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ABSTRACT 

Melissa A. Goddard 

THE EFFECTS OF GENE REPLACEMENT THERAPY ON RESPIRATORY AND GAIT 

FUNCTION IN A CANINE MODEL OF X-LINKED MYOTUBULAR MYOPATHY  

Dissertation under the direction of  

Martin K. Childers DO, PhD 

Professor of the Department of Rehabilitation Medicine, and the Institute for Stem Cell and 

Regenerative Medicine, University of Washington, Seattle, Washington. 

X-linked myotubular myopathy (XLMTM) is a fatal pediatric disease caused by a deficiency of 

the protein myotubularin due to mutation of the MTM1 gene on the X chromosome. Affected 

boys experience profound skeletal muscle weakness and are typically ventilator and wheelchair 

dependent, with respiratory failure as the leading cause of death. A potential gene therapy has 

been developed where AAV8 mediates MTM1 replacement. A naturally-occuring canine model 

of the disease displays a phenotype similar to that seen in patients, including markedly reduced 

survival, and decreased strength and function in the muscles of the limbs and respiratory system. 

XLMTM dogs were treated once with AAV8 containing a full length canine MTM1 cDNA under 

a muscle-specific desmin promoter by three different routes of administration—local 

intramuscular injection of the hindlimb, isolated perfusion of the hindlimb and systemically. 

Systemic treatment was carried out at three different doses to determine the minimum effective 

dose for full preservation of function. Respiratory function and ambulation were measured in 

these dogs and compared to untreated and normal true control littermates over time. XLMTM 
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dogs treated intramuscularly show improvement only at the site of injection, with no 

improvement in gait or respiration. However, dogs treated by isolated limb perfusion maintain 

normal ambulation and respiratory function and continue to survive well after treatment. For 

dogs treated systemically, mid- and high-dose treatment are associated with maintained 

respiratory function and continued survival, while measures remain subnormal in low-dose 

treated dogs. Similarly, ambulation in mid- and high-dose treated dogs approaches normal 

measures, while low-dose treated dogs more closely resemble their untreated littermates. 

Measures in the dog sensitive to changes due to the disease or treatment were also identified, 

including gait speed, stride length, peak inspiratory flow and inspiratory time, which could be 

useful in the translation of this potential treatment for XLMTM to the clinic.
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CHAPTER I 

 

 

Introduction 

 

 

Excerpts from following chapter have been submitted to METHODS (Regenerative Medicine 

Issue) 

Melissa Goddard is responsible for all of the writing 
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Specific Aims 

X-linked myotubular myopathy (XLMTM) is a pediatric disease for which there is currently no 

treatment. It is one of the most common forms of centronuclear myopathy, is estimated to affect 

1 in every 50 000 male births and is typically fatal at birth. XLMTM is caused by deficiency of 

the phosphotidylinositol phosphatase myotubularin
1,2

 and surviving patients display profound 

weakness of the skeletal muscles. They are usually wheelchair- and ventilator-dependent, with 

respiratory dysfunction as a leading cause of death, although some patients may experience a 

mild or moderate form of the disease.
3-5

 A potential gene replacement therapy has been 

developed, which has produced promising results in a murine model.
6
 However, the mouse is a 

limited model for translation to human patients, particularly when assessing treatment efficacy 

and restored function. We have established a canine model of XLMTM from a heterozygous 

carrier female with a missense MTM1 mutation, where affected dogs are myotubularin 

deficient.
7,8

 As a naturally occuring mutant, dogs exhibit clinical symptoms and histopathology 

closely homologous to those observed in human patients. The central hypothesis of this 

dissertation is that myotubularin gene replacement in the myotubularin-mutant dog will 

improve muscle function and that this assessment in the dog model can be used to establish 

clinical endpoints for translation to human patients. As such, I have developed the following 

specific aims (Figure 1): 

Aim 1: To test the hypothesis that myotubularin gene replacement therapy will restore 

limb function in XLMTM dogs and thereby improve ambulation. Given the increasing 

identification of ambulatory XLMTM patients, as well as associations between limb function and 

quality of life, I will measure and compare gait characteristics between normal, untreated 

myotubularin-mutant and treated myotubularin-mutant dogs.  
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 Aim 2: To test the hypothesis that myotubularin gene replacement therapy will result in 

improved respiratory muscle function in XLMTM dogs. Given that reversing respiratory 

insufficiency is paramount to improve quality of life in XLMTM patients, I will measure and 

assess the effects of myotubularin replacement on respiratory muscle function in the 

myotubularin-mutant dog with particular focus on the diaphragm, the primary muscle of 

inspiration. 

