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Abstract: The forefoot plays an important role in providing body support and propulsion during
walking. We investigated the effect of forefoot dysfunction on the gait pattern of a young adult
with partial bilateral amputation of the toes. We measured our participant’s gait kinematics during
barefoot and shod overground walking and analysed time-distance and joint range of motion (RoM)
parameters against a group of healthy adults. Forefoot dysfunction gait is improved by footwear and
walking experience; however, this improvement was still remarkably different (exceeded 95% CI)
when compared to healthy gait at matching walking speed. Compared to healthy gait, walking bare-
foot had a slower speed and a 30% reduction in ankle and knee joint RoM, but a larger hip RoM. Shod
gait resulted in a remarkable increase in ankle RoM and walking speed compared to barefoot gait.
These results are consistent with the important role of the forefoot (tarsals and metatarsophalangeal
joints) and suggest that footwear can facilitate gait function following toe amputation.

Keywords: locomotion; forefoot function; toe amputation; humans

1. Introduction

The human foot is formed from numerous bones and ligaments, supports body
weight and also serves as a lever to propel the body forward [1]. Two of the three major
segments of the foot, the midfoot (arch structure) and forefoot (toes), have been identified
as critical in gait because of the large range of motion displayed in the ankle and proximal
interphalangeal joint. There are additional sources of deformation, such as the soft tissue on
the plantar surface, as well as the longitudinal and transverse arches formed by numerous
bones and ligaments [1,2]. Sensory information from numerous receptors in the foot is
used to control movement and posture [2–4]. Furthermore, there is a specific timing of
activation of intrinsic foot muscles during walking, different from that of extrinsic foot
muscles [5]. Accordingly, changes in the foot’s structure may significantly impair its
function during locomotion.

Previous studies examining forefoot dysfunction gait have focused on the assessment
and treatment of conditions, such as hallus valgus [6,7], rheumatoid arthritis [8], claw
toe [9], and diabetic neuropathy [10]. These studies show that patients with forefoot
dysfunction tend to walk slower, with reduced step length, increased double-stance period,
decreased ankle push-off power, and increased gait instability, when compared to healthy
gait. Thus, deformity, pain and stiffness of the forefoot may cause significant disturbances
of gait. An interesting case of forefoot dysfunction is amputation of the toes, which provides
one way to further our understanding of the functional role of the toes during locomotion.
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Frostbite of the extremities is a common injury among alpinists participating in high altitude
expeditions, particularly during inclement weather conditions. Frostbite is the most serious
peripheral injury and can be classified as superficial or deep. In superficial frostbite, the
skin loses sensibility and becomes white, and blister formation may follow. Deep frostbite
involves necrosis of muscle and bone, in addition to the skin and subcutaneous tissue [11].
It mostly results in some form of amputation. The risk of frostbite is mostly related to the
most peripheral parts of the body, especially toes and fingers. To our knowledge, there
are no studies that have investigated the effect of frostbite leading to toe amputation on
gait performance. Such investigations may contribute to our understanding of both the
function of the forefoot [1,12] and inherent relationships between gait parameters and limb
segment proportions [13].

Recent research has demonstrated that wearing athletic footwear (designed to increase
sole thickness, providing cushioning against impacts) interferes with the functional ability
of the human foot during walking. Walking barefoot compared to shod results in a reduced
step and/or stride length [14–18], increased cadency [14,16,17], decreased double support
time [14], decreased stance time [14,16,19], increased swing time [16], and decreased stride
time [14,17]. Gait velocity differences between barefoot and footwear conditions revealed a
decrease in velocity when barefoot [14,16]. Walking barefoot also led to a change in the
ankle angle at initial contact, with a significant increase in plantarflexion corresponding
to a flatter foot placement compared to athletic shoes, sandals, and flip-flops [15,19,20].
Footwear also appears to alter knee kinematics. An increase in knee flexion is observed at
contact when walking barefoot [15,19], but a greater knee and ankle RoM exists throughout
stance when wearing footwear [19]. Comparing the impact of shod versus barefoot walking
after toe amputations may also provide important information for the development of
prosthetic feet to facilitate locomotor functions.

We aimed to contribute to the understanding of the function of the human foot with a
case report on gait performance in a young adult male with partial bilateral amputation of
the toes following severe foot injury caused by frostbite. Our first goal was to investigate
the gait kinematics, particularly flexion and extension range of motion (RoM)at the ankle,
knee and hip. Since the use of footwear might affect gait characteristics [21], our second
goal was to compare barefoot walking and walking in athletic shoes that partially restored
normal proportions/integrity of the distal part of the foot and its elasticity.

