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Abstract Charcot -Marie-Tooth disease is the most  frequent  inherited neuropathy with a 
prevalence ratio in Spain of 28.2 cases / 100,000 inhabitants. It is a sensory-motor 
polyneuropathic syndrome, either demyelinat ing or axonal, which might  be t ransmit ted 
with autosomal dominant, autosomal recessive or X-linked pattern. Despite presenting 
with a stereotyped semiology, this a genetically complex syndrome comprising 36 
localized loci with 30 cloned mutated genes. Here we briely review the pathogenic 
mechanisms of these gene mutations. We address the pathophysiology of pes cavus, 
which is a cardinal manifestation of the disease. In the early clinical stages, forefoot pes 
cavus is most  probably due to select ive denervat ion of foot  musculature, and part icularly 
of the lumbricals, which causes an imbalance between int rinsic and ext rinsic foot  muscles 
leading to toe clawing, ret ract ion of plantar fascia, approximat ion of the pillars of the 
longitudinal arch, and shortening of the Achilles tendon. We review the disease diagnosis 
and t reatment .
© 2010 SECOT. Published by Elsevier España, S.L. All rights reserved.
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Enfermedad de Charcot-Marie-Tooth: revisión con énfasis en la isiopatología del pie 
cavo

Resumen La enfermedad de Charcot -Marie-Tooth es la neuropat ía hereditaria más fre-
cuente con una prevalencia en España de 28,2 casos/ 100.000 habitantes. Se t rata de un 
síndrome polineuropát ico sensit ivo-motor, desmielinizante o axonal, que puede t ransmi-
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Introduction: brief historical note

Charcot-Marie-Tooth (CMT) is the most common hereditary 
neuropathy with a prevalence in Spain of 28.2 cases per 
100,000 populat ion.1 In 1886, the disease was independently 
described by Charcot and Marie France2 and by Tooth in 
England.3 A few years later, Dejerine and Sottas4 reported a 
more severe and premature variant  of the disease. These 
descript ions are original masterpieces of clinical semiology, 
which is why we summarise them below. 

Tooth described the case of 5 pat ients with CMT whose 
ages ranged between 7 and 49 years, with a symptom onset 
between 6 and 35 years.3 Three pat ients were sporadic, one 
pat ient  had a brother who was affected by it  and the 
remaining pat ient ’s mother was affected. The basic 
semiology was muscular at rophy that  began in the leg 
muscles, often in the peroneal muscles, but  also affected 
the anterior tibial muscles, long inger extensors or calves; 
such topographic dist ribut ion of amyot rophy led the author 
to propose that  the disease be designated as the peroneal 
type of progressive muscular at rophy. The leg amyot rophy 
was asymmetric in 2 patients (ig. 1A), a inding that occurs 
in about  20% of CMT cases.6 Hand atrophy and quadriceps 
arelexia were indicated in 2 other cases. One patient had 
pes cavus. Sensit ivity was preserved.

The Charcot  and Marie series consisted of 5 pat ients aged 
between 7 and 25 years with symptom onset at 3-15 years. 
Three of them were sporadic and the remaining were 2 
brothers (Cases 2 and 3).2 The authors il lust rated the art icle 
with 6 excellent photographs. Although the clinical picture 
was similar to that  reported by Tooth, photographs of Case 
2, taken at  age 11, il lust rate a marked at rophy of hands and 
knees with valgus deformity of the left  foot  and varus 
deformity of the right foot. Unlike the Tooth series, arelexia 
of the lower ext remit ies was detected in all cases, although 
there was hypoesthesia in only one of them.

Dejerine and Sottas4 reported the case of a brother and 
sister with severe semiology of sensory-motor polyneuropathy 
that started during their childhood (ig. 1B and C), palpable 
thickening of the nerves of the limbs, kyphoscoliosis and 
Argyll Robertson pupil.  Their parents were not  affected, 
suggesting an autosomal recessive (AR) transmission. The 
macroscopic examinat ion of both pat ients showed 
hypert rophic neuropathy.4,7

In short, these original descriptions summarise many of 
the characteristics of CMT, namely: 1) It can be sporadic or 
familial, 2) in familial cases, there is autosomal dominant 
(AD) or AR transmission and 3) semiology varies from one 
pat ient  to another, although generally with a predominance 
of motor over sensory.