 

Figure 1: The specific aims of the dissertation and the connection between patient needs and 

functional assessment in the canine model 
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I. Introduction 

X-linked myotubular myopathy (XLMTM) is the most common of the centronuclear 

myopathies,
9
 initially characterised by the eponymous centrally located nucleus as well as the 

similar appearance of the myofibers to fetal myotubes.
10,11

  This congenital disease is caused by 

an inherited lack of the protein myotubularin
12

 and affects an estimated 1:50,000 live male births, 

9
 although it has been suggested that the disorder may be underdiagnosed.

13
  

 

I. Molecular biology 

i. Myotubularin structure  

XLMTM is caused by a deficiency of the protein myotubularin. Myotubularin was 

originally classified and identified as a tyrosine phosphatase due to the presence of the consensus 

sequence in its enzymatic active site.
12

 However, myotubularin has no in vivo activity on 

phosphoproteins but has been shown to catalyse the dephosphorylation of phosphoinositol 

phosphitides 
2,14,15

 where it removes the phosphate group from the D-3 position of 

phosphatidylinositol 3-phosphate (PI(3)P) and phosphatidylinositol 3,5-bisphosphate (PI(3,5)P) 

(Figure 2).
16

  It is therefore most correctly categorised as a phosphoinositol phosphatase.
17
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Figure 2: Myotubularin as a phosphoinositol phosphate, acts on its substrates 

phosphatidylinositol 3-phosphate (PI(3)P) and phosphatidylinositol 3,5-bisphosphate (PI(3,5)P) 

to produce phosphatidylinositol phosphate (PIP) and phosphatidylinositol 5-phosphate (PI(5)P). 

 

Myotubularin is highly conserved across organisms and is the first member of a family of 

phosphoinositol phosphatases categorised by their shared structure. 
2,18,19

 It has ubiquitous 

expression, although there is an isoform with an alternate polyadenylation signal specific to 

muscle and the testis.
20,21

 

Myotubularin is a 603 amino acid protein across 15 exons containing the following 

domains (Figure 3):
22

 

 Pleckstrin homology/GRAM domain (PH-GRAM domain), which targets the protein 

to its specific phosphoinositol substrates
16,23,24
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 Rac-induced recruitment domain (RID domain), which facilitates myotubularin 

recruitment at plasma membrane ruffles
19,25

 

 Phosphoinositol phosphatase catalytic domain, which mediates PI(3)P and PI(3,5)P) 

breakdown via a  C(X)5R motif at the active site
16,26

 

 SET interacting  domain (SID domain), which may regulate signaling pathways 

through chromatin remodelling
27

 

 Coiled-coil domain, which may mediate the dimerisation of myotubularin with other 

myotubularin-related proteins
16,28

 

Myotubularin also contains a PDZ binding site which may be involved in protein binding, 

although the precise interactions remain currently unknown.
29

  

 

Figure 3: Myotubularin showing the proposed alignment of its functional domains across the 15 

exons, where the PH-GRAM domain is located between amino acids 34 and 149, the RID 

domain is between amino acids 162 and 265, the catalytic site is between amino acids 274 and 

434, and the SID domain is from amino acids 435 and 486. Also shown are the coiled-coiled 

domain from amino acids 553 to 588 and the PDZ binding site, located at the C-terminus. 
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ii. Myotubularin function 

Myotubularin is required for the proper development and maintenance of skeletal muscle, 

although not muscle differentiation.
30,31

 It has been implicated in the regulation of endosomal 

and membrane trafficking,
25,32

 and in remodeling of the sarcoplasmic reticulum.
33

 It may have a 

role in cell signaling, not only through its dephosphorylation of phosphoinosides but also via the 

direct downregulation of phosphatidylinositol 3-kinase.
2,34

 Myotubularin may also control 

mitochondrial positioning and dynamics by interacting with desmin and regulating intermediate 

filament assembly via the RID domain.
35

  Poor extracellular attachment due to integrin 

dysregulation
32

 and the excitation-contraction impairment resulting from t-tubule and triad 

disorganisation
36,37

 due to myotubularin deficiency have also been reported, and these may be the 

cause of the skeletal muscle weakness observed in XLMTM. 

