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Abstract

Charcot-Marie-Tooth (CMT) disease is a genetic, progressive peripheral nerve disease that commonly manifests in a cavovarus foot deformity.
Previously, this foot deformity has been believed to be an alignment change in the foot, but recent research has shown that there are bone
morphology differences in individuals with CMT. Differences in bone morphology have been identified in the calcaneus, talus, and medial
cuneiform, but have not been consistently analyzed throughout the foot or studied in relation to different genetic subtypes of CMT. This study is a
retrospective, cross-sectional analysis of bone morphology in CMT using weight-bearing computed tomography and statistical shape modeling.
This analysis identified bone morphology differences between CMT and control groups throughout the hindfoot, midfoot, and forefoot. Bone
morphology differences were also present between the 2 primary disease subtypes throughout the foot. Key morphologic findings include
the altered shape of the subtalar articular surfaces on the talus, bending of the metatarsals, variation in navicular process morphology, and
differences between subtypes in the talus, medial cuneiform, and medial metatarsals. There are several possible theoretical mechanisms for
this osseous deformation, including bone remodeling in response to altered loading from alignment change or from decreased musculotendinous
forces, but the patterns of morphological variation seen in these data cannot be fully explained by these mechanisms, suggesting that there
may be an interaction between the neuronal disease and bone remodeling. Future work is necessary to characterize the progression of bony
deformity throughout development and to correlate bone shape with function, gait, muscle morphology and strength to elucidate the mechanism
of osseous morphology change in varying subtypes of CMT.
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Lay Summary

Charcot-Marie-Tooth (CMT) disease is a neurologic disease that is associated with a characteristic foot deformity. Current understanding of
CMT suggests that this deformity is caused by malalignment in the foot, but recent research has identified shape changes in individual bones
in people with this disease. This study used computational modeling from medical images to analyze bone shape between individuals with 2
primary subtypes of CMT and a control group. The bone shape differences identified throughout the foot support multiple potential theories of
bone shape change and are relevant in understanding the foot complications and progression of this disease.
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Principal Component Analysis was used to identify subtle differences in morphology between CMT and control
groups and between CMT types 1 and 2 in 14 bones throughout the hindfoot, midfoot, and forefoot
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Introduction

Charcot-Marie-Tooth (CMT) disease is a rare progressive
disease of peripheral nerves that most commonly presents
with deformity and pain in the feet.!”* While there are a
variety of foot complications associated with CMT, the most
common is a cavovarus deformity, consisting of a high arch
and varus hindfoot alignment.!~3 The classical theory of
deformity in CMT hypothesizes that alterations in foot shape
are a result of alignment change due to altered muscle acti-
vation. However, recent work suggests that changes in bony
morphology may also contribute to this deformity.’~” Both
the mechanism of this osseous deformity and the variability
in alignment and morphologic deformity between subtypes
of CMT are poorly understood.>*='! Broadly, individuals
with CMT show a greater occurrence of osteoporosis as well
as deterioration in tibia microstructure versus age-matched
controls, suggesting an interaction between this disease and
overall bone health.® Specific differences in hindfoot bone
shape have also been identified in CMT. Differences in calca-
neus morphology consisting of a decreased calcaneal radius of
curvature and decreased posterior tuberosity-posterior facet
angle in the sagittal plane have been identified in CMT.
In the medial cuneiform, the bone shape differs such that
the first tarsometatarsal joint is more plantarflexed relative
to the anatomic axis of the bone in the CMT population
than in controls.!?> Talus morphology is also substantially
altered in CMT to have a flatter shape to the bone and a
decrease in talar neck declination as compared to controls.>>’
Between subtypes of CMT, a greater alteration of talar neck
morphology was seen in CMT1 than CMT2.” Minimal work
beyond this study has been done to characterize differences
between subtypes of CMT, although CMT1 is believed to have
a more severe deformity than CMT2 and higher occurrence of
cavovarus foot deformity is seen in individuals with CMT1A.2

Statistical shape modeling (SSM) is a tool that is used to
analyze morphologic and alignment variability throughout a
population and is frequently used to describe variations in
bony anatomy.'3~18 SSM from WBCT has been utilized in sev-
eral foot and ankle structures, such as the talocrural, tibiofibu-
lar, subtalar, talonavicular, and calcaneocuboid joints, and
in pathologies, such as osteoarthritis and flatfoot.!4-16,19-24

