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Abstract 

There has been considerable progress in developing treatments for Charcot-Marie-Tooth disease with a 

number of therapies either completing or nearing clinical trials. In the case of CMT1A, the commonest 

subtype of CMT, there have been more than five randomised, double blind placebo-controlled trials. 

Although these trials were negative for the primary outcome measure, considerable lessons have been 

learnt leading to the collection of large prospective natural history data sets with which to inform future 

trial design as well as the development of new and sensitive outcome measures. 

In this review we summarise the difficulties of conducting clinical trials in a slowly progressive disease 

such as CMT1A and the requirement for sensitive, reproducible and clinically relevant outcome 

measures. We summarise the current array of CMT specific outcome measures subdivided into clinical 

outcome measures, functional outcome measures, patient reported outcome measures, biomarkers of 

disease burden and treatment specific biomarkers of target engagement. Although there is now an array 

of CMT specific outcome measures, which collectively incorporate clinically relevant, sensitive and 

reproducible outputs, a single outcome measure incorporating all three qualities remains elusive.  
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Abbreviations 

CMT = Charcot-Marie-Tooth disease, HSN = Hereditary Sensory Neuropathy, CMTNS = CMT neuropathy 

score, CMTES = CMT examination score, RNAI=RNA interference, INC=Inherited Neuropathy Consortium, 



SRM = standardised Response Mean (The SRM is an arbitrary measure of the responsiveness of a scale 

to clinical change.  It is computed by dividing the mean score change by the standard deviation of the 

change. 

 



Introduction 

Since the discovery of the 17p duplication as the cause of CMT1A there has been significant progress 

made in both gene discovery for other forms of CMT and the development of therapies in pre-clinical 

models of CMT. Advances in Adeno Associated Viral (AAV) gene replacement therapy and antisense 

oligonucleotide (ASO)/RNAI biochemistry has meant that several types of CMT are now potentially 

amenable to therapy (Rossor et al., 2018; Zhao et al., 2018). Furthermore, the evolving importance of 

the unfolded protein response (UPR) and macrophage associated inflammation in several forms of CMT1 

has led to the development of small molecule inhibitors of the UPR and inflammatory response which 

have shown promise in animal models of the disease (Das et al., 2015),(Klein et al., 2015). The CMT field 

is therefore at a critical juncture where several promising therapies are ready to proceed to clinical trial, 

an essential step to be able to prove that a treatment does or does not work. Poor trial design, including 

the use of insensitive clinical outcome measures, will fail to answer this question. An effective drug may 

show no efficacy in a clinical trial with too short a duration and an insensitive outcome measure. 

Similarly, multiple trials with inaccurate outcome measures may eventually result in a spuriously positive 

result. This review will highlight some of the challenges of preparing for clinical trials in CMT and provide 

an update on the work that has been conducted to date. This review will focus on preparing for 

randomised placebo controlled clinical trials for the common CMT subtypes such as CMT1A. In the case 

of rare CMT subtypes, there may be too few patients globally to power such a trial, in which case a cross 

over trial design in which each patient serves as their own control may be necessary. Furthermore, many 

of the outcome measure discussed relate to the typical progressive length dependent pattern of 

neuropathy seen in CMT and are not suitable for relapsing / remitting diseases such as Hereditary 

Neuropathy with Liability to Pressure Palsies. 



Clinical trials in Charcot-Marie-Tooth disease: lessons learnt 

Following the publication of a single study reporting improvement of the C22 mouse model of CMT1A 

with ascorbic acid (Passage et al., 2004), six, placebo-controlled, randomised, clinical trials were 

performed across Europe, Australia and North America (Burns et al., 2009; Gess et al., 2015; Lewis et al., 

2013; Micallef et al., 2009; Pareyson et al., 2011; Verhamme et al., 2009). These were the first large, 

multicentre clinical trials in CMT and were all negative for the primary outcome measure. Unfortunately, 

despite the considerable time and cost invested in these trials, it remains unanswered as to whether 

ascorbic acid is beneficial or not, as in hindsight, these trials were not powered to detect a meaningful 

response. For example, in two of the largest clinical trials, the primary outcome measure, the CMTNSv1, 

did not show any change in the placebo or ascorbic acid treated patients over the two-year duration of 

the trial (Lewis et al., 2013; Pareyson et al., 2011). Although an improvement with treatment in CMT1A 

is theoretically possible, by adulthood, most patients with CMT1A will have a degree of permanent 

axonal loss and so a more realistic aim of treatment would be to prevent or delay disease progression. In 

order to optimise future trial design, the necessity  to identify novel and more sensitive outcome 

measures able to detect disease progression over the normal two-year duration of a trial was recognised 

as critical. In addition, an international collaborative effort was made to collect prospective natural 

history data on the many subtypes of CMT to facilitate future trial design.  