 

iii. Genetics 

The MTM1 gene, which codes for myotubularin, is located on the long arm of the X-

chromosome. More than 400 XLMTM-associated mutations have been identified, including 

missense and nonsense mutations, small insertions and deletions, large deletions and single-site 

changes.
9
 Inheritance of the disease is recessive and the majority of patients are hemizygous 

males. Female carriers usually show no sign of the disease.
20

 However, there are very rare 

instances where skewed X-inactivation causes higher expression of the X-chromosome with the 

mutation, resulting in symptomatic heterozygous females.
38,39

 The condition commonly affects 

multiple family members, where related phenotypically normal carrier mothers pass the mutation 
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on to their sons,
5
 although spontaneous occurence has been reported.

40
 When possible, female 

relatives of a proband have also been tested for changes in MTM1 and more than 80% are 

positive for mutation.
5
 

Mutations in all exons have been identified, although the majority of patients have 

changes that affect the PH-Gram, RID and phosphatase domains.
9
 There has been some 

association between the mutation and clinical presentation, where patients who share mutations 

often display similar symptoms and disease severity.
4
 Milder, more survivable presentations of 

the disease are usually associated with missense mutation of MTM1, depending on location.
40

 

Missense mutation in the PH-GRAM domain tends to cause a milder form of the disease
41

 

although some cases with a severe form have been reported, possibly due to interference with 

phosphoinositol recruitment.
21

 Presentation may vary in severity when these occur in the RID 

domain, even between related individuals with the same mutation.
42

 Missense mutations in the 

SID domain are almost always severe, as are changes in the phosphatase domain, although some 

mild cases have been reported.
42

 Indeed, one patient was severely affected, despite having 

normal myotubularin expression, as changes inactivated the catalytic site.
43

 Nonsense or 

truncating mutations, as well as large deletions are almost always severe, except when they occur 

in linker region between the SID and coiled-coiled domains.
41

 Even smaller deletions and 

insertions are poorly tolerated, although a few frameshift mutations caused by these result in a 

milder form of the disease, perhaps due the production of a partly functional isoform.
41

 Patients 

with splice site mutations are also severely affected.
41

 

In approximately 20% of XLMTM patients, no pathogenic mutation has been detected, 

even when myotubularin production was absent or reduced.
41

 This failure may be due to 

technological limitations or could be the result of changes in intronic or regulatory regions of the 
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gene.
21,43

 Mutations at genes other than MTM1 have been excluded as possible causes.
44

 

 

II. Clinical presentation 

Affected boys experience profound skeletal muscle weakness. Reduced foetal movement 

and polyhydramnios during pregnancy have been reported suggesting prenatal presentation in 

severe cases.
3,45

 Patients are typically born as blue, floppy infants and most require immediate 

respiratory intervention.
46

  The average age of survival is approximately 29 months
47

  

The disease can be classified as severe or mild to moderate, depending on respiratory 

function, survival and patient mobility. The majority of XLMTM patients—more than 80%—are 

severely affected and require ventilatory support for more than 12 hours a day,
47

 have limited 

mobility and most are wheelchair-dependent. This form is most often perinatally fatal due to 

respiratory insufficiency, even with intervention, and few survive past the first year.
47

 Patients 

with the mild or moderate form of the disease are able to achieve respiratory independence.  

Patients with the mild or moderate form of the disease achieve respiratory independence 

after the initial perinatal intervention. Boys classified as moderately affected need long-lasting 

respiratory support but require less than 12 hours of mechanical ventilation a day. 
5
 They have 

delayed motor milestones, but more than 80% survive past the age of 2.
47

 Those with the mild 

form of the disease typically retain respiratory independence, have minimally delayed motor 

milestones and often remain ambulatory.
47

 Mildly-affected patients in their 60s have been 

reported.
5,48
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XLMTM boys also have a characteristic myopathic facies, with long, narrow faces, 

arched palates and malocclusion.
4
 Ophthalmoplegia and ptosis are often observed.