SSM has been used to study the talus in individuals with CMT,
but has not yet been used to simultaneously model hindfoort,
midfoot, and forefoot bones to examine the contribution of
alignment and bony morphology to this deformity through-
out the foot.” Identifying the locations of bony morphology
change relative to tendinous and ligamentous attachments,
articular surfaces, and patterns of load distribution across
the foot provides valuable insight to develop a theory for the
interaction between known neurologic pathophysiology and
alterations in bone structure. The complicated interactions
between muscle innervation loss, alterations in loading and
in musculotendinous forces acting on bone, and the neuro-
logic factors that impact bone metabolism are poorly under-
stood.>3=28 While CMT1 is typically characterized as a more
severe deformity, the talar morphology differences identified
between subtypes suggest that there may be different patterns
of bone morphology adaptation in specific subtypes of CMT.
Additionally, a difference in severity or deformity pattern
between types may obscure bony differences between either
type or controls due to the heterogeneity in a combined CMT
population. This study aims to use SSM to analyze differences
in individual bone morphology in the hindfoot, midfoot,
and forefoot in individuals with CMT and to conduct an
exploratory analysis of bone morphology differences between
CMT types 1 and 2. This improved understanding of foot
bone structure will aid in understanding the pathophysiology
of the disease and developing improved treatment algorithms.

Materials and methods

Twenty-nine WBCT scans from 19 individuals with CMT
and a cavovarus foot type seen at either the University of
Utah or the University of Iowa were retrospectively identi-
fied, representing both unilateral and bilateral WBCT scans
(Table 1). Individuals with a prior surgical history on the
included limb were excluded in order to better study the
natural history of the disease. Additionally, individuals with
comorbid Charcot arthropathy were excluded. Fifteen control
WBCT scans were identified as contralateral limbs from indi-
viduals who received bilateral WBCT for an acute unilateral
Lisfranc injury with the same exclusion criteria as the CMT
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Table 1. Demographics and genetic subtype for WBCT scans of individuals with CMT and controls.

Individuals Limbs Sex Age (range) BMI (range)
CMT 19 29 12E17M 44.4 (13-75) 31.2 (18.0-46.7)
CMT1 7 10 4F6M 40.9 (18-71) 26.4 (23.1-26.5)
CMT2 7 10 SESM 41.6 (14-70) 36.3 (29.0-46.7)
Control 15 15 6F9M 39.7 (17-69) 26.7 (20.8-39.2)

group. Individuals with CMT were separated by subtype
diagnosis into a group of CMT type 1 (CMT1) and CMT
type 2 (CMT2) by genetic or electromyography diagnosis.
Individuals with other subtypes, including CMTX and CMT4,
were not included in subtype analysis. This categorization
yielded 10 CMT1 and 10 CMT2 limbs (Table 1).

WBCT scans were collected using a pedCAT (CurveBeam
LLC, 0.37mm?> voxel size, kVp 120, mAs 22-62). Following
an established protocol, the tibia through metatarsal were
segmented from WBCT images semi-automatically (Bonel-
ogic, DISIOR, Paragon 28) with manual verification (Mim-
ics, Materialise). The 3D bone structures generated by each
segmentation were consistently smoothed and decimated (3-
Matic, Materialise) then aligned using an iterative closest
point alignment algorithm. In this alignment, all left-sided
images were mirrored across the sagittal plane to appear
as right feet for the analysis. Additionally, the tibia and
fibula were consistently cropped 65 mm proximal to the
tibiotalar articular surface for consistency in modeling. Sta-
tistical shape models were generated for each of the 14-
bones (Shapeworks, Scientific Computing and Imaging Insti-
tute). A generalized Procrustes analysis was used during SSM
generation to remove the effect of size variation from the
results.>?>30

Statistical analysis

Differences in age, BMI, and Procrustes scale factor between
CMT and control groups were tested with Student’s #-tests
with significance level a =.05. Differences in age, BMI, and
Procrustes scale factor between CMT1, CMT2, and control
groups were tested with a single factor ANOVA. Differences
in sex distribution between CMT and control groups and
between CMT1, CMT?2, and control groups were tested with
a chi squared test. Following methodology previously pub-
lished for bony morphology analysis in other foot and ankle
pathologies, principal component analysis (PCA) was used
to identify specific modes of variation in each bone that
represent a portion of the shape variance in the popula-
tion.1413:17,21,31=33 paralle]l analysis, which compares the
proportion of variance represented by a PCA mode to the
proportion represented by the equivalent mode in simulated
random data, was used to determine modes that represented a
more than random portion of variance, which are referred to
as significant modes in the remainder of this analysis.'?»3* To
compare PCA component scores between groups along each
mode, non-parametric tests were used due to the combination
of bilateral and unilateral data. These tests were a Wilcoxon
rank sum test with Holm-Sidak correction for differences
between CMT and control groups and a Kruskal-Wallace test
with Dunn-Sidak post-hoc analysis for differences between
CMT1, CMT2, and control groups.2> All statistical tests used
a significance value of o =.05. Hedge’s g effect size was

calculated for comparisons between CMT and control groups
along each significant mode of variation.