2. Materials and Methods
2.1. Participant

The participant was a Caucasian 30-year-old male (height: 1.86 m; mass: ~82 kg). In
November 2010, the participant’s right and left toes were amputated after severe frostbite.
Data collection occurred 15 months (session 1), 6 years (session 2) and 8 years (session 3)
after surgery. With respect to the right foot, surgery removed half of distal phalanx of great
toe and half of the distal phalanx of 2nd and 3rd toes. With respect to the left foot, surgery
removed the distal phalanx and 1/3 proximal phalanx of the great toe; distal and medial
phalanx of the 2nd, 3rd, and 4th toes; and distal phalanx of the fifth toe (Figure 1). The
subject reported a preference to wear shoes, even at home, since it is subjectively more
stable and comfortable for him to walk in shoes rather than barefoot. The subject gave
written informed consent. The study was conducted in accordance with the Declaration of
Helsinki, and the protocol was approved bythe Regional Bioethics Committee (registration
no. 139/KBL/OIL/2011).
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Figure 1. Marker set for gait recordings (A) and left and right foot after amputation of the toes (B).
Written informed consent was obtained from the individual for the publication of this image.

2.2. Data Recording and Analysis

The gait test involved over-ground walking along a 12-m walkway at a natural (self-
selected) speed. The subject started walking 1.5 m before entering the motion capture
volume in order to eliminate the initial steps. In session 1, walking trials were separated
by footwear condition: barefoot and shod (participant’s athletic shoes). Eight trials were
recorded in each footwear condition, where between two and four strides were obtained for
each trial. In sessions 2 and 3, the experiment was conducted barefoot. The gait analysis was
performed using a 5-camera video-based (120 Hz sampling rate) motion analysis system
(Vicon 250; Oxford Metrics Ltd.; Oxford, UK). Thirty-five infrared reflective markers were
attached to the body of the subject according to the Golem set-up: 4 were placed on the
head, 4 on the trunk, 3 on the pelvis, 7 on each of the upper, and 5 on each of the lower
limbs (Figure 1A). In the shod condition, 4 markers were placed on the shoe surface as close
as possible to the original (barefoot) position. Since amputation of the toes was somewhat
asymmetrical (the left foot was more severely affected, Figure 1), we recorded and analysed
the kinematics of both the right and left legs.

The following parameters were calculated for each stride: walking speed, cadence,
stride length and sagittal plane range of angular motion (RoM) at the ankle, knee and hip
joints. The RoM was determined by the difference between the maximum and minimum
joint angles that occurred during a full gait cycle. Due to asymmetrical amputation of the
toes (Figure 1B), one could expect asymmetrical adjustments in the RoM across different
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joints of both legs. A simple measure for asymmetry index (ASI) [22] was used to assess
the RoM differences between the left (L) and right (R) limbs:

ASI =
L − R

0.5 × (L + R)
× 100 (1)

An ASI = 0 represents perfect symmetry, while values greater than 10% have clinical
relevance [23].

The data from the literature served as the patient’s control to illustrate differences in
gait kinematics between our participant and a group of healthy young adults. During shod
walking at a natural speed, our subject was compared to the data published by Perry [24].
During barefoot walking, we used the previous recordings of gait kinematics in a sample
of healthy adults (n = 20) walking barefoot at different speeds [25,26] and chose only those
strides that corresponded to the range of speeds 1 to 1.4 m/s for the comparison with the
patient’s data. Note that the height and mass of our subject falls within the 95% confidence
interval of those in the control group.

2.3. Statistical Analysis

Descriptive statistics included means ± SD. Student’s t-tests were used to show how
footwear condition affects kinematics and to compare the RoM between the right and left
leg joints. Significance was set at p < 0.05. To assess how the kinematics deviate from
normal population, a one-tailed t-test was used to evaluate whether the mean joint RoM at
the ankle, knee and hip exceeds the 95% confidence interval of a speed-matched sample
(n = 20) of healthy (barefoot)gait.

