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Abstract
Background  Hereditary motor and sensory neuropathies (HMSN), also known as Charcot-Marie-Tooth disease, 
are characterized by affected peripheral nerves. This often results in foot deformities that can be classified into 
four categories: (1) plantar flexed first metatarsal, neutral hindfoot, (2) plantar flexed first metatarsal, correctable 
hindfoot varus, (3) plantar flexed first metatarsal, uncorrectable hindfoot varus, and (4) hindfoot valgus. To improve 
management and for the evaluation of surgical interventions, a quantitative evaluation of foot function is required. 
The first aim of this study was to provide insight into plantar pressure of people with HMSN in relation to foot 
deformities. The second aim was to propose a quantitative outcome measure for the evaluation of surgical 
interventions based on plantar pressure.

Methods  In this historic cohort study, plantar pressure measurements of 52 people with HMSN and 586 healthy 
controls were evaluated. In addition to the evaluation of complete plantar pressure patterns, root mean square 
deviations (RMSD) of plantar pressure patterns from the mean plantar pressure pattern of healthy controls were 
calculated as a measure of abnormality. Furthermore, center of pressure trajectories were calculated to investigate 
temporal characteristics. Additionally, plantar pressure ratios of the lateral foot, toes, first metatarsal head, second/
third metatarsal heads, fifth metatarsal head, and midfoot were calculated to measure overloading of foot areas.

Results  Larger RMSD values were found for all foot deformity categories compared to healthy controls (p < 0.001). 
Evaluation of the complete plantar pressure patterns revealed differences in plantar pressure between people with 
HMSN and healthy controls underneath the rearfoot, lateral foot, and second/third metatarsal heads. Center of 
pressure trajectories differed between people with HMSN and healthy controls in the medio-lateral and anterior-
posterior direction. The plantar pressure ratios, and especially the fifth metatarsal head pressure ratio, differed 
between healthy controls and people with HMSN (p < 0.05) and between the four foot deformity categories (p < 0.05).
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Background
Hereditary motor and sensory neuropathies (HMSN), 
also known as Charcot-Marie-Tooth disease, is a group of 
progressive diseases affecting motor and sensory periph-
eral nerves [1]. All types of HMSN are characterized by 
distal muscle weakness and somatosensory impairments 
[2]. As a result of the distal muscle weakness, foot defor-
mities are common and develop over time. These foot 
deformities are heterogenous but can be classified into 
four categories. The first category comprises a passively 
correctable plantar flexed position of the first metatarsal 
(MT1), which is usually the first change in foot position 
in people with HMSN [3]. The plantar flexed position of 
MT1 may become more prominent and structural over 
time, forcing the hindfoot into a varus position during 
loading. In this second category, the hindfoot is still pas-
sively correctable to a neutral position [3]. In the third 
category, it has become impossible to passively cor-
rect the hindfoot to a neutral position, resulting in an 
uncorrectable varus deformity. The fourth category, pes 
planovalgus, is less common in people with HMSN and 
typically follows from a normal foot in cases of rapid pro-
gression of muscle weakness [3].

In most people, foot deformities result in gait and bal-
ance impairments and, especially in people with varus 
deformity of the hindfoot, pain and pressure sores [1]. 
Therefore, adequate management of foot impairments 
is crucial. Such management primarily includes conser-
vative treatment options (mainly orthopedic footwear), 
but, in the case of varus deformity of the hindfoot, sur-
gical treatment options can be considered as well [4]. 
To enable adequate treatment, foot impairments should 
be evaluated accurately and thoroughly, especially when 
different surgical treatment modalities are considered. 
Clinical assessment typically focuses on the examination 
of the foot position in loaded and unloaded conditions 
and assessment of passive range of motion (ROM) of the 
ankle-foot joints. However, this is mainly focused on the 
static foot position and passive functioning of the foot, 
whereas the functional manifestations of foot impair-
ments during gait are of great clinical interest. Therefore, 
to improve management, there is a need for quantitative 
evaluation of foot function in people with HMSN. More-
over, a quantitative assessment of foot function is crucial 
for the scientific evaluation of surgical interventions.