In the following decades, clinical and neurophysiological 
studies helped to determine that  CMT can be t ransmit ted 
through AD, AR or X chromosome-linked inheritance, and 
that there are demyelinating nerve (median motor nerve 
conduction velocity [NCV] <38 m/s), axonal (median NCV 
>38 m/s) and intermediate (median NCV 30-40 m/s) forms 
depending on the range of nerve conduct ion.8,10 In good 
correlat ion with neuropsychological descript ions, 
histological studies of the peripheral nervous system (PNS) 
showed a dual pattern, as demyelinating or axonal (ig. 2). 
In the decade of the 1970s, Dyck13 proposed a simple, 
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t irse con herencia autosómica dominante, autosómica recesiva, o ligada al cromosoma X. 
Pese a su semiología estereot ipada, es un síndrome genét icamente complej o, dado que 
se han localizado 36 loci con una treintena de genes mutantes clonados. Analizamos los 
mecanismos patogénicos de estas mutaciones génicas. Abordamos la isiopatología del 
pie cavo, que es manifestación cardinal de la enfermedad. En estadios clínicos iniciales, 
el pie cavo probablemente sea desencadenado por una desnervación select iva de la mus-
culatura int rínseca del pie, que causa un desequilibrio ent re sus músculos int rínsecos y 
ext rínsecos con dedos en garra, ret racción de la fascia plantar, elevación del arco plan-
tar, y acortamiento del tendón de Aquiles. Revisamos el diagnóst ico y t ratamiento de la 
enfermedad.
© 2010 SECOT. Publicado por Elsevier España, S.L. Todos los derechos reservados.

Figure 1 (A) Pencil copy of igure 3 by Tooth,3 demonst rat ing 

asymmetric peroneal muscular at rophy, which the author 

describes as follows: Right  leg. Peronei, t ibialis ant icus and 

extensor longus digitorum are very labby, but no so far gone as 
calf muscles. (B, C) Copy of igures 2 and 3 by Dejerine and 
Sot tas4 corresponding to the Hug (Fanny) case. (B) Note the 
massive at rophy of the muscles of both legs, and the marked 

deformity of both feet in cavus-varus with clawed toes. (C) 
Atrophy of the hand muscles, described by the authors as Mains 

simiennes.  At rophie des t hénars et  des int erosseux sans grif fe 

cubit ale. Note also the lattening of the muscles of the forearm. 
Taken from Berciano et al5 with permission.
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universally accepted classiication, which includes the 
following types: 1) type I (CMT1, hypertrophic or 
demyelinating) with AD or AR inheritance, 2) type II (CMT2, 
neuronal or axonal) with AD or AR inheritance, 3) type III 
(usually with AR inheritance), reserved for the Dejerine-
Sot tas disease or pat ients with severe forms of 
hypomyelinating CMT , 4) X chromosome-linked forms, and 
5) complex forms (e.g., optic atrophy, deafness or 
pigmentary degeneration of the retina). Although the 
disease has also been designated as hereditary motor-
sensory neuropathy (HMSN) in medical literature, the 
acronym CMT is currently preferred. It is worth pointing out 
that  the only clinical sign dif ference between CMT1 and 
CMT2 is the presence of thickening, visible or palpable 
nerve trunks in CMT1 (see below).

CMT in the molecular age

Before beginning this paragraph, it should be noted that 
CMT has a very close relat ionship with another two 
nosological ent it ies of hereditary neuropathy: distal 
hereditary motor neuronopathy (dHMN is the Anglo-Saxon 
acronym used here because it is used in the OMIM and 
PubMed) and hereditary sensory and autonomic neuropathy 
(HSAN). There is not only phenotypic overlap among these 
three syndromes, but  there is the phenomenon of allelic 
heterogeneity (identical phenotype caused by different 
mutations in the gene and chromosomal locus) and locus 
heterogeneity (mutations in genes that are produced at 
different chromosomal loci resulting in the same phenotype). 
For the sake of brevity, we will deal with CMT with only 
timely reference to HSAN and dHMN wherever appropriate.

With the advent of molecular genetics two decades ago, 
CMT nosology has been in constant  change. Using genet ic 
linkage analysis, 36 loci with 30 cloned genes (for recent 
reviews, see the references9,10,14-16) have been found. Twelve 
additional loci with 9 cloned genes have been described in 
HMN/HSAN. It is estimated that, generally, the molecular 
basis of one third of CMT cases has yet  to be discovered, 
which is a challenge that  may be easier with new techniques 
of whole-genome sequencing. 17,18 These genes and their 
proteins form a microarray of molecules that  are necessary 
for normal SNP functioning. It is ironic that CMT, despite the 
apparent  simplicity of the semiot ic repertoire, has emerged 

as one of the more genet ically complex neurological clinical 
cases.

Adapted from references 10, 14 and 16, Table 1 shows an 
updated clinical-genetic classiication of CMT, which is 
provisional as there is no unanimous view on the use of it s 
types and subtypes. There is universal agreement  to accept  
CMT1 as the header for demyelinating phenotypes with AD 
inheritance. Some authors include axonal forms with AD or 
AR inheritance under CMT2, while others include only the 
AD forms, creating the acronym AR-CMT2 for axonal forms 
with AR t ransmission; we have followed this approach. The 
acronym CMT3 in the classiication of Dyck,13 applied to 
syndromes similar to those described by Dejerine and 
Sot tas,4 disappears; it  is replaced by CMT4, which 
encompasses all demyelinat ing syndromes with AR 
inheritance. The DI-CMT acronym is introduced for the 
intermediate forms with AD transmission.