Results

There was no significant difference (p =.52) in age at scan or
in BMI between the CMT and control groups or between
the CMT1, CMT2, and control groups (p=.968). There
was no difference in age at diagnosis between the CMT1
and CMT?2 groups (p =.4). However, there were differences
in BMI between groups (p <.001), with the CMT2 group
having a higher BMI than the CMT1 or control groups.
There was no difference in sex distribution between CMT
and control groups (p=.93) or between CMT1, CMT2, or
control groups (p = .864). Differences between sexes were not
analyzed because, when split by sex, the male CMT group
had a significantly higher age than the female CMT group
(p <.001), so a larger, more diverse dataset is necessary to
study the impact of sex without this confounding factor.
The average Procrustes scale factor did not differ between
CMT and control groups (p=.238) or between CMT1,
CMT2, and control groups (p =.614). Procrustes scale factors
ranged from 0.887 to 1.145. Hedges’ g effect size was
calculated for differences between CMT and control groups
along each significant mode of variation for all 14 bones and
corrected for the small sample size (Table SA-4).3%:3¢ This
yielded a large average effect size for the comparisons that
showed a significant difference between modes (g=1.096)
and a small average effect size when looking at all modes
regardless of difference between CMT and control groups
(g=0.410).

Significant differences between CMT and control groups
were identified along at least one PCA mode in the full foot
and in 11 out of the 14 single bones. Significant differences
between CMT1, CMT?2, and control groups were identified
along at least one PCA mode in all 14 bones, with differences
between CMT1 and control in 13 bones, CMT2 and control
in 8 bones, and differences between CMT1 and CMT 2 in 9
bones. An overview of these results is given in Table 2.

In the ankle and hindfoot, differences between CMT and
control groups were identified in the tibia and talus (Figure 1).
p-values for all PCA component score tests in this region are
given in Table SA-1. The third mode of variation in the tibia
(Figure 1A) represented a difference in the length of the medial
malleolus and depth of the fibular notch, with the control dis-
tribution toward the negative direction, indicative of a shorter
medial malleolus and shallower fibular notch, and the CMT
distribution toward the positive direction, indicative of a
longer medial malleolus and deeper fibular notch.?” There was
a significant difference along this mode in the tibia between
CMT and control groups (p =.009). This same difference was
identified between the CMT2 and control groups (p=.018),
but not between CMT1 and control groups. The eighth mode
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Table 2. Summary of PCA results identifying group comparisons with a significant difference in at least one mode of variation for comparisons between

CMT and control groups and between CMT1, CMT2, and control groups.

Model CMT vs Control CMT1 vs Control CMT2 vs Control CMT1 vs CMT2
Tibia X X

Fibula X X
Talus X X X X
Calcaneus X

Navicular X X X
Cuboid X X X

Medial cuneiform X X X X
Intermediate cuneiform X X X
Lateral cuneiform X X X
Metatarsal 1 X X X
Metatarsal 2 X X X
Metatarsal 3 X X X X
Metatarsal 4 X X X

Metatarsal 5 X X X

of variation of the talus (Figure 1F) represented a flatter and
wider posterior articular facet in the CMT group compared
to controls (p =.003). This same talar morphology difference
was seen between the CMT1 and control groups (p=.012).
The ninth mode of variation in the talus (Figure 1G) demon-
strated a medial shift of the talar neck relative to the talar body
in CMT as compared to control (p =.013). Differences along
this mode were also present between the CMT1 and control
groups and CMT2 and control groups (p=.024, p=.010),
where both subtypes showed the same medial shift of the talar
neck as the overall CMT group, but the CMT2 group had a
much wider distribution of shape scores.