One way to evaluate foot function during walking is 
by measuring plantar pressure patterns. In people with 
HMSN, a decreased contact surface area and increased 

mean pressures, peak pressures, and pressure-time inte-
grals have been found [5–7]. However, previous research 
has been inconclusive regarding the foot regions under 
which the pressures and pressure-time integrals are 
increased. This might be due to the variation in foot 
deformities that were included in previous studies with-
out clearly distinguishing between them [5–7] since 
plantar pressure distributions are directly related to foot 
deformities [8]. For a better clinical and scientific evalu-
ation of foot function and for the evaluation of surgical 
interventions, plantar pressure patterns should, there-
fore, be investigated for all four foot deformity categories 
separately.

Previous research divided the foot into a fixed num-
ber of anatomical regions, often called “masks”, to study 
the plantar pressure of different foot regions. However, 
definitions of these foot regions were inconsistent among 
studies [5–7], which makes it difficult to compare their 
results. Furthermore, applying a masking method results 
in loss of information on the complete plantar pressure 
pattern, comprising the plantar pressure distributions 
within the masks. Moreover, no quantitative assessment 
has been done on the temporal aspect of plantar pres-
sure in people with HMSN in relation to foot deformi-
ties. Therefore, in addition to masking methods, there 
is a need for a more detailed investigation in a spatial 
and temporal way of plantar pressure in people with 
HMSN taking into account the different foot deformity 
categories.

The aims of this study were (1) to provide insight into 
plantar pressure patterns of people with HMSN in rela-
tion to the four foot deformity categories and (2) to pro-
pose a quantitative outcome measure based on plantar 
pressure patterns that could be used for the scientific 
evaluation of surgical interventions in people with foot 
deformities caused by HMSN. People with HMSN and 
the four foot deformity categories were included in this 
study. Regarding the first aim, complete plantar pressure 
patterns, root mean square deviations from the mean 
plantar pressure pattern of healthy controls, center of 
pressure trajectories, and plantar pressure ratios for dif-
ferent foot areas were calculated for the four foot defor-
mity categories. Based on these results and the capacity 
of the calculated outcome measures to discriminate 
between the four foot deformity categories, a quantitative 
outcome measure is proposed for the scientific evalu-
ation of surgical interventions. The proposed outcome 
measure should especially be focused on foot deformities 

Conclusions  Spatially and temporally distinct plantar pressure patterns were found for the four foot deformity 
categories in people with HMSN. We suggest to consider the RMSD in combination with the fifth metatarsal head 
pressure ratio as outcome measures for the evaluation of surgical interventions in people with HMSN.
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with a varus position of the hindfoot since surgical inter-
ventions are considered in that case [4]. We expected to 
find increased plantar pressure underneath the head of 
MT1 in the case of a plantar flexed position of the first 
ray. Additionally, increased plantar pressure underneath 
the lateral side of the foot was expected in individu-
als with a varus deformity of the hindfoot, most promi-
nently in the case of an uncorrectable varus deformity. 
Increased plantar pressure underneath the medial side of 
the foot was expected in individuals with a valgus defor-
mity of the hindfoot.

Methods
Participants and design
In this historic cohort study, people with HMSN were 
included who had visited the outpatient clinic of the gait 
expertise center at the Sint Maartenskliniek and who had 
undergone an instrumented gait analysis including plan-
tar pressure measurements between February 2018 and 
September 2021. Female individuals older than 11 years 
and male subjects older than 13 years were included to 
ensure sufficient skeletal maturity [9]. Plantar pressure 
patterns of both feet were measured. However, each 
foot was analyzed separately, because of differences in 
foot deformity between both feet. In total, 194 feet of 
97 people with HMSN were screened for inclusion. Out 
of the 194 feet, 110 feet were excluded because of pre-
vious ankle/foot surgery (n = 78), a lack of three success-
ful plantar pressure measurements (n = 13), incomplete 
footprints due to severe equinus deformity that made 
identification of foot regions impossible (n = 7), the age of 
the subject at the time of measurement (n = 4), a previ-
ous ankle/foot fracture (n = 3), other ankle/foot problems 
unrelated to HMSN (n = 2), the absence of foot defor-
mities as determined by clinical examination (n = 2), or 
a lack of good pictures that made clinical examination 
impossible (n = 1). This resulted in 84 feet of 52 people 
that were included in the analysis. Additionally, plan-
tar pressure patterns from a group of healthy controls, 
consisting of 586 people without disabilities that affect 
their walking pattern (including foot deformities), were 
available as a reference. This data set of healthy controls 
has previously been described [10] and was expanded 
by plantar pressure data of 174 people. Plantar pressure 