Natural history studies and CMT trial preparedness 

Due to the limited regenerative capacity of diseased peripheral nerves, the main aim of treatment in 

CMT is to prevent disease progression. It is therefore essential to have information on the rate of 

progression of a disease in order to understand what the expected effect size will be and ensure the trial 

is sufficiently powered in terms of subject recruitment. For example, in spinal muscular atrophy type 1, 

in which infants born with the disease die within several months of birth, the rate of progression is so 



rapid that only a small number of patients and trial duration are required to detect a clinically 

meaningful response. Contrast this with a slowly progressive disease such as CMT1A in which the 

CMTNS version 1 was unable to detect disease progression over two years (Pareyson et al., 2011; Shy et 

al., 2005). Quality of life studies have highlighted the need to develop therapies for both the rapidly and 

slowly progressive forms of CMT.  

In order to facilitate future trial design, the inherited neuropathy Consortium (INC) (funded by 

NCATS/NINDS, MDA and CMTA) comprising centres from North America, Europe and Australia has been 

conducting a natural history study of children and adults with all types of CMT. More than 6,000 patients 

have been enrolled into the study, with annual assessments of disease severity as measured by the CMT 

examination score dating back up to nine years (Fridman et al., In press.). Although this is an open label 

prospective study, the data will provide information on the required duration of any future trial and the 

likely number of subjects required. In addition to natural history studies, the inherited neuropathy 

Consortium has a patient contact registry which allows patients who are not attending one of the 

recruiting centres to self-register (“RDCRN INC Contact Registry,”). This represents an important 

resource for quality of life and patient reported outcome measure development and for future trial 

recruitment, particularly for rare forms of CMT that may affect less than one hundred patients globally. 

Identifying suitable clinical outcome measures in CMT 

A good clinical outcome measure should have several properties; it should be sensitive to change, 

reproducible (little variation in the accuracy of the measurement) and clinically relevant. The latter point 

is hard to define but is essential when designing a primary outcome measure for a trial. 

Outcome measures in Charcot-Marie-Tooth disease can be divided into one of five categories (Table 1); 

1. Clinical outcome measures that incorporate a clinical assessment by a health professional 



2. Functional outcome measures in which the patient performs a series of tasks that assess their 

level of function 

3. Patient reported outcome measures that select a number of responses that are deemed to be 

relevant to a patient's quality-of-life 

4. Biomarkers of disease progression such as blood metabolite levels  

5. Biomarkers of target engagement of specific therapies. 

We will now discuss advances in outcome measures for CMT for each of these five categories.  

1. Clinical outcome measures in CMT 

The Charcot-Marie-Tooth neuropathy score version 1 was the first clinical outcome measures designed 

specifically for CMT and was modified from the total neuropathy score to measure impairment and 

progression in length dependent neuropathies (Cornblath et al., 1999; Shy et al., 2005). The score has 

several components including a patient's symptoms (motor and sensory), examination findings (both 

strength and sensory abnormalities to pinprick and vibration) and neurophysiology (radial sensory and 

ulnar motor amplitudes). An abbreviated version, the CMT examination score (CMTES) excludes the 

neurophysiology component. The first version of the CMTNS was an outcome measure in five of the 

initial six ascorbic acid in CMT1A trials. In response to the negative ascorbic acid trials, the CMTNS was 

further modified to increase the responsiveness (CMTNSv2) (Murphy et al., 2011). 

More recently the CMTNSv2 has been re-evaluated in line with modern psychometrics such as item 

response theory. The Rasch analysis of the second version showed a clumping of impairments amongst 

patients with moderate severity (Sadjadi et al., 2014; Wang et al., 2017). This would suggest that the 

second version was insensitive for detecting small changes in progression between mild and moderate 

states or moderate and severe but was able to distinguish between mild and severely impaired patients. 