Additional differences in this region of the foot were identi-
fied between CMT1, CMT2, and control groups in the fibula,
calcaneus, and talus (Figure 1). p-values for all post-hoc PCA
component score tests in the ankle and hindfoot are given
in Table SB-1. In the fibula, the second mode of variation
(Figure 1B) showed a significant difference between CMT1
and control groups (p <.001). This mode is representative
of a decreased prominence of the posterior-medial ridge that
serves as the attachment site for the deep transverse fascia of
the leg in the CMT1 group as compared to both control and
CMT?2 groups. The third mode of variation in the calcaneus
(Figure 1C) illustrates a reduced lateral prominence of the
posterior facet and a thickening of the sustentaculum tali in
the CMT1 group compared to controls (p =.049). The first
mode of variation in the talus (Figure 1D) demonstrated a
marked flattening of the medial and lateral borders of the
trochlear surface accompanied by convexity of the superior-
medial talar neck in the CMT1 group compared to taller
trochlear surface borders and a mildly concave superior-
medial talar neck in the controls (p =.043). The sixth mode of
variation in the talus (Figure 1E) identified a medial promi-
nence in the superior talar neck with associated concavity
of the superior-lateral talar neck in the CMT2 group as
compared to a more neutral medial neck and convex mid to
lateral superior talar neck in the CMT1 group (p =.005) with
the control group distributed central to the two subtypes.

In the midfoot, differences between CMT and control
groups were identified in the navicular, cuboid, medial
cuneiform, and intermediate cuneiform (Figures 2 and 3).
p-values for all PCA component score tests in the midfoot
are given in Table SA-2. The third mode of variation in the

navicular (Figure 2A) demonstrated variability on the length
of the navicular tuberosity, convexity or concavity of the
inferior-medial region inferior to the navicular tuberosity, and
height and distal projection of the naviculocuneiform articular
surface. The +2 SD shape had a longer navicular tuberosity,
concave inferior-medial surface, taller distal surface, and
decreased distal projection of the articular surface. Contrarily,
the —2 SD shape had a shorter navicular tuberosity, convex
inferior-medial surface, and a shorter distal surface with
increased distal projection of the naviculocuneiform articular
surface. The control group distribution averages a positive
value and ranges from just below the mean shape to just below
+2 SDs, while the CMT group had a significantly different
distribution that ranges from +2 to —2 SDs (p=.015).
Differences along this mode in the same directions was also
seen between the CMT1 and control groups and CMT1 and
CMT2 groups (p=.001, p=.030) where the CMT1 group
had a shorter tuberosity and more convex inferior-medial
surface than either the control or CMT2 groups. In the
cuboid, there is a significant difference between CMT and
control groups in the seventh mode of variation (p=.044)
(Figure 2D). This same difference was identified between the
CMT2 and control groups (p=.014). This mode primarily
demonstrated variability in the medial-lateral width of the
distal articular surface, with the control distribution closer
to the narrower articular surface and the CMT group and
CMT2 group distributions closer to the wider articular
surface. The first mode of variation in the medial cuneiform
(Figure 3A) describes variation in the medial-lateral width
of the plantar half of the bone along with an altered shape
of the superior crest and shows a significant difference
between CMT and control groups and between CMT1
and control groups (p=.015, p=.001). The CMT group
and CMT1 group demonstrate a narrower medial-lateral
width of the plantar cuneiform and increased height of the
proximal side of the superior crest than seen in the control
group. The intermediate cuneiform showed a difference
between CMT and control groups, CMT1 and control groups,
and CMT1 and CMT2 groups along the third mode of
variation (Figure 3C) (p=.030,p =.012, p =.001). This mode
of variation describes a medial-lateral shift of the dorsal
surface of the bone relative to the center of the proximal and
distal articular surfaces with a more lateral position of the
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Figure 1. PCA modes in the ankle and hindfoot had a significant difference between CMT and control groups and/or between CMT1, CMT2, and control
groups. These consist of (A) the third mode of variation in the tibia, (B) the second mode of variation in the fibula, (C) the third mode of variation in the
calcaneus, (D) the first mode of variation in the talus, (E) the sixth mode of variation in the talus, (F) the eighth mode of variation in the talus, and (G) the
ninth mode of variation in the talus. Red indicates a positive distance from the mean shape and blue indicates a negative distance from the mean shape.
Distributions of the CMT and control groups and each of the subtype and control groups are shown underneath the images of the mean, positive 2 SD,
and negative 2 SD shapes. Distributions not shown did not have any significant differences between their respective groups.

dorsal surface in the CMT1 group than the control or CMT?2
groups.