patterns of both feet of the healthy controls were used. 
Table 1 presents the subject characteristics. The type of 
HMSN was derived from the electronic patient record of 
the Sint Maartenskliniek.

Examinations
Clinical examination took place to assess foot posture and 
flexibility to identify the foot deformity category. During 
the outpatient clinic at the Sint Maartenskliniek, fron-
tal and sagittal plane pictures of both feet were taken in 
loaded and unloaded conditions from distances between 
approximately 30 centimeters and 1 meter. These pictures 
were independently assessed by two raters. First, the 
position of the first metatarsal bone relative to the other 
metatarsal bones was classified as either “plantar flexed” 
or “neutral”. This was done based on the sagittal plane 
pictures in unloaded condition, as this makes it possible 
to identify a plantar flexed position of the first metatarsal 
when this position is still passively correctable. Second, 
the hindfoot position in double leg stance was assessed 
based on the posterior frontal plane pictures and was 
classified as either “neutral”, “varus”, or “valgus”. When 
the raters differed in their judgement, they discussed the 
pictures together to reach consensus. The flexibility of 
the hindfoot was evaluated by two physiotherapists dur-
ing the outpatient clinic at the Sint Maartenskliniek. To 
assess the passive ROM of the calcaneus, people were 
lying in prone position with an extended position of the 
hip and a flexed position of the knee. The ROM of the cal-
caneus was assessed by placing the point of rotation of a 
goniometer posterior on the ankle in between the medial 
and lateral malleolus. The proximal part of the goniom-
eter was placed on the posterior midline of the lower leg 
and the distal part of the goniometer was placed on the 
posterior midline of the calcaneus [11]. If the calcaneus 
could reach an angle of zero degrees with respect to the 
lower leg, the flexibility of the hindfoot was classified as 
“correctable”. If not, the flexibility of the hindfoot was 
classified as “uncorrectable”. Thereafter, all feet were clas-
sified into one of the four HMSN subgroups: (1) plantar 
flexed first metatarsal with neutral position of the hind-
foot during loading (“neutral”), (2) plantar flexed first 
metatarsal with passively correctable hindfoot varus dur-
ing loading (“correctable varus”), (3) plantar flexed first 

Table 1  Subject characteristics
Group n

(people/feet)
Sex
(% women)

Age
(years, mean ± SD)

Type of HMSN
(type I/type II/unknown)

Healthy controls 586/1172 50.2 48.6 ± 13.4 -

Total HMSN group 52/84 40.4 42.7 ± 17.1 (41/9/2)

Plantar flexed first metatarsal with neutral hindfoot 19/24 42.1 41.2 ± 16.2 (14/4/1)

Plantar flexed first metatarsal with correctable hindfoot varus 29/39 37.9 40.0 ± 16.2 (24/4/1)

Plantar flexed first metatarsal with uncorrectable hindfoot varus 8/9 12.5 49.6 ± 11.2 (6/2/0)

Hindfoot valgus 10/12 60.0 41.1 ± 22.2 (8/1/1)
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metatarsal with passively uncorrectable hindfoot varus 
during loading (“uncorrectable varus”), and (4) hindfoot 
valgus position during loading (“valgus”).