Figure 3 illustrates the location of the mutated proteins, 
which was predictable for the known SNP components, such 
as PMP22 and P0 proteins of compact myelin. However, in 
other situat ions, the discovery of the pathogenic mutant  
protein proved to be unexpected, such as il lust rated by the 
case of GDAP1 in the SNP whose function was unknown until 
the identiication of CMT4A.

From an educational point of view, the speciic 
mechanisms of the mutated proteins are summarised as 
follows14: 1) by altering myelin development and 
maintenance, 2) by altering protein biosynthesis and 
degradation, 3) through alternating endocytosis and 
membrane dynamics including those of the mitochondria, 
4) by altering the axonal cytoskeleton, 5) seipinopathy and 
6) channelopathy through TRPV4 mutation. We shall briely 
review these six sect ions.

In CMT1/CMT4 forms by mutation of certain components 
of myelin, it  is assumed that  the defect  in Schwann cells 
causes demyelinat ion with secondary axonal axonopathy, 
which is ult imately responsible for clinical symptomatology. 
The most  common syndrome in this sect ion is CMT1A, which 
represents 70% of all cases of CMT1 and is usually caused by 
a 1.5 Mb allelic 17p11.2 trisomy that contains the PMP22 
protein gene. Such t risomy causes an excess gene dosage, 
which implies an overproduct ion of PMP22 and its 
accumulat ion in the Schwann cells, inducing st ress of the 
endoplasmic ret iculum, result ing in programmed cell death. 
The delet ion works by reducing the expression of PMP22, 

Figure 2 (A) Semi-ine section of sural nerve from a patient with CMT1A. There is a marked loss of myelinated ibres, several 
images of Schwann cell proliferation with onion bulb formation (arrow), and remyelinated ibres (arrowhead). (B) Semi-ine section 
of external popliteal sciat ic nerve from a pat ient  who died from CMT2G.11,12 There is marked loss of thick myelinated ibres and 
clusters of regenerating ibres (arrow); also note the absence of hypertrophic phenomena.
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Table 1 Clinical-genetic classiication of CMT

Type Gen/ locus Speciic phenotype

CMT1 (demyel inat ing wit h AD inherit ance)
CMT1A Duplication of 17p mutation 

Point  PMP22

Classical form of CMT1 (see text and igure 5)

CMT1B P0 Classical CMT1 /EDS/CHN/Intermediate/CMT2
CMT1C LITAF Classical CMT1 
CMT1D EGR2 CMT1/EDS/CHN
CMT1 (with no setter assigned) NEFL Usually CMT2, but  a severe form with low VCM is 

described
HNPP Deletion 17p Mutation Point 

PMP22

Neuropathy by excessive vulnerability to pressure

CMT2 (axonal wit h AD inherit ance)
CMT2A1 KIF1Bβ Classical CMT2 (with no nerve thickening)
CMT2A2 MFN2 CMT2 with ocular at rophy
CMT2B RAB7 CMT2 with sensory predominance
CMT2C TPRV4 CMT2 with motor predominance / distal SMA /  

scapulo-peroneal at rophy
CMT2D GARS CMT2 with predominant  involvement  of hands 

(dHNM-V)
CMT2E NEFL Classical CMT2 (exceptionally CMT1)
CMT2F HSP27 (HSPB1) Classical CMT2 or dHMN-II
CMT2G 12q-q13.2 Classical CMT2 
CMT2I/CMT2J P0 Classical CMT2 with late onset  with Adie pupil /

Intermediate
CMT2K GDAP1 Usually CMT4A or AR-CMT2K
CMT2L HSP22 (HSPB8) CMT2 classical or dHMN-II
CMT2 (with no setter assigned) DNM2 CMT2 classical/Intermediate
CMT2 (HMSNP) 3q CMT2 with weakness

CMT4 (demyel inat ing wit h AR inherit ance)
CMT4A GDAP1 Severe CMT1 phenotype with diaphragm and 

vocal cord paralysis
CMT4B1 MTMR2 Severe CMT1 phenotype with bulbar paralysis and 

focal myelin folding 
CMT4B2 MTMR13 Severe CMT1 phenotype with glaucoma and focal 

myelin folding
CMT4C KIAA1985 (SH3TC2) Severe CMT1 phenotype with scoliosis
CMT4D (HMSNL) NDRG1 Severe CMT1 phenotype with deafness and 

lingual atrophy (gypsy ethnic group)
CMT4E EGR2 Classical CMT1 /EDS/CHN
CMT4F PRX CMT1 with prominent  sensit ive semiology and 

focal myelin folding
CMT4H FGD4 Classical CMT1 
CMT4J FIG4 Classical CMT1
CCFDN CTDP1 CMT1 with dysmorphic signs in gipsy ethnic group 
HMSN Russe 10q22-q23 Classical CMT1 /EDS/CMT2/Intermediate
CMT4 (no letter assigned) PMP22 (point mutation) Classical CMT1 /EDS/CHN/HNPP
CMT4 (no letter assigned) P0 Classical CMT1 /EDS/CHN/CMT2