Additional differences in the midfoot between the CMT1,
CMT2, and control groups that were not seen between the
CMT and control groups were identified in all bones of the
midfoot (Figures 2 and 3). p-values for all post-hoc PCA com-
ponent score tests in the midfoot are given in Table SB-2. In the
navicular, the fourth mode of variation (Figure 2B) showed
a significant difference between CMT1 and control groups
(p=.007). This mode illustrated a decrease in the depth of
the proximal side of the navicular tuberosity and an increased
prominence on the inferior-medial navicular at the attachment
site of the tibialis posterior tendon in the CMT1 group.
The second mode of variation in the cuboid (Figure 2C)
identified a shortening in the proximal-distal direction and
increased superior-inferior height in CMT1 compared to the
control group (p=.012). The third mode of variation in the
medial cuneiform (Figure 3B) showed a difference between
CMT1 and CMT2 subtypes, and between CMT1 and control
groups (p =.001,p=.012). This mode represented a decreased
plantar-proximal prominence in the CMT1 group versus
and increased plantar-proximal prominence in the CMT2
group as well as an increased proximal-distal length in the
CMT1 group as compared to the CMT?2 and control groups.
The fourth mode of variation in the intermediate cuneiform
(Figure 3D) demonstrated a difference between the CMT2

and control groups (p =.007), where the CMT2 group had
an increased superior-inferior height and decreased medial-
lateral and proximal-distal thickness than the control group.
The fifth mode of variation in the intermediate cuneiform
(Figure 3E) identified a difference between CMT1 and CMT2
(p =.038), where the CMT1 group showed a proximal-lateral
twist of the lateral articular surface compared to the CMT2
group. The third mode of variation in the lateral cuneiform
(Figure 3F) demonstrated an increased plantar prominence
and narrowing along the distal-proximal direction in the
CMT?2 group compared to controls (p =.049), with the CMT1
group trending in the same direction. The eighth mode of
variation in the lateral cuneiform (Figure 3G) similarly depicts
an in the distal-proximal direction with a slight decrease in
plantar prominence in the CMT1 group as compared to the
control and CMT?2 groups (p =.042, p =.001).

Significant differences between CMT and control groups
were seen along at least one PCA mode in all 5§ metatarsals
(Figures 4 and 5). p-values for all PCA component score tests
in the forefoot are given in Table SA-3. In the first metatarsal,
there was a significant difference between groups along the
second mode of variation (Figure 4B) (p =.002). The CMT
group demonstrated decreased plantar protrusion of the bone
at the plantar-lateral metatarsal head, which is the attachment
site for the peroneus longus tendon, as well as at the planar
aspect of the metatarsal base on the tarsometatarsal articular
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Figure 2. PCA modes in the proximal midfoot had a significant difference between CMT and control groups and/or between CMT1, CMT2, and control
groups. These consist of (A) the third mode of variation in the navicular, (B) the fourth mode of variation in the navicular, (C) the second mode of variation
in the cuboid, and (D) the seventh mode of variation in the cuboid. Red indicates a positive distance from the mean shape and blue indicates a negative
distance from the mean shape. Distributions of the CMT and control groups and each of the subtype and control groups are shown underneath the images
of the mean, positive 2 SD, and negative 2 SD shapes. Distributions not shown did not have any significant differences between their respective groups.
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Figure 3. PCA modes in the distal midfoot had a significant difference between CMT and control groups and/or between CMT1, CMTZ2, and control
groups. These consist of (A) the first mode of variation in the medial cuneiform, (B) the third mode of variation in the medial cuneiform, (C) the third mode
of variation in the intermediate cuneiform, (D) the fourth mode of variation in the intermediate cuneiform, (E) the fifth mode of variation in the intermediate
cuneiform, (F) the third mode of variation in the lateral cuneiform, and (G) the eighth mode of variation in the lateral cuneiform. Red indicates a positive
distance from the mean shape and blue indicates a negative distance from the mean shape. Distributions of the CMT and control groups and each of the
subtype and control groups are shown underneath the images of the mean, positive 2 SD, and negative 2 SD shapes. Distributions not shown did not

have any significant differences between their respective groups.

surface. Concomitant morphologic variation at the proximal
shaft of the metatarsal indicates a mild bending of the first
metatarsal in the sagittal plane that is more aligned with
the control group, with less bending in the CMT group.
A significant difference along this mode was also identified
between the CMT1 group and both the control and CMT2
groups (p <.001, p=.040). The CMT1 group demonstrated
increased curvature with decreased proximal plantar protru-
sion than either the control or CMT2 groups. In the second
metatarsal, the fourth modes of variation (Figure 4E) showed
a significant difference between CMT and control groups
(p=.033) with the CMT group demonstrating metatarsal
bending in the axial plane with decreased lateral prominences
of the metatarsal head and base and increased lateral arching
of the shaft. This same difference was identified between the
CMT1 and control groups (p =.027). The third mode of varia-
tion in the third metatarsal (Figure 5B) demonstrated sagittal
plane bending of the metatarsal shaft, with a more plantar
shaft position in the CMT group, as well as decreased medial
extension of the distal articular surface at the metatarsal head
and increased plantar prominence of the proximal articu-
lar surface at the metatarsal base in the CMT group com-
pared to controls (p < .001). In the subtype analysis, both the
CMT1 and CMT2 groups demonstrated this same morpho-
logic difference from controls (p =.001, p =.009). The fourth
metatarsal showed a difference between CMT and control
groups along the fifth mode of variation (Figure SE), which
demonstrated decreased plantar prominence of the metatarsal
head and increased plantar prominence of the metatarsal
base in the CMT group (p=.001). Similar variation along