A Footscan pressure plate (RSscan, Olen, Belgium) was 
used to record the plantar pressure data at 500 Hz. This 
0.5 m long pressure plate consisted of 4096 sensors with 
dimensions of 7.5 × 5 mm. The pressure plate was placed 
on top of a force plate (Kistler, Winterthur, Switzerland) 
and synchronized with this force plate using the RSscan 
3D-box. Data were collected during barefoot walking at 
a comfortable, self-selected walking speed. During each 
walking trial, subjects had to step on the pressure plate 
with one foot. Three to five successful walking trials were 
performed for both the left and the right foot.

Data analyses
All plantar pressure patterns were rescaled to a standard 
foot and corrected for foot progression angle according 
to a previously described method [12]. Foot length and 
width were obtained by calculating the distance between 
respectively the most posterior part of the heel and the 
forefoot line and between the most medial and most lat-
eral part of the forefoot. To obtain the foot progression 
angle, the mean angle of the tangent lines to the medial 
and lateral side of the foot was computed. To normalize 
the plantar pressure pattern, the size was rescaled based 
on the foot length and width. Furthermore, the plantar 
pressure pattern was rotated through the foot progres-
sion angle. As a result of this normalization, plantar pres-
sure patterns of different subjects could be compared, 
and the plantar pressures could be analyzed at pixel level. 
Plantar pressure patterns of each foot were averaged over 
the three to five performed walking trials. To reduce the 
influence of body weight and walking velocity, the indi-
vidual pixel pressures were normalized for total pressure 
by dividing the pressure of each pixel by the sum of the 
pressures of all pixels [10]. Subsequently, the individual 
pixel pressures were multiplied by the mean total pres-
sure of all subjects to make it easier to interpret the 
resulting pressure values as they represent typical pres-
sure values.

Root mean square deviations (RMSD) of the plantar 
pressure patterns from the mean plantar pressure pat-
tern of healthy controls were calculated as a measure of 
abnormality by evaluating the differences in plantar pres-
sure at pixel level. The upper left panel of Fig. 1 shows the 
mean plantar pressure pattern of healthy controls. The 
RMSD was also calculated for healthy controls to identify 
the variation within this reference group. Center of pres-
sure trajectories in the medio-lateral and anterior-poste-
rior directions were calculated and normalized to plantar 
pressure length and width to investigate the temporal 
aspect of plantar pressure. Furthermore, plantar pres-
sure ratios of the lateral foot, toes, first metatarsal head, 

second and third metatarsal heads, fifth metatarsal head, 
and midfoot relative to the whole foot were calculated 
to measure whether a certain foot area was overloaded. 
The foot areas were defined as percentages of normalized 
plantar pressure pattern width from medial to lateral and 
length from posterior to anterior: lateral foot (57–100% 
of width), toes (84–100% of length), first metatarsal 
head (61–80% of length and 7–33% of width), second/
third metatarsal heads (64–80% of length and 34–61% 
of width), fifth metatarsal head (61–77% of length and 
79–100% of width), and midfoot (38–57% of length and 
57–100% of width). In Fig. 2, the definitions of the foot 
areas are depicted. As an indication of walking velocity 
[13], center of pressure velocities in anterior-posterior 
direction were calculated from the plantar pressure data.

Statistical analyses
The RMSD values, plantar pressure ratios, and center 
of pressure velocities of all feet were compared between 
healthy controls and the HMSN subgroups by one-way 
analysis of variance (ANOVA) tests. Post hoc pairwise 
comparison Bonferroni tests were performed to identify 
significant differences between (sub)groups. Statistical 
significance was defined as p < 0.05.

To compare the individual plantar pressure patterns 
at pixel level between the HMSN subgroups and healthy 
controls, independent samples t-tests were performed. 
The p-values were corrected based on clustering of pix-
els with a similar deviation in plantar pressure from the 
healthy control values (i.e., increase or decrease). The 
number of clusters that were created in this way was used 
to correct the p-value for the number of comparisons. 
This method was derived from neuroscience [14] and 
previously used for the statistical evaluation of plantar 
pressure patterns [15]. As can be seen in the lower panels 
of Fig. 1, 5 clusters of pixels with a similar deviation from 
healthy controls can be identified (i.e. heel, midfoot/lat-
eral foot, second/third metatarsal heads, first metatar-
sal head, and toes), which means that a p-value < 0.01 
(0.05/number of clusters) was considered as statistically 
significant.