The score was therefore modified by applying differing weights to the various elements. The sensitivity 

of the Rasch modified version of the CMTNSv2 to detect change over time has recently been assessed as 

part of the INC natural history study, demonstrating a small but significant disease progression 

detectable over two years (Fridman et al., In press). 

ONLS 

The overall neuropathy limitation score, developed in 2005, is a composite of two scores, one for upper 

limb function and the other for lower limb function based on a person's symptoms and gait analysis 

(Graham and Hughes, 2006). The ONLS was employed as a secondary outcome measure in several of the 

initial ascorbic acid in CMT1 trials and was shown to be insensitive to change over the duration of the 

trial. It was therefore rather surprising when it was selected as the primary outcome measure by the 

FDA for the recent phase 3 clinical trial of PXT3003 in CMT1A (Attarian et al., 2014).  Despite its lack of 

sensitivity, the ONLS remains one of only a handful of outcome measures that have been approved for 

by the FDA for clinical trials in CMT.  

2. Functional outcome measures in CMT 

A functional outcome measure is similar to a clinical outcome measure, but instead of a patient being 

examined by a health professional, the patient is asked to perform a number of tasks that assess specific 

functions and are scored independently. 

CMTPedS 

One of the first functional outcome measures to be designed for CMT was the CMTPedS score (Burns et 

al., 2012). For CMT1A, the commonest subtype of CMT and for many of the other types of CMT, onset of 

the disease is in the first or second decades of life. Monitoring disease progression in childhood presents 

particular difficulties due to the inherent changes in an outcome measure as the child grows and 



develops. This is much less of a problem in adulthood where outcome measures stay relatively constant 

in control populations. A functional outcome measure in which a child performs a task has advantages 

over a regimented clinical outcome measure such as the CMTNSv2 where compliance with the clinical 

examination may be difficult (Murphy et al., 2011). 

The CMT paediatric scale (CMTPeds) is an 11 item scale that measures seven functional domains 

including strength, dexterity, sensation, gait, balance, power and endurance producing a score of 

between 0 and 44. The scale has been validated in large cohorts of children with CMT and age-specific 

normal scores calculated. Rasch analysis of the scale has shown it to be a good overall model fit with no 

evidence of clustering. Furthermore, there is now longitudinal data from the INC demonstrating the 

sensitivity of the CMTPeds for detecting disease progression in children. The score was able to detect 

progression of 1.864 points in 111 children with CMT1A over two years (Cornett et al., 2017). It was also 

able to detect progression of 2.26 points in nine patients with CMT 1B, 6.26 points in six patients with 

CMT2A and 3 points in seven patients with CMT4C. Nevertheless, using the CMTPedS for a two-year 

randomised double-blind parallel placebo-controlled trial in CMT1A would require a sample size of 86 

children per arm to provide 80% power to detect a difference between the two groups of 1.8 points. 

This assumes no drop out and a treatment that can completely arrest the progression of the disease. 

CMT-FOM 

The Charcot-Marie-Tooth Functional Outcome Measure is a new performance based measure assessing 

functional ability in adults with CMT which has been designed to incorporate many of the items from the  

CMTPedS (Eichinger et al., 2018). It utilises a number of outcome measures including hand grip, ankle-

foot dorsiflexion and plantarflexion strength, nine-hole peg test to assess functional dexterity, balance 

beam, timed walk, stair climb and a timed up and go. The CMT-FOM is able to detect impairment in 

patients with CMT compared to controls. Its future use in clinical trials depends on the outcome of 



active longitudinal studies examining the psychometric properties of the score and its responsiveness to 

change. 

Myometry 

A retrospective study of the outcome measures employed in the Italian UK vitamin C trial identified 

myometric assessment of hand grip and foot dorsiflexion and the 9-hole peg test as more responsive 

fuctional outcome measures than the CMTNSv1 (Piscosquito et al., 2015). Nevertheless, these outcome 

measures still had limited sensitivity (SRM of 0.31, 0.38 and 0.28 respectively) and have not been 

evaluated in comparison with the Rasch modified CMTNSv2 and have not been included in any natural 

history study assessing other rare CMT variants. 