3. Results

General gait parameters (session 1) are illustrated in Figure 2A and Table 1. The
walking speed and stride length (session 1) were significantly smaller during barefoot
versus shod walking (p < 0.001 for both parameters, Student’s t-test). Overall, the patient’s
self-selected speed tended to be slower in both footwear conditions with respect to that of
normal population (Figure 2A).
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Figure 2. Gait parameters at a natural speed in two footwear conditions: barefoot and shod (session 1). (A)—walking
speed, cadence and stride length (mean + SD). (B)—ensemble-averaged angular waveforms of the ankle, knee, and hip joint
oscillations of the right leg. The data are plotted versus the normalised gait cycle. (C)—range of motion (RoM) in the ankle,
knee and hip joints. For comparison in panel (A) and (C), we plotted the published data of Perry (1992, [24]), who described
healthy population during shod walkingat natural speed (grey bars).
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The patient showed significantly smaller amplitudes of motion in all lower limb joints
during walking barefoot in comparison with shod walking (all p < 0.001, Figure 2C). In
particular, barefoot walking was associated with reduced plantarflexion in the ankle joint
during push-off and reduced flexion in the knee and hip joints during swing (Figure 2B).
Thus, wearing shoes resulted in faster self-selected walking speeds and larger amplitudes
of angular motion.

The RoM in both footwear conditions was smaller compared to healthy gait (Figure 2A).
However, since the kinematic parameters can be compromised by the effect of walking
speed [27], we performed comparisons at matching speeds. Figure 3A illustrates the RoM
of all strides analysed in the patient (n = 54 strides) and healthy subjects (n = 167 strides) as
a function of walking speed.

There were some asymmetries in gait kinematics (e.g., in the knee RoM, Figure 3B,C),
likely as a result of asymmetrical amputation of the toes (Figure 1B). The ASI values
are indicated in Table 2. Interestingly, a more severe toe amputation in the left foot was
accompanied by a significant reduction in the knee RoM of the contralateral (right) leg
(p < 0.001, Figure 3B). The hip RoM ASI was below 5%, and therefore considered as
‘not clinically relevant’. Nevertheless, despite some asymmetries, the patient showed
significantly smaller oscillations of the ankle and knee joints of both legs than healthy
subjects walking barefoot at matching speeds (p < 0.05 for both angles, one-tailed t-test),
while the amplitude of the hip joint angle slightly increased (Figure 3B). Walking in shoes
increased the ankle RoM, while it reduced RoM and asymmetry at the knee (Figure 3C,
Table 2).
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Figure 3. Range of motion in the ankle, knee and hip joints in the patient (session 1) and in healthy subjects. For comparison,
we also plotted the data for healthy subjects walking barefoot previously published in [25,26]. (A)—RoM as a function of
walking speed. Each point represents the value for the individual stride. The data for the left and right leg in the patient
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In sessions 2 and 3, the participant showed an improved gait (Tables 1 and 2). For
instance, the self-selected walking speed, cadence, and stride length during barefoot
walking were similar to those of the normal population [24], and the ASI values decreased
significantly with respect to those in the first session (Table 2).

Table 1. Natural barefoot walking speed, cadence and stride length (mean ± SD) in sessions 1, 2, and
3 and the corresponding normative values of Perry [24].

Session 1 Session 2 Session 3 Normative Values (Perry 1992)

Velocity [m/s] 1.12 ± 0.03 1.44 ± 0.09 1.56 ± 0.03 1.51
Cadence

[steps/min] 107.0 ± 2.1 117.7 ± 3.0 122.0 ± 3.0 119

Stride length [m] 1.12 ± 0.03 1.46 ± 0.06 1.56 ± 0.03 1.62

The range of motion in the knee joint (58.7◦ ± 2.1◦) during the second session came
to be similar, while the RoM in the hip (47.4◦ ± 3.3◦) and ankle (25.3◦ ± 1.9◦) joints
remained increased and reduced, respectively, with respect to those of normal population
(Figure 3A,B) when comparing at matched speeds. In the third session, gait parameters
and ASI values were similar to those in session 2 (Tables 1 and 2).

Table 2. Asymmetry indices (ASI) in the ankle, knee, and hip joints (mean ± SD).