One-way ANOVA tests were performed to compare 
the center of pressure trajectories between (sub)groups 
by statistical parametric mapping [16]. Post hoc inde-
pendent samples t-tests with Bonferroni correction were 
performed to identify differences between (sub)groups. 
Statistical significance was defined as p < 0.05.

Results
Root mean square deviations
RMSD values were significantly different between (sub)
groups (F(4,1251) = 105.2, p < 0.001, Table  2). Post hoc 
tests revealed significant differences in RMSD values 
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between all (sub)groups, except between the neutral sub-
group and the valgus subgroup.

Plantar pressure patterns
Figure  1 shows the mean normalized plantar pressure 
patterns of the HMSN subgroups and healthy controls as 
well as the differences in mean normalized plantar pres-
sure patterns from healthy controls for each HMSN sub-
group. For all HMSN subgroups, there was a significant 
decrease in normalized plantar pressure underneath the 
distal part of the second/third metatarsals compared to 
healthy controls (p < 0.01). Underneath the fifth metatar-
sal head and midfoot, a significant increase in normalized 

plantar pressure was found for the correctable varus and 
uncorrectable varus subgroups compared to healthy con-
trols (p < 0.01). Furthermore, a significant decrease in 
normalized plantar pressure underneath the heel and hal-
lux was found for the neutral subgroup and the correct-
able varus and uncorrectable varus subgroups compared 
to healthy controls (p < 0.01). For the valgus subgroup, a 
significant increase in normalized plantar pressure was 
found underneath the toes compared to healthy controls 
(p < 0.01).

Plantar pressure ratios
Figure  2 shows the plantar pressure ratios. The mean 
lateral pressure ratio in healthy controls was 0.49 ± 0.06, 
and the mean pressure ratios of the toes, first metatarsal 
head, second and third metatarsal heads, fifth metatar-
sal head, and midfoot varied between 0.04 and 0.21. For 
all plantar pressure ratios, significant differences were 
found between (sub)groups (lateral: F(4,1251) = 90.8, 
p < 0.001, toes: F(4,1251) = 28.2, p < 0.001, first metatar-
sal: F(4,1251) = 6.9, p < 0.001, second and third metatarsal 
heads: F(4,1251) = 53.1, p < 0.001, fifth metatarsal head: 
F(4,1251) = 71.9, p < 0.001, midfoot: F(4,1251) = 57.9, 
p < 0.001). Post hoc tests showed increased lateral, fifth 
metatarsal head, and midfoot pressure ratios and a 
decreased toes pressure ratio for the correctable varus 
and uncorrectable varus subgroups compared to the 

Table 2  Root mean square deviations (RMSD)
Group Root mean 

square 
deviation
(mean ± SD)

Healthy controls 1.93 ± 0.54

HMSN subgroups

Plantar flexed first metatarsal with neutral 
hindfoot

2.68 ± 0.85

Plantar flexed first metatarsal with correct-
able hindfoot varus

3.44 ± 1.16

Plantar flexed first metatarsal with uncor-
rectable hindfoot varus

4.32 ± 2.20

Hindfoot valgus 2.80 ± 0.80

Fig. 1  Normalized plantar pressure patterns. The top panels show the mean normalized plantar pressure patterns of healthy controls and the four HMSN 
subgroups. The lower panels show the differences in normalized plantar pressure from healthy controls for each HMSN subgroup. Positive values (yellow/
red colors) indicate increased pressure, whereas negative values (blue colors) indicate decreased pressure compared to healthy controls. Pixels with a 
black border indicate a statistically significant difference (p < 0.01)
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other HMSN subgroups and healthy controls. The uncor-
rectable varus subgroup showed increased lateral and 
fifth metatarsal head pressure ratios and a decreased first 
metatarsal head pressure ratio compared to the correct-
able varus subgroup. First metatarsal head, second and 
third metatarsal heads, and fifth metatarsal head pressure 
ratios were significantly different between the neutral 
subgroup and healthy controls. For the valgus subgroup, 
the second and third metatarsal heads pressure ratio were 
significantly decreased compared to healthy controls.