AR-CMT2 (axonal wit h aut osomal recessive 

[AR] inherit ance)
AR-CMT2A LMNA severe CMT2 with involvement  of proximal 

musculature
AR-CMT2B 19q13.1-13.3 Classical CMT2 
AR-CMT2 (CMT2K) GDAP1 Similar to CMT4A

CMT l inked t o chromosome X
CMTX1 GBJ1 (Cx32) CMT1/CMT2/Intermediater (subclinical 

involvement in women)
4 additional loci Identiied (CMTX2-5)
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which creates unstable myelin manifested by a syndrome of 
excessive vulnerability to pressure (HNPP is the Anglo-Saxon 
acronym; see Table 1). In a small percentage of cases, 
duplicat ion /  delet ion can occur as a de novo phenomenon. 
The point  mutat ions of the PMP22 gene are rare and cause 
severe phenotypes, and AD (probably by a mechanism of 
gain of function) or AR (loss of function due to failure in the 
synthesis of PMP22). The P0 protein is quantitatively the 

most  abundant  of compact  myelin, and an essent ial element  
for compaction. In 10% of the cases, CMT is caused by point 
mutations of P0 that are either an early-onset AD 
demyelinating phenotype (CMT1B) and exceptionally AR, or 
late-onset axonal phenotypes (CMT2I and CMT2J). 
Consequent ly, the molecular pathology of PMP22/ P0 has 
revealed that  their mutat ions can be inherited through 
transmission of both AD and AR and that, in the case of P0, 

Table 1 (Cont inued)

Type Gen/ locus Speciic phenotype

Dominant  Int ermediat e (DI) CMT wit h 

aut osomal dominant  (AD) inherit ance

DI-CMTA 1q24.1-25.1 Classical CMT1 (with no nerve thickening)
DI-CMTB DNM2 Classical CMT1 with cataracts and neut ropenia

DI-CMTC YARS Classical CMT1 

DI-CMTD P0 Classical CMT1 

CHN=congenital hypomyelinating neuropathy; CMT=Charcot-Marie-Tooth disease; CTDP1=carboxy-terminal domain (CTD) phosphatase 
subunit 1; DI-CMTA=dominant intermediate CMT DNM=dynamin 2; DSD=Dejerine-Sottas disease; EGR2=Early Growth response 2; 
FDG4=RhoGEF; FIG4=phosphatidylinositol (Ptdlns) (3,5)P2 5-phosphatase; GARS=glycyl tRNA synthetase; GBJ1=gap junction protein 
beta 1; GDAP1=ganglioside-induced differentiation-associated protein 1; HMSNL=hereditary motor and sensory neuropathy-Lom; 
HNPP=hereditary neuropathy with susceptibility to pressure palsy; HSP22=heat shock protein 22 kDa; HSP27=heat shock protein 27 
kDa; KIF1Bβ=kinesin family member 1-Bβ; LITAF=lipopolysaccharide-induced tumour necrosis factor-alpha factor; LMNA=lamin A/C; 
MFN2=mitofusin 2; MTMR2=myotubularin related protein 2; MTMR13=myotubularin-related protein 13; NDRG1=N-myc downstream-
regulated gene 1; NEFL=neuroilament light polypeptide 68 kDa; PMP22=peripheral myelin protein 22; P0=myelin protein zero; 
PRX=periaxin; RAB7=RAB7, member RAS oncogene family; SH3TC2=SH3 domain and tetratricopeptide repeats 2; SMA=spinal muscular 
atrophy; TRPV4=transient receptor potential vanilloid 4; YARS=tyrosyl tRNA synthetase.

Figure 3 Schematic drawing of a myelinated nerve ibre adapted from Niemann et al.14 The mutated proteins, causing CMT, HMN 
or HSAN, identiied up to 2006 are in black, while those described subsequently are displayed in red. The meaning of acronyms is 
given at the foot of Table 1. Note that mutations of SPTLC1 (serine palmitoyltransferase long chain base subunit 1), HSN2 (hereditary 
sensory neuropathy type 2), NTRK1 (neurotrophic tyrosine kinase receptor type 1), IKBKAP (inhibitor of kappa light polypeptide 
gene enhancer in B-cells, kinase complex-associated protein) and NGF1 (nerve growth factor beta polypeptide) are involved in the 
pathogenesis of hereditary sensory and autonomic neuropathies, not reviewed in this article (see text).
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their mutat ions cause both demyelinat ing and axonal 
phenotype. This only underscores that in SNP the dialogue 
between Schwann cells and axon companions is cont inuous.14 
Such phenomena are applicable to CMT-causing mutat ions 
in other genes (Table 1). GBJ1 (Cx32) is a gap type protein 
of paranodal myelin, whose gene is located on chromosome 
X. The second most  frequent  cause of CMT, point  mutat ions 
in gene GBJ1 originate a radial transit of small molecules 
dysfunct ion between Schwann cells and axon. Probably by a 
mechanism of haploinsuficiency, such mutations cause a 
more severe phenotype in males than in females, which can 
be neurophysiologically demyelinat ing, intermediate or 
axonal. Other rare causes include CMT1/ CMT4 EGR2 
mutation (a transcription factor involved in myelin gene 
regulation) and PRX mutation (an anchor protein of the 
Schwann cell cytoskeleton).