ASI [%]

Session 1 Session 2 Session 3

Barefoot Shod Barefoot Barefoot

Ankle 7.9 ± 13.2 11.0 ± 26.4 −0.4 ± 5.8 0.2 ± 2.1
Knee 44.1 ± 5.9 24.1 ± 10.5 4.5 ± 4.6 6.5 ± 5.1
Hip −4.4 ± 2.8 −0.3 ± 5.2 −2.7 ± 2.7 2.3 ± 7.9

4. Discussion

The results of this study show that partial amputation of the toes contributes to the
deviation from a healthy kinematic gait pattern. The role of the foot–ankle complex can
be described during three sub-phases of stance: the weight acceptance (heel rocker), the
upright posture support (ankle rocker), and the forward progression (forefoot rocker).
Our participant’s condition mainly affects the second and third sub-phases, because the
forward progression of foot pressure is restricted to the length of the foot. As a result, ankle
joint torque and forward propulsion are compromised. To overcome these biomechanical
restrictions, the locomotor control system may undertake compensation behaviour. This
study reveals compensations for lower-limb joint range of motion in a forefoot partial
amputation.

One limitation of our study is the small number of recruited patients. Nevertheless,
such rare cases may provide interesting information about locomotor body scheme and
inherent relationships between gait parameters and limb segment proportions [13]. This
case study was also chosen because we were interested in the long-term process of gait
performance adaptation following amputation of the toes (performing the follow up study
6–8 years after surgery). To our knowledge, there are no empirical data available for such
a case.

The function of the forefoot in humans is specifically adopted for bipedal walking.
Human bipedality was made possible by the redesign of an ancestral foot, with five long
toes for the limbs of trees [28]. Their main role is to enlarge the weightbearing area so that,
when the heel is raised, full body weight is not taken on the metatarsal heads alone [12].
The great toe is the final element (except for the Morton form of the foot, i.e., when the
1st metatarsal is shorter than the 2nd metatarsal [1]) in a chain of events to transfer body
weight and provide propulsion during gait. By differential contraction of the flexors of
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the toes, it is possible to adjust the distribution of pressure between parts of the foot and
any deformities and forefoot disfunction leading to the reduction in the function of the
toes. Nevertheless, the link between ankle joint RoM and the function of the midfoot and
forefoot is not obvious.

Forefoot dysfunction caused by partial amputation of the tarsals resulted in significant
reduction in walking speed, stride length and ankle joint RoM (Figures 2 and 3). The results
are in accordance with previous studies [7] showing that forefoot dysfunction induces
changes to the proximal joints. In particular, reduction in the ankle RoM was accompanied
by a decrease in knee RoM and greater hip RoM when compared to healthy gait at matched
walking speeds (Figure 3). Asymmetrical toe amputation also resulted in clinically relevant
ASI values for knee joint RoM (Table 2). Finally, walking experience and training may
account for a partial gait adaptation in the follow-up study. Our subject, a member of a
mountain rescue team, came back to regular training (running, climbing, skiing) 2 years
following amputation, which represented a great treatment for improving his locomotion
capacities. For instance, the index of asymmetry has been considerably diminished during
the second session (Table 2) even though the RoM of the ankle joint remained smaller than
that of healthy subjects during walking barefoot.

As angular movements are not independent of each other, the observed locomotor
adjustments and compensation (Figures 2 and 3) can be related to dynamic coupling
between limb segments [29] and inherent relationships between gait parameters and limb
segment proportions [13]. The perception and control of movement may also rely on a priori
knowledge about intrinsic dynamics of limb segment motion and inherent relationships
between gait parameters and limb segment proportions [13]. For instance, a relative
increment in the shank segment length with respect to the foot segment (due to surgery or
using stilts [30,31]) produces similar locomotor adjustments in the relative amplitude of
limb joint angles, namely: decrements in the ankle and knee RoM and increments in the
hip RoM. Minimum and safe foot clearance during swing represents a precise endpoint
control task for the minimisation of trip-related falls [27,32,33] and also relies on a priori
knowledge about inherent limb segment proportions. Thus, even small changes in the
relative length of limb segments might affect the endpoint (foot) trajectory control.

Since the toes are responsible for enlarging the weightbearing area during walking, it
can be assumed that the differences noted between walking after amputation and healthy
gait may also be associated with a greater risk of losing stability. A more precautious gait
is manifested by slower speed, shorter steps, and reduction in the ankle joint amplitude.
Finally, the results show the rationale for the use of footwear to provide more comfortable
gait [22]. Walking in shoes resulted in faster speeds and increased RoM (Figures 2 and 3).
Recent research has demonstrated that walking in footwear is associated with an increase
in stride length [14], and greater dorsiflexion at foot-ground contact [15,20].

Overall, the development of assistive technologies, such as prosthetic feet, may benefit
from a better understanding of the role of the toes for both stability and reduction in
fatigue-related challenges experienced by amputees [34].
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