3. Patient reported outcome measures 

A meaningful, clinically important difference is a term used to describe a predetermined effect size that 

is deemed to be of significant benefit to a patient’s quality of life. Clinical trials require this be 

predetermined for any outcome measure to be used as a primary endpoint. In order to identify clinically 

important outcome measures it is important to understand what aspects of CMT impact a patient's 

quality of life (Johnson et al., 2018, 2014). A survey of 407 patients with CMT questioned about 214 

symptoms from 20 themes demonstrated that several items related to CMT significantly affect a 

patient’s quality-of-life. It is therefore important that these specific themes be assessed in any primary 

outcome measure. Many of the issues identified relate to mobility, balance and distal motor and 

sensory loss that are incorporated in the CMTNSv2. Fatigue, pain and body image was also found to be 

important (Johnson et al., 2014). 

To further ensure that a patient's quality of life can be directly measured in any clinical trial, the CMT 

health index has been developed (Johnson et al., 2018). This questionnaire contains 18 themes that 



identify factors related to Charcot-Marie-Tooth disease burden. The score has been shown to have high 

internal consistency and test retest reliability and is able to discriminate between patients in different 

disease states. 

4. Biomarkers of CMT disease progression and burden 

Efforts over the last 15-20 years have resulted in the development of several Charcot-Marie-Tooth 

disease specific clinical and functional outcome measures that are able to detect disease progression 

over 1-2 years. These scales are effective at discriminating between mild and severely affected patients 

(Sadjadi et al., 2014). Unfortunately, even for a highly sensitive outcome measure such as the CMTPedS, 

due to the intrasubject variability of the score, the number of participants required to adequately power 

a trial remains high(Cornett et al., 2017).  This has led many researchers to try and identify biomarkers 

of disease progression that show less variability and are more sensitive to detecting change. As these 

are biomarkers, they are by definition not clinical or functional outcome measures, however the hope is 

that if shown to correlate strongly with clinical and functional outcome measures, they may be used as 

primary endpoints, enabling smaller sample sizes and the ability to detect a meaningful clinical 

response. Several disease biomarkers have been identified including MRI of muscle and nerve (Dortch et 

al., 2014; Kollmer et al., 2019; Morrow et al., 2016), blood biomarkers of axonal damage (Sandelius et 

al., 2018), skin biopsy for intra epidermal nerve fibre density (Fridman et al., 2019) and quantitative 

transcriptomics (Fledrich et al., 2017) and neurophysiology parameters (Bas et al., 2018). 

Muscle MRI fat fraction as a biomarker of disease progression in CMT. 

Intramuscular fat accumulation occurs as a result of muscle denervation from any neurogenic cause. 

Quantitative skeletal muscle MRI in which the percentage of muscle that is occupied by fat is calculated, 

has been shown to be a sensitive and reproducible method for quantifying the degree of disease burden 

in CMT 1A and hereditary sensory neuropathy type 1 (Kugathasan et al., 2019; Morrow et al., 2016). 



Using the three-point Dixon MRI of skeletal muscle at calf level, an increase in muscle fat fraction of 

1.2% (95% CI 0.5-1.9, p=0.002) was detectable in 20 patients with CMT 1A over one year showing it to 

be a highly responsive measure. If one were to extrapolate the data from this study, for a hypothetical 

treatment trial in CMT1A powered to detect a 50% reduction in disease progression over a one-year 

period with 80% power at the p<0.05 significance level, with calf muscle MRI fat fraction as the primary 

outcome measure, the number of patients required in both the treatment and placebo arms would be 

93 compared with 7700 with the CMTNSv1 as an outcome measure (Morrow et al., 2016). For the 

CMTNSv2, the number of patients required is likely to be fewer than the CMTNSv1. The responsiveness 

of muscle MRI can be further improved from an SRM of 1.04 to 2.19 by selecting patients with >10% calf 

fat fraction at baseline (Morrow et al., 2018). 