this mode was also seen between the CMT2 and control
groups (p=.013). The fourth mode of variation in the fifth
metatarsal (Figure 5G) illustrated bowing of the metatarsal in
the sagittal plane where there is bending of the shaft in the
superior direction in the CMT group compared to a more
neutral shaft orientation in the control group (p =.003). Both
the CMT1 and CMT?2 groups had this increased bowing of
the fifth metatarsal compared to the control group (p =.010,
p=.001).

Additional differences in the metatarsals between the
CMT1, CMT2, and control groups that were not evident
between CMT and control groups were seen in all 5
metatarsals (Figures 4 and 5). p-values for all post-hoc
PCA component score tests in the forefoot are given in
Table SB-3. The first mode of variation in the first metatarsal
(Figure 4A) illustrated a shorter and thicker first metatarsal
in CMT1 as compared to both CMT2 and control groups
(p=.036, p=.043). The first mode of variation in the second
metatarsal (Figure 4C) illustrated additional bending of the
second metatarsal in an oblique plantar-medial to dorsal-
lateral plane with a simultaneous difference in metatarsal
head size. This mode demonstrated a difference between
the CMT1 group and both the CMT2 and control groups
(p=.021,p=.001). The CMT2 group demonstrated decreased
bending and a smaller metatarsal head, while the CMT1 group
had a larger head relative to shaft diameter and increased
bending. The third mode of variation in the second metatarsal
(Figure 4D) illustrated bending in the sagittal plane, with a
more dorsal position of the metatarsal head and base and
plantar position of the shaft in the CMT1 group compared to
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Figure 4. PCA modes in the medial forefoot had a significant difference between CMT and control groups and/or between CMT1, CMT2, and control
groups. These consist of (A) the first mode of variation in the first metatarsal, (B) the second mode of variation in the first metatarsal, (C) the first mode of
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Figure 5. PCA modes in the medial forefoot that had a significant difference between CMT and control groups and/or between CMT1, CMT2, and control
groups. These consist of (A) the second mode of variation in the third metatarsal, (B) the third mode of variation in the third metatarsal, (C) the second
mode of variation in the fourth metatarsal, (D) the third mode of variation in the fourth metatarsal, (E) the fifth mode of variation in the fourth metatarsal,
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mean shape and blue indicates a negative distance from the mean shape. Distributions of the CMT and control groups and each of the subtype and control
groups are shown underneath the images of the mean, positive 2 SD, and negative 2 SD shapes. Distributions not shown did not have any significant

differences between their respective groups.

controls (p =.027). The second mode of variation in the third
metatarsal (Figure SA) demonstrated significant differences
between the CMT1 group and both the control and CMT2
groups (p=.003, p=.006). Along this mode, the CMT1
group had increased bending in the axial plane with the
metatarsal shaft located more laterally and the head located
more medially than in either other group. The third mode of
variation in the fourth metatarsal (Figure 5D) demonstrated
sagittal plane bending that differed between the CMT1 and
control groups (p =.006), where the CMT1 group had a more
plantar position of the metatarsal shaft as well as a decrease
in lateral prominence just distal to the proximal articular
surface. Similarly to the first metatarsal, the first mode of
variation in the fifth metatarsal (Figure 5F) showed a shorter
and thicker fifth metatarsal in the CMT1 group than in either
the control or CMT2 groups (p =.010, p=.001).