The correct  composit ion and maintenance of the 
membranous compartments of Schwann cells and PNS 
neurons are dependent  on a perfect  balance between the 
synthesis of st ructural and signalling components, and on 
their degradat ion processes.14 Among the point  mutat ions of 
proteins involved in endocytosis processes are the following 
(Table 1): 1) phosphatase (MTMR2, MTMR13 and igure 4), 
which cause severe AR phenotypes (CMT4B1, CMT4B2 and 
CMT4J) with focal folds of myelin (CMT4B1 and CMT4B2); 2) 
GTPase, DNM2 AD phenotype that can be both intermediate 
(DI-CMTB) and axonal,19,20 Rab7 (which causes CMT2B, a 
phenotype similar to HSNA1) and Frabin, is associated with 
CMT4H; and 3) NDRG1, a poorly known gene that regulates 
function, whose mutation causes a severe syndrome (CMT4D) 
in subjects of gypsy ethnicity. In regards to components 
involved in protein synthesis, sort ing and degradat ion, 
mutations affect the following components: 1) SIMPLE/
LITAF, a ubiquitin ligase that causes CMT1C and 2) GARS and 
YARS, proteins involved in loading the tRNA with glycine and 

tyrosine, which cause CMT2D/dHMN-V and DI-CMTC, 
respectively (Table 1).

Both sensory and motor CNS neurons have to move 
proteins, vesicles and organelles through the long axon 
t racts ranging from the soma to it s terminals; this requires 
a complex and eficient transportation system. The growing 
number of axonal forms of CMT caused by mutat ions in 
proteins associated with cytoskeletons, and t ransport  of 
proteins, vesicles and organelles cannot  be a surprise to 
anyone (Table 1). Mutations in the neuroilament light chain 
(NEFL) cause CMT2E, and exceptionally CMT1F. Heat shock 
proteins (HSP) are ubiquitous macromolecules that control 
the assembly of neuroilaments in SNP. Mutations in HSP27 
cause CMT2F/dHMN-II, whereas mutations associated with 
HSP22 cause CMT2L/dHMN-II. Recently, in a line of CMT 
associated with HSP27 R127W mutation, with 10 patients 
examined clinically and neurophysiologically, there were 
cases with CMT2 phenotype and others with HMN phenotype; 
this only underscores that  both syndromes may be a unique 
nosological ent ity.21 The kinesin are a family of motor 
proteins that  mediate the axonal anterograde t ransport  of 
microtubules, whereas dynein mediate ret rograde 
transports. Mutations in KIF1Bβ are associated with CMT2A1 
and mutations of Rab7 (GTPase that regulates the function 
of dynein) causes CMT2B. Mitochondrial morphology is 
determined by a balance between fusion and ission 
processes of the organelle. MNF2 is a GTPase of the outer 
wall of the mitochondria, where it  acts as a regulator of 
mitochondrial fusion. Point mutations of MFN2 cause 
CMT2A2, presently the most common cause of CMT2 (20%), 
with a ifth of the cases presenting as de novo mutations. 
Similar to HMSN-VI, in CMT2A2 there may be optic atrophy, 
especially in severe forms of early onset. GDAP1 is the 
counterpart of MFN2 processes involved in mitochondrial 
ission. Homozygous mutations in GDAP1 cause either CMT4A 

Figure 4 Diagnostic algorithm in a patient with demyelinating CMT. The most common mutated proteins in our medium are shown 
in italics. See the text  for an explanat ion of the algorithm.

Demyelinating CMT
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Duplication 17p Gipsy Others

Yes
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or AR-CMT2; certain mutat ions in this gene infrequent ly 
cause disease in heterozygous state (CMT2K). In Spain, 
GDAP1 mutations are more frequent in CMT with AR 
inheritance; this is a severe phenotype, normally 
accompanied by vocal cord and diaphragm paralysis.22 LMNA 
is a nuclear membrane protein whose mutat ion is associated 
with AR-CMT2A; it  is interest ing to note that  mutat ions in 
the same gene can cause Emery-Dreifuss myopathy. An 
adapter protein, KIAA1985/SH3TC2 and its mutations cause 
a severe phenotype (CMT4C) 17 (Table 1).

