall motion mea-
sured with the present MLA definitions, and further stresses the
need for experienced operators in markers positioning as those
recruited in the present investigation.
This study allows quantifying the systematic errors in MLA
measurements that should be accounted for when assessing differ-
ences between groups involving more than one observer in the
data collection. The present results may help choosing the measure
with higher reliability which will give greater statistical power to
detect differences between groups, for a given sample size. While
knowledge of the inter-trial and inter-examiner reliability of MLA
measures based on skin-markers allows assessing the robustness
of the measurements, no information can be inferred on the accu-
racy of the real MLA posture and deformation in dynamic activities.
The rather small variability and range of motion detected for MLA1
does not necessarily imply that the model is well replicating the
mechanics of the medial arch. Therefore, while the present study
is indicating that MLA angle definitions based on minimal marker
sets should be pursued to improve reliability of measurements,
further analysis on the accuracy of current MLA definitions with
respect to standard imaging-based measures are necessary and
should be sought in future investigations.
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