Discussion

These data demonstrate bony morphology differences in indi-
viduals with CMT throughout the hindfoot, midfoot, and
forefoot. Many of the differences seen between CMT1 and
CMT?2 are attributable to disease severity, where the CMT1
group showed differences to the control and CMT2 groups,
which were not significantly different from each other. How-
ever, there were several instances where bony morphology
differences were present only in CMT2 and minimal cases
of differing patterns of morphology variance between sub-
types. Unlike previous studies, this analysis did not identify

significant morphologic differences between CMT and con-
trol groups in the calcaneus.” However, a flatter posterior
facet and thicker sustentaculum tali were identified in the
CMT1 group. The identified flattening of the talus with rota-
tion and thickening of the talar neck, which was more promi-
nent in CMT1 than CMT?2, aligns with previous findings of
talar morphology differences between CMT1 and CMT2.”
The decreased bony prominence on the deep transverse fascia
insertion of the fibula in CMT1 may be related to altered
force along the fascia and interosseous ligaments based on the
degree of varus rotation in the hindfoot.

The shorter and narrower navicular tuberosity that was
seen in the CMT and CMT1 groups likely corresponds with
the more lateral position of the talar head in a cavovarus
foot.38 Increased bone deposition in the inferior medial bor-
der of the navicular in CMT1 aligns with the attachment
site of the tibialis posterior. The shortening of the cuboid
in CMT1 and increased medial-lateral width of the distal
articular surface in CMT and CMT2 can be explained by
the increased lateral weight-bearing in a cavovarus foot. Mor-
phologic changes in the metatarsals were most evident on
the plantar aspects, with decreased bone deposition in the
plantar-proximal medial cuneiform and planar intermediate
cuneiform and increased bone deposition on the plantar-distal
lateral cuneiform. These align with the attachment sites of
the plantar Lisfranc ligament and plantar intercuneiform liga-
ment. Proximal-lateral rotation of the intercuneiform articular
surfaces of the intermediate cuneiform in CMT2 compared
to a medial-distal rotation in CMT1 show a different pattern
of morphology variation between subtypes. Taken together,
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this variation in the morphology of intercuneiform articu-
lations and ligamentous attachments suggests a difference
in the pattern of load distribution through the transverse
arch in CMT as compared to controls and between dis-
ease subtypes. While some of this variation in shape may
be directly related to the severity of cavovarus deformity,
the differing patterns of variation may be related to the
impact of different disease subtypes on musculotendinous
units that insert on the midfoot, different adaptations in gait
based on disease subtype, or variation in the bone remodeling
response.

In the lateral mid and forefoot, differences were seen in
the cuboid and fifth metatarsal between CMT and control
groups and between at least 1 CMT subtype and the control
group. The primary difference at the fifth tarsometatarsal joint
is an increased plantar prominence of the fifth metatarsal
and increase in the medial-lateral width of the distal articular
surface of the cuboid. However, the interpretation of these
results in the context of the whole foot coordinate system
is limited because of the extensive varus rotation seen in
CMT. Incorporating the impact of this rotation at the whole
foot level, the increase in medial-lateral width and superior-
lateral protrusion of the articulating surfaces of the 2 bones
more accurately represent an increased width along a plantar-
lateral to superior-medial direction in the cuboid and an
increased plantar-lateral protrusion of the fifth metatarsal
base. Similarly, the bending seen in the fifth metatarsal in the
superior direction is more accurately a bend in the lateral
direction accounting for the varus rotation in CMT. In the
other metatarsals, the decrease in sagittal plane bending is
surprising, in that a higher arch would seem to necessitate
increased sagittal plane bending in order for the metatarsal
heads to contact the ground. However, these results indi-
cate a decrease in sagittal bend, suggesting that the forefoot
response to the high arch in CMT may be more caused by
a change in the alignment at the tarsometatarsal joints or
by the observed morphologic differences in the cuneiforms.
Additionally, many of the metatarsal heads showed decreased
plantar bony prominence in the CMT or CMT subtype groups
compared to controls. Since this model normalizes for size
variation, this likely does not represent a global decrease in
bone mass due to decreased ambulation but may suggest
that gait patterns in CMT send less load through the plantar
aspects of the metatarsal-phalangeal joints. This reduction in
size of the metatarsal head relative to the metatarsal body may
also be observed due to the co-occurrence of hammertoes with
CMT-related cavovarus deformity, which alters the range-of-
motion and loading of the metatarsal-phalangeal joints. Dif-
ferences between subtypes in the metatarsals predominantly
corresponded with differences between the CMT1 and control
groups in a similar direction, suggesting that these may align
with an overall increased severity in CMT1.