The acronym BSCL2 derives from Berardinelli-Seip 
Congenital l ipodyst rophy 2, a syndrome originally described 
in st rains with lipoat rophy, insulin resistance, 
hypertriglyceridaemia, mental retardation and AD 
inheritance. Seipin, or BSCL2, is a glycosylated protein of 
the endoplasmic ret iculum, which means point  mutat ions 
activate unfolded protein response (UPR) by inducing 
endoplasmic ret iculum st ress and programmed cell death. 23 
The seipinopathies are considered a new model of disease 
due to protein conformat ion alterat ions. Point  mutat ions 
cause neurodegenerative syndromes with AD transmission, 
including dHMN-V, Silver syndrome (spastic paraparesis and 
hand amyotrophy), CMT2 and hereditary spastic paraparesis; 
the mutat ion has incomplete penet rance24 in an important  
percentage of cases.

The TRPV4 gene is a member of nonselect ive cat ionic 
channels involved in the detect ion of physical and chemical 
st imuli and mult iple physiological funct ions.25 Heterozygous 
TRPV4 mutations were associated with bone dysplasia. It 
was known through genet ic linkage analysis that  CMT2C, 
the scapular-peroneal form of spinal muscular at rophy 
(SMA) and the congenital distal form of SMA could be allelic 
syndromes (12q21-q24). Four recent studies have shown 
that , in fact , these syndromes, often with incomplete 
penet rance, are associated with dif ferent  heterozygous 
mutat ions in the ankyrin domain of TRPV4.26-29 The 
mechanism by which these mutat ions cause degenerat ion of 
the SNP is unknown. In any case, the disease is a prototypical 
example of inter-and int rafamilial variable expressivity.

Diagnosis of CMT

The irst step is to establish whether the patient has 
hereditary neuropathy. The answer may be evident  when 
the household survey shows that  individuals in ancest ral 
lineage are affected, suggesting a sex-linked or AD 
inheritance (with no male-male transmission). Occurrence 
of disease among siblings j oined to parental consanguinity 
suggests an AR inheritance. However, the household survey 
is somet imes negat ive, in which case there are a number of 
factors that orient towards genetic neuropathy, namely: 1) 
presentation in childhood, 2) prolonged and slowly 
progressive clinical course, 3) presence of pes cavus (see 
below), and 4) in contrast to acquired neuropathies, absence 
of positive sensory symptoms (paresthesia or dysesthesia) 
although there is clear semiology of sensory deicit.16 Given 
that  the affected subj ects often have subt le symptoms or 
are asymptomat ic, it  is important  to explore the maximum 
possible number of subjects at risk for the strain (secondary 
cases) besides the subjects themselves. This allows minimal 

signs of disease (e.g., pes cavus and arelexia) to be 
detected in subclinical cases, and consequent ly makes it  
possible to proile the pattern of inheritance better.

The next  step is the neurophysiological examinat ion, 
which should include determination of the NCV and VCS in 
at least three nerves. When interpreting the degree of 
slowness of NCV, the amplitude of compound motor action 
potential (CMAP) should be taken into account, because a 
sharp fall in distal CMAP amplitude involves loss of coarse 
distance-dependent ibres, which may well lead to a 
proportional NCV reduction. To distinguish between an NCV 
drop from myelinopathy or axonopathy, it  is recommended 
that  you should study proximal nerve segments, where the 
conduct  is similarly slowed in cases of demyelinat ing CMT 
and less slowed and even preserved in cases of axonal CMT. 
In CMT1/CMT4, NCV/VCS slowing is diffuse and uniform and 
the morphology of the CMAP and the terminal latency index 
tend to be preserved, which is in cont rast  to what  happens 
in acquired inlammatory neuropathies.

Current ly, nerve biopsy is reserved for cases where there 
are problems with the dif ferent ial diagnosis with other 
hereditary neuropathies (e.g., amyloidosis) or acquired 
neuropathies.

Of the thirty or pathogenic genes so far identiied, only a 
dozen of them are available for diagnost ic purposes in 
clinical pract ice. Molecular tests are also expensive. 
Consequent ly, the select ion of genet ic test ing is of 
paramount  importance and must  be based on clinical data 
as well as the frequency of various genotypes in the count ry 
or region under study.