3
 Most are of 

below average weight but are in the upper percentile for height in boys of their age.
4
 

Cryptorchidism, particularly where there are large deletions of the X-chromosome, has been 

reported.
49,50

 Common comorbidities of the disease include scoliosis, contracture, an increased 

likelihood of bone fracture,
51

 and hepatic peliosis.
52,53

 Cognitive function is usually normal, 

although speech may be delayed due to weakness in the associated muscles or tracheotomy.
4,47

  

Due to the rareness of the condition, diagnosis is usually through a combination of 

symptomology and muscle biopsy where confirmatory histopathology reveals variation in 

myofiber size, with many small myofibers containing centrally located nuclei
54,55

 There is often a 

predominance of hypotrophy in type 1 fibers.
56,57

  Changes in intermediate filament and 

organelle distribution are also observed, as well as basophilic rings that stain highly for αB-

crystallin and desmin, with a clustering of mitochondria, glycogen and sarcoplasmic reticulum at 

these necklace fibers.
58

 Genetic screening is more uncommon but is being actively encouraged 

through clinical trial recruitment as putative gene therapies are being developed. 

 

III. Unmet medical need and potential new treatments 

As with many neuromuscular diseases, current treatment options remain mainly palliative 

as there is no cure. The drugs prescribed to mitigate symptoms may have undesirable adverse 

effects. 
4,59

 Patients may also require long-term supportive care, which can negatively impact 

quality of life for them and that of their primary caregivers,
60

 and survival is often dependent on 

standards of care in their country of residence.
47
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However, therapies are being developed, where the mutated or deficient gene target is 

replaced. Thousands of clinical trials are underway relating to gene therapy, with approximately 

9% focused on monogenetic diseases like XLMTM. 
61

 Preclinical findings in animal models 

have also been promising
62

 and are critical to the translation of any new treatment into the clinic.  

 

IV. Gene replacement therapy 

Gene replacement therapy is the treatment of the deficiency of a gene or gene product 

with a functional replacement. Monogenic diseases like myotubularin are particularly attractive 

targets for gene therapy and current investigations are ongoing into the potential clinical 

applications of replacing either myotubularin or the MTM1 gene.
62,63

 We will be discussing 

AAV-mediated MTM1 gene replacement as a potential treatment for XLMTM. 

 

i. The AVV vector 

Modified viral-vectors have been developed as vehicles to deliver genes of interest to 

target cells. Adeno-associated virus (AAV) has been one such vehicle and has several properties 

that make it useful in gene therapy. Naturally-occuring AAV is a single-strand DNA virus with 

no known pathology in humans. It has low immunogenicity and, in the absence of a helper virus 

such as adenovirus or herpes simplex, AAV remains latent in the cell.
64

 The vector has been 

further recombined to increase safety, including the removal of most of the viral genome and the 

abolition of the virus’ interaction with its helper viruses.
65

 AAV remains episomal and is not 

integrated into the genomic DNA of the cell, removing the risk of insertional mutagenesis.
66
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However, this failure to integrate into the genome makes AAV less than ideal for use in actively 

dividing cells, where it would be lost with cell division. 

Modification of capsid proteins has also improved targeting to specific tissues and these 

various serotypes have been well characterised.
67-69

 For example, AAV8 has been shown to 

effectively transduce skeletal muscle.
70

 Tissue-specific promotors are also being developed to 

improve expression at the tissue of interest and reduce off-target effects, for example the use of a 

desmin promotor for the treatment of striated muscle.
31,71,72

 AAV has a relatively low gene 

capacity of around 5 kilobases
73

 and while this is usually a limitation, MTM1 is 3.4 kb
12

  and 

therefore small enough to be fully inserted into the vector.  

 

ii. Routes of delivery  

Methods to efficiently deliver a treatment to target tissues must be considered when 

developing a potential gene therapy. Three major approaches being used by the field are direct 

injection of the target tissue, locoregional perfusion or systemic delivery. 

 

Direct injection  

Direct injection into the target tissue is commonly used to determine the efficacy of a 

potential new therapy.
6,62,74,75

 This method ensures that the desired organ receives the necessary 

therapeutic dose and restricts the treatment to that organ, reducing off-target effects. However, 

distribution may be limited within the injected organ or muscle, as is shown in the diaphragm 

(Figure 4).
76
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Figure 4: Fluorescent imaging of the diaphragm from a wildtype dog after the direct injection of 

dye into two locations, as indicated by arrows (Mitchell et al., unpublished). The bright yellow 

colour reveals that there is little movement of the dye from the initial point of delivery. 