Center of pressure trajectories
Figure 3 shows the center of pressure trajectories for the 
medio-lateral and anterior-posterior directions. In the 
medio-lateral direction, the center of pressure trajectory 
was significantly different between (sub)groups during 
the entire stance phase (F(4,1251) = 3.9, p < 0.001). Post 
hoc tests revealed a significantly more lateral center of 
pressure trajectory for the neutral, correctable varus, and 
uncorrectable varus subgroups compared to healthy con-
trols (neutral: between 1-9% and 68–84% of the stance 
phase, correctable varus: at 1% and between 3-100% 
of the stance phase, uncorrectable varus: between 
1-96% and 96–98% of the stance phase). For the valgus 

subgroup, the center of pressure trajectory was signifi-
cantly more medial compared to healthy controls (at 26% 
and between 32-45% of the stance phase). Furthermore, 
the center of pressure trajectory was significantly more 
lateral for the correctable varus subgroup compared to 
the neutral subgroup (between 10-47% and 84–90% of 
the stance phase), the uncorrectable varus subgroup 
compared to the neutral subgroup (between 7-90% of the 
stance phase), the correctable varus subgroup compared 
to the valgus subgroup (between 11- 23% and 30–92% of 
the stance phase), and the uncorrectable varus subgroup 
compared to the valgus subgroup (between 14-18% and 
22–88% of the stance phase).

In the anterior-posterior direction, the center of pres-
sure trajectory was significantly different between (sub)
groups between 1-38% and 48–95% of the stance phase 
(F(4,1251) = 4.0, p < 0.001). The center of pressure trajec-
tory was significantly more anterior for all HMSN sub-
groups compared to healthy controls during the first 
part of the stance phase (neutral: between 1-36% of the 
stance phase, correctable varus: between 1-35% of the 
stance phase, uncorrectable varus: between 1-33% of the 
stance phase, valgus: between 1-31% of the stance phase). 
The center of pressure trajectory was significantly more 

Fig. 2  Plantar pressure ratios. Average plantar pressure ratios and standard deviations are depicted in black. The individual data points and distributions 
are depicted in the colors corresponding to the (sub)groups. On the left side of each graph, the definition of the pressure region for which the pressure 
ratio was calculated is depicted. On the right side of each graph, the statistically significant differences between (sub)groups are depicted. A grey box 
indicates a significant difference and a white box indicates no significant difference between the two (sub)groups on the corresponding row and column 
of a box, indicated by the colors
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posterior for all HMSN subgroups compared to healthy 
controls during terminal stance (neutral: between 55- 
83% of the stance phase, correctable varus: between 
48-94% of the stance phase, uncorrectable varus: between 
55-89% of the stance phase, valgus: between 60-85% of 
the stance phase) Additionally, the anterior-posterior 
center of pressure trajectory was significantly more pos-
terior for the correctable varus subgroup compared to 
the neutral subgroup (between 84-87% of the stance 
phase) and for the correctable varus compared to the val-
gus subgroup (between 90-91% of the stance phase).

Mean center of pressure velocity values were signifi-
cantly different between (sub)groups (F(4,1251) = 157.9, 
p < 0.001; healthy controls: 0.34 ± 0.05  m/s; neutral: 
0.19 ± 0.10 m/s; correctable varus: 0.22 ± 0.09 m/s; uncor-
rectable varus: 0.18 ± 0.09  m/s; valgus: 0.19 ± 0.10  m/s). 
Post hoc tests revealed significant differences between 
healthy controls and all HMSN subgroups. No significant 
differences were found between the HMSN subgroups.