Figure 4 shows the diagnostic algorithm in a patient with 
demyelinating CMT. If inheritance is AD and considering that 
CMT1A is the most  common form of CMT1, an analysis of the 
17p duplication should be carried out because its detection 
is diagnost ic of CMT1A. The usual clinical set t ing is that  of 
a peroneal muscular at rophy syndrome with generalised 
arelexia, mild distal sensory loss in a stocking-glove 
pattern, and other signs illustrated in igure 5. The 
symptomatic onset usually occurs in the irst two decades 
of life, although the existence of subclinical cases is not  
rare.1-10,30,31 The NCV are usually around 20 m/s.30,31 If there 
is no duplicat ion and no evidence of male-male t ransmission, 
screening for mutations in Cx32 should be performed, 
especially if THE conduction speed is in the midrange. The 
next most common mutation is P0, especially if the NCV is 
around 10 m/ s.32 When molecular analysis is negative, point 
mutations can be searched for in PMP22, SIMPLE/LITAF, 
NEFL and GDAP1. If there is evidence of male-male 
t ransmission, the st rategy is the same, but  omit t ing the 
Cx32 analysis. The AR forms (CMT4) are especially prevalent 
in count ries or regions with st rong inbreeding. As in the 
original description by Dejerine and Sottas,4 these are 
considered severe forms with childhood or congenital onset . 
The nerve conduct ion velocit ies, when obtained, are often 
below 10 m/ s. As this is a genet ically complex syndromic 
group, it  is essent ial to be guided by data from genet ic 
epidemiology. Consequently, the irst step in dealing with 
subj ects of gypsy ethnicity is to eliminate mutat ions in 
NDRG4. In other ethnic groups of the Spanish population, 
P0, GDAP1 and SH3TC2 have to be considered irst, and then 
the remaining eight  mutat ions ment ioned in the algorithm 
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(ig. 4). In X-chromosome linked forms and sporadic cases, 
one proceeds as indicated by the algorithm.

Figure 6 shows the diagnostic algorithm in a patient with 
axonal CMT. If the inheritance is AD and there is no evidence 
of male-male t ransmission, the molecular study begins with 

Cx32, to continue with MFN2 mutations, P0 and DNM2, then 
nine other less common gene mutations (see algorithm). If 
there is evidence of male-male t ransmission, the molecular 
screening is identical, but omitting Cx32. In the forms with 
AR transmission, mutation of GDAP1 is the most frequent; 

Figure 5 Composition of clinical signs in CMT1A in patients studied by the authors. (A) Thickening of the auricular nerve in an 
8-year-old patient. (B, C) Peroneal muscular atrophy in a 17-year-old patient; note the presence of clawed toes, calcaneal inversion 
with forefoot adduction and varus deviation of the ankle. (D-G) Approximation photographs illustrating pes cavus in lateral and 
plantar views, clawing of the toes and at rophy of the extensor digitorum brevis (EDB). (H, I) Atrophy of the hands in a 75-year-old 
pat ient ; this sign is usually characterist ic of advanced stages of the disease.

Figure 6 Diagnostic algorithm in a patient with axonal CMT. The most frequently mutated proteins in our environment are shown 
in italics. See the text  for an explanat ion of the algorithm.

Axonal CMT

Linked X Sporadic

CMT1 Genes
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after that one should consider LMNA and NEFL. For 
X-chromosome inheritance and sporadic cases, one should 
proceed as indicated in the algorithm.

Pes cavus in CMT

Pes cavus is a primary manifestat ion of the disease.8,9,13,30,31 
As indicated in igures 1 and 5, it is a cavus foot and forefoot 
valgus (forefoot cavus), usually accompanied by claw toes 
and hindfoot  varus.33,34 The presence of pes cavus indicates 
that  the process of foot  muscle denervat ion began before 
complet ing their growth.35,36 The pathophysiology of pes 
cavus in CMT is a cont roversial issue. There is general 
agreement  that  pes cavus is caused by an imbalance 
between agonist  and antagonist  muscles of the foot  or leg. 
In orthopaedic literature, there is agreement in stating that 

claw toes are the result  of a paresis of the int rinsic 
musculature of the foot  with preservat ion of the ext rinsic 
muscles.34 Regarding the mechanism of pes cavus in CMT 
there are two dif fering hypotheses.33-37 Under the irst 
(proposed by most authors), forefoot cavus is the result of 
an imbalance between the st rength preserved in the 
peroneus longus muscle and paresis of the peroneus brevis 
and/ or t ibialis anterior. The decompensated act ion of the 
peroneus longus could cause excessive plantar lexion of 
the irst metatarsal with increased arch height and subtalar 
varus deviat ion. The second hypothesis is that  pes cavus is 
a denervat ion of the int rinsic foot  muscles, part icularly of 
the lumbricals, with relat ive preservat ion of the ext rinsic 
muscles; that  is, both claw toes and pes cavus would be the 
expression of an imbalance in the act ion of the int rinsic 
muscles (denervated) and extrinsic (preserved) of the 
foot .38