 

Poor distribution of the delivered gene is especially disadvantageous when the disease 

affects multiple systems or the entire body, as is often the case with congenital myopathies. Also, 

direct treatment of organs like the heart or diaphragm may require invasive surgery or 

complicated techniques, such as ultrasound guided or endoscopic injection ,
77,78

 which can be 

difficult in a chronically ill-patient. 

 

Locoregional perfusion 

Locoregional perfusion, where a limb is isolated before intravascular infusion under high 

pressure, is another approach to gene therapy delivery. Despite the use of high pressure, it is a 
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safe, relatively painless option for human patients
79

 and has been used successfully in animal 

models.
62,80,81

 However, vector titers may be reduced due to the low permeability of the vascular 

endothelium
82

 and, as with direct injection, locoregional perfusion does not address treatment of 

the cardiorespiratory system. 

 

Systemic delivery 

In systemic delivery, a potential gene therapy is introduced to the entire body. This 

approach is of particular importance in congenital myopathies like XLMTM where there are 

effects of the disease throughout the body.
83,84

 As with locoregional perfusion, the vascular 

endothelium could hinder distribution to the skeletal muscle and cardiorespiratory systems most 

affected by disease.
82,85

 Systemic dosing also increases the likelihood of off-target gene delivery, 

which may require the use additional safety measures like tissue-specific promoters. 

 

In this dissertation, the effects of AAV8-mediated gene replacement of MTM1 under a 

muscle-specific human desmin promoter will be assessed for each of the delivery approaches: (1) 

direct injection, (2) isolated limb perfusion and (3) systemic delivery. 

 

V. Preclinical assessment 

Before translation into human patients, preclinical testing in an animal model remains the 

gold standard for investigating the efficacy and potential toxicity of a putative treatment. Non-

mammalian models such as zebrafish have been invaluable to the understanding of disease 
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mechanisms within a complex organism, particularly in monogenetic neuromuscular disorders 

like XLMTM.
37,86,87

 However physiological and phenotypic dissimilarities limit their 

translational power. 
88,89

 Small mammalian models like rodents are often used in preclinical 

assessments. With extensive research into study of the murine genome,
90

 mice in particular are a 

powerful tool in the study of monogenetic disorders and several mouse models have been 

developed to study XLMTM.
30,91

 Still the small size of the mouse, as well as anatomical and 

phenotypic differences make them less than ideal candidates for the preclinical assessment of 

gene therapies.
92

 A larger animal model like a dog, where organ size more closely approximates 

that of humans, may be more suitable. Methods of functional assessment developed for use in the 

clinic have also been successfully adapted for use in dogs.
93

 Many naturally-occurring 

musculoskeletal diseases, similar to those seen in human patients, have been identified and 

characterised in dogs, including XLMTM, 
7,8,94

 facilitating the use of a canine model for the pre-

clinical assessment of potential treatments. However, a number of concerns should be addressed 

so that findings in an animal model properly inform clinical trials in humans; these will be 

discussed below. 

 

i. Reducing test bias 

The rigour of experiments involving the use of animals, particularly in preclinical study, 

has recently come under focus,
95

 partly because of the high failure rate of drugs in clinical study 

after a successful demonstration in an animal model.
96

 It has been suggested that the poor design 

of animal studies may be partly responsible and new guidelines have been recommended.
95

 

These include reducing bias by the use of blinded testing and random sampling when assigning 
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animals to test groups. The criteria by which data will be included or excluded in the study 

should also be determined before and not after the start of the experiment. 

  

ii. Identifying outcome measures 

To meet the requirements of Section 801 of the Food and Drug Administration 

Amendments Act of 2007, registered clinical trials must include prespecified outcome 

measures.
97,98

 Predefinition of outcome measures for testing in a model may also reduce 

instances where positive outcomes in the animal are not reproduced in patients, resulting in 

failure of the putative treatment. 
99

 Outcome measurements should be sensitive to changes due to 

the disease, improvements as a result of treatment, and should be relevant to the disease as well 

as patients whenever possible.
100

 

 

VI. Translation to human patients 

Any potential treatment for XLMTM must address the salient features of the disease. 