Muscle fat fraction quantification in CMT1A has also been shown to be a reproducible method across 

two different sites further supporting its use in multicentre international clinical trials (Morrow et al., 

2018). One of the main criticisms directed against muscle fat fraction as an outcome measure is that is 

not clinically relevant. Although this is true, it has been shown to correlate with the CMTESv2 and the 

physical function domain of the SF36 Quality of Life Score (Morrow et al., 2016). Although muscle MRI is 

a sensitive and reproducible clinical outcome measure, it is expensive and time consuming which may 

limit its use in very large international clinical trials 

Blood biomarkers of CMT 

Blood is easily accessible and obtainable at multiple time points and therefore any blood test that can 

detect disease progression in CMT is attractive for future clinical trial design. A number of blood 

biomarkers of peripheral neuropathy have been analysed for their suitability as outcome measures 

including GFAP (Notturno et al., 2009), Transmembrane Protease Serine 5 (Wang et al., 2019), 

neurofilament heavy chain (Rossor et al., 2016) and more recently neurofilament light chain (Sandelius 



et al., 2018). Of these, neurofilament light chain shows the greatest promise as a biomarker of axonal 

damage in CMT. Neurofilaments are the major cytoskeletal proteins of both the central and peripheral 

nervous system and comprise a lattice made up of neuro neurofilament heavy, medium and light chains. 

Damage to either the central or peripheral nervous system will lead to release of these proteins into the 

cerebral spinal fluid and systemic circulation. Much of the work demonstrating the suitability of 

neurofilament light chain as a biomarker of disease has centred on its use in central nervous system 

diseases such as multiple sclerosis and dementia (Disanto et al., 2017; Rohrer et al., 2016). More 

recently, plasma neurofilament light chain has been shown to be raised in Charcot-Marie-Tooth disease 

where it also correlates with disease severity as measured by the CMT examination score (Sandelius et 

al., 2018). Plasma NFL is also elevated in some inflammatory neuropathies including CIDP (Mariotto et 

al., 2018; van Lieverloo et al., 2019) and vasculitis (Bischof et al., 2018). Encouragingly, plasma 

neurofilament light chain is also elevated in mouse models of Charcot-Marie-Tooth disease and 

correlates with a clinically significant response to treatment. For example, in mouse models of CMT1X 

and CMT4C, viral gene replacement therapy led to a clinical improvement in affected mice which 

correlated with a fall in plasma neurofilament light chain concentration (Kagiava et al., 2019; Schiza et 

al., 2019). Further studies are ongoing to determine the relationship of plasma neurofilament light chain 

over time in patients with CMT and its correlation with other biomarkers and outcome measures. 

Other biomarkers of CMT disease progression. 

In addition to MRI and blood biomarkers of disease progression, a combined study of RNA expression in 

CMT1A rat and human skin biopsies demonstrated six RNA transcripts elevated in CMT1A that were 

shown to change over time and correlate with disease progression (Fledrich et al., 2017). The clinical 

and biological relevance of these transcripts is uncertain. Additional attempts to identify new 



neurophysiological biomarkers such as motor unit estimation (MUNE) have also shown promise as 

biomarkers of disease progression in CMT(Bas et al., 2018). 

5. Biomarkers of target engagement of specific therapies 

In addition to developing biomarkers of disease progression it is also important to develop biomarkers 

of target engagement specific for individual therapies. This is important as if you are able to show target 

engagement with no clinical effect then one is able to ascertain that the therapeutic strategy is 

unsuccessful. Similarly, if there is no target engagement and the trial is negative then further work may 

need to be done in improving drug bioavailability or trial design rather than adopting an alternative 

strategy. 

Biomarkers of target engagement in CMT1A 

CMT1A results from a duplication of the short arm of chromosome 17 containing the PMP22 gene. 

Therapeutic strategies in CMT1A have therefore focused on reducing PMP22 transcription (Zhao et al., 

2018). One of the most promising biomarkers of therapeutic target engagement in this area has been 

the ability to reliably quantify PMP22 transcript levels in the skin biopsies of patients (Katona et al., 

2009; Li et al., 2005; Svaren et al., 2019). Skin biopsies contain a small number of dermal myelinated 

nerve fibres from which quantification of PMP22 transcript levels from Schwann cells is possible. 