Figure 7 From images taken from Sabir and Lyttle38 and from MRI indings in foot musculature,41 pathophysiological interpretat ion 

of pes cavus in early CMT1A stages. (A) The disease begins with denervation of lumbrical and other intrinsic muscles of the foot. 
(B) Lumbrical paresis causes clawed toes, lattening of the plantar arch and contracture of the short lexor muscles, bringing the 
pillars of the longitudinal arch of the foot closer together. (C) When walking, before the toes are lifted, the plantar fascia wraps 
around the metatarsal heads (capstan effect) by the extension of the metatarsophalangeal joints, bringing the pillars of the 
longitudinal arch of the foot closer together and shortening the Achilles tendon, which limits dorsilexion of the foot.
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The main limitat ion in the pathophysiological 
interpretat ion of pes cavus in CMT is that  it  was based on 
cross-sect ional studies of symptomat ic cases, and especially 
of index cases in which the presence of at rophy and 
weakness of the legs was the rule. We lacked longitudinal 
clinical-neurophysiological studies of secondary cases 
(subclinical) to establish the evolution of foot semiology. 
We addressed this issue by exploring prospectively, over 
two decades, 20 children at  risk of CMT1A with duplicat ion 
(affected mother or father), out of which 12 were found to 
be affected.30,31,39,40 The inclusion period was the irst 5 
years of life (12 patients between 0 and 4 years; mean age 
2 years), when maturation occurs in nerve conduction. At 
the end of the study, age ranged between 4 and 19 years 
(mean age, 8). In the inclusion period, only 4 of 12 patients 
had cavus; between 5 and 10 years, 5 of 10 pat ients who 
had reached this age group had pes cavus; and from age 11, 
all of them (7 of 7) had cavus foot. Only peroneal muscular 
atrophy was detected in the third age group (4 of them). We 
also note that  the onset  and progression of at rophy in the 
extensor digitorum brevis (EDB) muscle correlates not with 
the degree of slowness of the peroneal nerve NCV, but with 
the fall of the CMAP, i.e.,  the distance-dependent  secondary 
axonopathy. Our studies thus showed that  pes cavus will 
appear in childhood or adolescence and that  it  is unrelated 
to the presence of t ibio-peroneal paresis. This st rengthens 
the pathophysiological role of denervat ion of the int rinsic 
muscles of the foot  in the development  of pes cavus. 38

Subsequent ly, to verify the clinical and neurophysiological 
indings, we conducted a magnetic resonance imaging (MRI) 
study of the muscles of legs and feet  in 11 CMT1A pat ients, 
6 with mild phenotype including cavus but no paresis of the 
leg muscles, and 5 with more advanced phenotype including 
cavus and t ibio-peroneal paresis.41 In agreement with our 
previous neurophysiological clinical indings, the MRI image 
showed that  pat ients with slight  phenotype showed that  fat  
atrophy remained conined to toe muscle, while moderate 
phenotype pat ients had a combinat ion of massive fat  
atrophy of foot musculature and (to a lesser extent) 
principally distal at rophy of the muscles of the leg. Almost  
simultaneously and in an unprecedented muscular balance 
study, Vinci et  al showed that , in cases of CMT1A phenotype, 
mild paresis may be rest ricted to the lumbricals and the 
short  extensor muscle of the big toe, with total preservat ion 
of the t ibio-peroneal musculature.42

In summary, in CMT1A cavus initially depends on selective 
denervat ion of foot  muscles, which causes an imbalance 
between the intrinsic and extrinsic muscles (ig. 7). The 
imbalance in the act ion of the peroneal-t ibial muscles may 
have a pathophysiological role as the disease progresses, or 
in severe cases with early denervat ion of the muscles of the 
anterolateral compartment  of the leg. This not ion is 
probably applicable to other CMT syndromes dif ferent  from 
CMT1A with duplicat ion.

Treatment of CMT

The t reatment  of the disease is mult idisciplinary, involving 
paediat ricians, neurologists and orthopaedic rehabilitat ion. 
The orthopaedic approach to the disease is discussed by 

Fernandez-Retana and Poggio in an article published in this 
issue of the journal. For our part, we would like to stress 
that  CMT in children is often an expression of a mere 
alterat ion of foot  architecture, with no real loss of leg 
muscle st rength; this calls for a conservat ive physical 
therapy, to mit igate claw toe development  and Achilles 
tendon retraction that limits the dorsilexion of the foot as 
much as possible. Pat ients should be encouraged to observe 
as act ive a life as possible, cont rolling their weight , avoiding 
alcohol abuse and the administ rat ion of neurotoxic drugs.

In 2004, Passage et al reported that ascorbic acid, a 
promoter of myelinat ion, improved phenotype in a model of 
CMT1A in mice that  over-expressed PMP22.43 This 
experimental inding led to the 136th ENMC International 
Workshop on Charcot-Marie-Tooth disease type 1A being 
held. A conclusion of the workshop was that  undertaking 
clinical t rials of vitamin C in pat ients with CMT1A was 
justiied.44 Unfortunately, the three clinical t rials reported 
so far have been negat ive, 45-47 indicat ing that  the animal 
models of CMT1A do not  necessarily recapitulate the human 
phenotype. For other therapeutic approaches, we refer to 
the recent  revision by Reilly and Shy.16

Level of evidence

Update topic with level of evidence V.
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