Discussion
Larger root mean square deviations were found for all 
four foot deformity categories compared to healthy con-
trols, indicating abnormalities in the plantar pressure 
patterns of people with HMSN. Detailed evaluation of the 

complete plantar pressure patterns revealed decreased 
plantar pressure underneath the rearfoot in the case of a 
plantar flexed position of the first metatarsal, increased 
plantar pressure underneath the lateral side of the foot in 
the case of a correctable or uncorrectable hindfoot varus, 
and decreased plantar pressure underneath the distal 
part of the second/third metatarsals in all foot deformity 
categories. The fifth metatarsal head pressure ratio was 
the best discriminant plantar pressure ratio to differen-
tiate between healthy controls and people with HMSN 
and between the four foot deformity categories. Center 
of pressure trajectories were more lateral throughout the 
stance phase in the case of a correctable or uncorrectable 
hindfoot varus compared to healthy controls. In the ante-
rior-posterior direction, the center of pressure trajectory 
was more anterior during loading response and mid-
stance and more posterior during terminal stance for all 
HMSN subgroups compared to healthy controls. Hence, 
this study revealed spatially and temporally distinct plan-
tar pressure patterns for each of the four foot deformity 
categories in people with HMSN.

The current study provided a deeper insight into 
the plantar pressure patterns of people with HMSN 
by evaluating plantar pressure patterns for each of the 
four foot deformity categories separately. Although 

Fig. 3  Center of pressure trajectories. In the upper panel, the mean center of pressure trajectory ± standard deviation in the medio-lateral direction over 
the stance phase is presented. The y-axis indicates the normalized distance from the midline of the foot, expressed as a percentage of foot width. In the 
lower panel, the mean center of pressure trajectory ± standard deviation in the anterior-posterior direction over the stance phase is presented. The y-axis 
indicates the normalized distance from the most posterior part of the heel, expressed as a percentage of foot length
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clear differences in plantar pressure pattern were seen 
between the HMSN subgroups, all subgroups showed an 
increased pressure underneath the midfoot, which is in 
line with previous findings [5–8]. Prior studies that eval-
uated pressure underneath the rearfoot showed incon-
sistent results [5–8], while our study revealed decreased 
pressure underneath the rearfoot in people with HMSN. 
This discrepancy could possibly be explained by differ-
ences in foot deformity since previous research did not 
clearly distinguish between different foot deformity cat-
egories in the analysis of the plantar pressure measure-
ments [5–7]. Furthermore, the pressures in the previous 
studies were not normalized for total pressure [5, 6, 8] 
and were, therefore, highly influenced by body weight.

As a general measure of abnormality, we introduced 
the RMSD of a plantar pressure pattern from the mean 
plantar pressure pattern of healthy controls. The RMSD 
increased with increased severity of foot deformity, i.e. 
the lowest RMSD was found for healthy controls, fol-
lowed by the neutral subgroup, the valgus subgroup, and 
the correctable varus subgroup, while the highest RMSD 
was found for the uncorrectable varus subgroup. There-
fore, the RMSD seems to be a powerful outcome measure 
to identify abnormalities in the plantar pressure pat-
terns of people with HMSN. While the RMSD provides 
an overall view of the severity of a foot deformity, the 
plantar pressure ratios provide insight into the location 
of the abnormalities. The fifth metatarsal head pressure 
ratio appeared to be a strong discriminant to differenti-
ate between healthy controls and people with HMSN and 
between the foot deformity categories. This ratio is espe-
cially capable of capturing pressure abnormalities of foot 
deformities with a varus position of the hindfoot since 
the fifth metatarsal head pressure ratio was significantly 
different between healthy controls, the neutral subgroup, 
the correctable varus subgroup, and the uncorrectable 
varus subgroup. Hence, we propose to use the RMSD, 
as a measure of overall abnormality of a plantar pressure 
pattern, in combination with the fifth metatarsal head 
pressure ratio, as a measure of varus deformity of the 
hindfoot, as outcome measures to evaluate foot impair-
ments in people with HMSN.