The osseous morphology differences identified in this study
are limited by the sample size and wide age distribution.
Unfortunately, the rarity of CMT and frequency of surgical
intervention prior to presentation to an academic center limit
sample sizes for natural history analysis. This study used
data from multiple institutions to establish a sample size
comparable to previous studies on CMT bony anatomy, which
range between 16 and 30 individuals with CMT.3»3:12,38-42
However, since CMT is a rare disease, large multi-site studies
are necessary to generate substantial sample sizes, especially
within a more limited age range. Additionally, this study was
unable to analyze potential sex-based differences because the
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available data had significant differences in age and in genetic
subtype between sexes that would confound the results and
the difference in BMI between groups may also confound
these results due to differences in bone loading. This study
could only do a small analysis of CMT types 1 and 2 and no
analysis of rarer disease subtypes. Because this retrospective
data consisted of individuals who had seen foot and ankle
surgeons, it is possible that these represent more severe foot
manifestations of CMT than the overall population with the
disease. However, the pre-operative inclusion criteria may
exclude some of the most severe cases, who may have received
surgery at other centers prior to presenting to either of the hos-
pitals included in this study. Better characterization of specific
disease subtypes and the full spectrum of CMT-related foot
deformity requires large, multi-site studies that can generate
sufficient data about this rare disease.

The observation of structural differences of bone in CMT
challenges the concept of the CMT-related cavovarus defor-
mity as a malignment of the foot and raises an obvious ques-
tion about the mechanism of osseous morphology change.
Bone remodeling is highly responsive to alterations in mechan-
ical stress.?’>*3* Thus, building from the view of CMT-
related foot deformity being an alignment change, one poten-
tial mechanism of bony deformation is bone remodeling in
response altered alignment causing changes in loading forces
on the foot. Some of the bony morphology differences iden-
tified in this paper supports this mechanism, including the
bending of the fifth metatarsal, which may be due to increased
loading on the lateral foot due to varus rotation. Additionally,
the morphologic changes identified in the tibia and fibula can
be explained as a response to alignment change because the
cavovarus position puts greater loading through the medial
tibia, leading to increased bone deposition in the medial malle-
olus and variation in the forces in the interosseous ligaments
connecting the tibia and fibula, leading to the morphologic
variation seen on the opposing surfaces of those bones. Simi-
larly, the alteration in bending of the metatarsal diaphyses may
also be related to loading of the midfoot and forefoot during
gait.

Another possible mechanism for bone morphology varia-
tion in CMT is bone remodeling in response to alterations in
the force on bone from musculotendinous units. For example,
the inferior-distal aspect of the medial surface of the medial
cuneiform, at the insertion of the tibialis anterior, shows
decreased prominence in the CMT and CMT1 groups, which
aligns with tibialis anterior weakness that is known to occur in
CMT.® Similarly, the attachment site of the tibialis posterior,
which has increased strength relative to the tibialis anterior
in CMT, on the inferior-medial aspect of the navicular shows
increased prominence in the CMT and CMT1 groups.!:#:47
However, the peroneus longus, which is paradoxically spared
in CMT, demonstrates the opposite.! The attachment site
of the peroneus longus on the plantar aspect of the first
metatarsal base shows decreased, not increased, prominence
in the CMT, CMT1, and CMT2 groups as compared to
controls.

The instances of bone remodeling that directly oppose the
expected change based on typical muscle function suggest
that there are additional mechanisms of bone remodeling that
overpower the impact of musculotendinous forces in CMT.
There is an established relationship between neuromuscular
diseases, including CMT, and decreased BMD, as well as an
increased risk of non-osteoporotic fracture in individuals with
CMT.>**8 Further, some gene mutations associated with CMT
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have been shown to impact cellular differentiation during
osteogenesis, suggesting that this relationship may be further
complicated during development.**=3* Our shape modeling
results show morphologic variation in the diaphyses of the
tibia and metatarsals, but this analysis cannot isolate potential
differences in bone size or density because the shape model
was normalized for size using a Procrustes algorithm and
the imaging did not include calibration phantoms for BMD
analysis. The previously observed decrease in BMD in
neuromuscular disease may be related to a decreased BDM
and/or cortical thickness in individuals with CMT. This
effect may be due to decreased ambulation, but that may
not be a large enough effect to account for all the observed
differences in osseous morphology. Impact of innervation on
skeletal remodeling may play a role in these bony morphology
differences. Both sensory nerves and sympathetic nerves
have been shown to impact osteoclast numbers, osteoblast
activity, stem cell differentiation, and angiogenesis during
bone remodeling.>®-%5-°¢ Additional research is needed to
describe the influence of impaired innervation secondary
to CMT on bone remodeling and on development of the
cavovarus foot deformity. Understanding this connection
may provide valuable insight into the mechanism of CMT-
related foot deformity and may be applicable more broadly
to understanding neuro-skeletal interactions in a variety of
neurologic and musculoskeletal diseases.””
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