Quantification of PMP22 transcript levels in skin biopsies is not straightforward as patients with severe 

CMT1A have extensive nerve degeneration and a reduced number of dermal myelinated fibres and 

Schwann cells. For this reason, simple quantification of PMP22 transcript levels in patients with CMT1A 

shows no correlation with disease activity or status relative to controls. One of the main challenges has 

been the ability to normalise PMP22 transcript levels to Schwann cell specific transcripts. This in turn is 

complex as many Schwann cell specific genes change dramatically after peripheral nerve injury. In work 

arising from rodents and human patients with CMT1A, the Schwann cell specific transcript, GLDN in skin 



biopsies was shown to be a reliable marker of Schwann cell expression that was not dramatically altered 

by peripheral nerve injury (Svaren et al., 2019). PMP22 transcript levels when corrected to GLDN were 

significantly increased in the skin biopsies of patients with CMT1A compared to controls and are a 

promising biomarker of target engagement in any future trial involving a therapy that aims to reduce 

PMP22 transcription (Svaren et al., 2019). 

Biomarkers of target engagement in HSN1 

Hereditary sensory neuropathy type I is due to missense mutations in the genes SPTLC1 and SPTLC2, 

which code for the first two of three subunits of the enzyme serine palmitoyl transferase (SPT). 

Mutations in this enzyme lead to the production of toxic deoxysphingolipids that are thought to drive 

sensory and motor nerve degeneration. Measurement of these toxic deoxysphingolipids represents a 

biomarker of target engagement for serine replacement therapy which aims to reduce their production. 

In a small trial of 18 patients with HSN1, plasma deoxysphingolpid concentrations were significantly 

reduced in patients treated with serine compared to placebo (Fridman et al., 2019). Although this 

suggested good target engagement, the trial failed to achieve its primary outcome measure; a 

predetermined improvement of one-point in the CMTNSv2.  

Summary 

In the last 15 years there has been considerable progress in preparing for clinical trials in CMT. There are 

large and ongoing natural history studies of both common and rare forms of CMT that will provide 

important information to inform and power clinical trial design. In addition, there are now a number of 

clinical and functional outcome measures for both adult and paediatric CMT patients and ongoing 

studies to examine the cross-sectional correlation of these novel outcome measures.  



There are now promising biomarkers of disease activity and burden in the form of muscle MRI and 

plasma neurofilament light chain and biomarkers of target engagement for the most common subtype 

of CMT, CMT1A. Despite these advances in trial outcome measures, the most recent large clinical trial of 

PXT3003 in CMT1A involved the use of the overall neuropathy limitation score (ONLS), an outcome 

measure designed in 2005 for patients with CIDP and for which natural history data from the ascorbic 

acid in CMT1A trials shows it to be insensitive for detecting disease progression over 24 months (Gess et 

al., 2015). It would be concerning if this outcome measure were to become the gold standard for future 

trials in Charcot-Marie-Tooth disease. Charcot-Marie-Tooth disease is rare and patients are a finite 

resource. As a community we have a responsibility to be selective in the number of clinical trials into 

which we recruit patients. It is imperative that we employ sensitive outcome measures and biomarkers 

that are able to detect a clinically significant effect and avoid undertaking expensive and time-

consuming trials using outcome measures that are doomed to fail. 
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Category of Outcome 
Measure 

Outcome measure SRM* 
(months) 

Clinical CMTNSv1 
CMTNSv2 
Rasch modified CMTNS 
Hand grip myometry 
Ankle dorsiflexion myometry 
ONLS 

 0.13 (24) 
 n/a 
 n/a 
-0.31 (24) 
-0.38 (24) 
 0.15 (24_ 

Functional 9-hole peg test 
CMTPedS 
CMT-FOM 

 0.28 (24) 
 0.43 (24) 
 n/a 

Patient Reported SF-36 (physical functioning domain) 
CMT health index 

-0.10 (24) 
 n/a 

Biomarkers of disease 
progression 

-Muscle Fat Fraction MRI 
     -If baseline >10% fat fraction 
-Plasma neurofilament light chain 

 1.04 (12) 
 2.19 (12) 
 n/a 

Biomarkers of target 
engagement 

-PMP22 transcript levels (CMT1A) 
-Plasma deoxysphingolipid 
concentration (HSN1) 

 n/a 
 n/a 

 

Table 1. A summary of some of the currently available outcome measures for clinical trials in CMT. * 

refers only to patients with CMT1A. n/a = data not available. 