A varus deformity of the hindfoot caused a more lat-
eral center of pressure trajectory throughout the stance 
phase, which is in line with previous research [17]. Fur-
thermore, a more anterior foot landing and a reduction 
in the forward progression of the tibia resulted in differ-
ences in the anterior-posterior center of pressure trajec-
tory between healthy controls and all HMSN subgroups. 
However, only a few differences were found between the 
HMSN subgroups. Furthermore, in the anterior-poste-
rior direction, it is difficult to interpret the results since 
it is unknown whether the reduction in forward pro-
gression of the tibia is caused by foot deformities (pes 

equinus) or by a compensation strategy for calf muscle 
weakness. Moreover, in the medio-lateral direction, a 
shift in the center of pressure trajectory between (sub)
groups was found, but the course of the center of pres-
sure trajectory over the stance phase was similar for the 
(sub)groups, indicating that the temporal investigation of 
plantar pressure seem to be less crucial for the evaluation 
of foot deformities in this population. Hence, center of 
pressure trajectories seem to be a less valuable outcome 
measure for the evaluation of foot deformities in people 
with HMSN.

Future research to establish the responsiveness of the 
proposed outcome measures to surgical interventions 
is recommended. Plantar pressure measurements have 
been used before as outcome measures for surgical inter-
ventions in people with HMSN and foot deformities [7, 
17–19]. However, in most studies the number of foot 
areas that were studied was limited to five: the rearfoot, 
lateral and medial midfoot, and lateral and medial fore-
foot [7, 18, 19]. This makes it impossible to identify dif-
ferences in the plantar pressure distribution underneath 
the distal part of the metatarsals, whereas the current 
study highlights the importance of studying the plan-
tar pressure underneath the metatarsal heads separately 
for the evaluation of foot impairments in people with 
HMSN. Therefore, the proposed outcome measures 
could improve the evaluation of surgical interventions in 
people with HMSN.

Center of pressure velocity, which is an indicator of 
walking velocity [13], was significantly lower for the 
HMSN subgroups compared to healthy controls. Previ-
ous research found decreased plantar pressure under-
neath the heel and medial part of the forefoot and 
increased pressure underneath the midfoot and lateral 
part of the forefoot with decreasing walking velocity [20, 
21]. This suggests that the differences in plantar pressure 
distribution as found in the current study can partially 
be explained by differences in walking velocity between 
the (sub)groups. However, the studies described above 
investigated the effect of walking velocity on plantar 
pressure patterns within subjects, whereas the influence 
of walking velocity on plantar pressure patterns between 
subjects has shown to be limited [10]. Moreover, cen-
ter of pressure velocity was not significantly different 
between the HMSN subgroups, while clear differences in 
plantar pressure distribution were found between these 
subgroups.

A limitation of our analysis method is that it requires 
information on the complete foot shape to be able to nor-
malize the plantar pressure patterns and to define the foot 
areas. As a consequence, seven feet had to be excluded 
from analysis because of incomplete footprints due to 
severe equinus deformities. However, it is expected that 
without the exclusion of these severe foot deformities the 
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differences in plantar pressure patterns between (sub)
groups would have been even larger. Additionally, the 
number of subjects in the uncorrectable varus and val-
gus subgroups were limited because these foot deformi-
ties are less common in people with HMSN compared to 
the other foot deformity categories. Furthermore, each 
foot was analyzed separately in this study because of dif-
ferences in foot deformity between the feet of a person, 
which was the case in 14 people that were included. This 
is considered a limitation of this study since the plantar 
pressure pattern of one foot is influenced by the other 
foot. Another limitation of this study is the classification 
of the foot deformities based on clinical examination. 
This clinical classification does not allow the foot impair-
ments to be studied on a continuous scale, while the 
plantar pressure measurements do. Therefore, in future 
studies, it would be interesting to investigate whether 
plantar pressure ratios and RMSD values could be used 
as continuous variables to examine foot impairments.

Conclusions
People with HMSN have spatially and temporally distinct 
plantar pressure patterns compared to healthy controls. 
Furthermore, differences in plantar pressure pattern were 
found between four foot deformity categories in people 
with HMSN. Root mean square deviation and the fifth 
metatarsal head pressure ratio are proposed as measures 
for overall abnormality of a plantar pressure pattern and 
varus deformity of the hindfoot, respectively. Therefore, 
these measures could be considered in future research as 
outcome measures for the scientific evaluation of surgical 
interventions.
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