Skeletal muscle weakness greatly reduces limb function and mobility, although a subset of 

patients do remain ambulatory.
5
 In addition, XLMTM patients and their primary caregivers have 

indicated that restored upper body mobility could improve their quality of life, e.g., by allowing 

the operation of a motorised wheelchair. Given that even moderately-affected patients may 

require ventilatory support and that respiratory insufficiency is the leading cause of death, 

respiratory function must also be assessed.  

Methods for assessing gait and respiratory function in patients are already well 
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established, and can identify changes such as gait speed and peak air flow as seen with the 

disease.
100-103

 Some of these methods have been adapted for use in animals to enable modeling of 

not only the disease phenotype but also how its effects are monitored in patients and therefore 

improving the ease of translating findings into the clinic.
93,104-106
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Abstract 

X-linked myotubular myopathy (XLMTM) is a fatal pediatric neuromuscular disease caused 

when mutation at the MTM1 gene causes a deficiency of the protein myotubularin. Symptoms of 

XLMTM present at birth and include profound weakness of the skeletal muscles including those 

of the limbs and the respiratory system, particularly the diaphragm. The disease is often 

diagnosed from the appearance of centronuclear muscle fibers as observed on biopsy and 

patients typically require ventilatory support. Respiratory dysfunction is a major cause of death. 

XLMTM also occurs in dogs, where a naturally occurring missense mutation in canine MTM1 

causes myotubularin deficiency. Limb muscle histology and strength, gait, and neurological and 

respiratory function of affected (N=7) compared to normal true littermates (N=6) were studied 

over time in a blinded fashion. XLMTM dogs had a low survival and score poorly on 

neurological tests. Skeletal muscle fibers displayed centronucleation, with reduced fiber size. 

XLMTM dogs walked more slowly and with shorter strides as a result of impaired limb function. 

Plots of peak inspiratory flow against inspiratory time were right-shifted in XLMTM dogs and 

could be a useful tool for future determinations of respiratory dysfunction in this model. 
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Introduction 

X-linked myotubular myopathy is a fatal congenital muscle disease caused by deficiency 

of the phosphoinositol phosphatase myotubularin due to a mutation of the MTM1 gene on the X 

chromosome.
1,2

  The disease is often diagnosed by muscle biopsy and is characterised by 

centronucleation of the skeletal muscle, with a reduction in size of the muscle fibers.
3,4

 The 

disease usually presents at birth in male patients as respiratory insufficiency with skeletal muscle 

weakness.
5
 The average age of survival is 29 months, with respiratory failure as the leading 

cause of death. 
6
 However, there may be some variation in disease severity, even within families 

sharing a mutation.
7
 Patients with the severe form are ventilator dependent from birth and have a 

high neonatal mortality. Surviving patients tend to be moderately affected and remain ventilator 

and wheelchair- dependent, requiring extensive supportive care. 
8
 However, some mildly-

affected patients remain ambulatory and live into their 60s with little or no ventilatory 

support.
9,10

 No cure currently exists for the disease but putative therapies seek to replace either 

the defective gene or gene product.
11,12

 

A centronuclear myopathy has been identified in Labrador retrievers, where an X-linked 

missense mutation at the canine MTM1 causes profound skeletal muscle-weakness in affected 

male puppies.
13

 This presents a unique opportunity for preclinical study of potential treatments 
11

 

and we have established a colony from a carrier female founder.  These dogs exhibit a failure to 

thrive at birth and experience difficulty standing and eating as the disease progresses. XLMTM 

dogs may develop an arched posture due to muscle weakness and often have a drooped jaw and 

abnormal bark. By 18 weeks of age, puppies often require hand-feeding and dietary 

supplementation to survive.
14

 Identifying outcome measures sensitive to changes due both to the 

disease and also any potential treatment are critical before translation to the human clinic.
15-17
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We have therefore quantified changes in limb muscle function, strength and size, respiratory 

muscle and neurological function, in addition to other clinical indicators of health such as 

survival and body weight in affected dogs, as compared to their normal control true littermates.  

Methods 

All dogs reported in the study were handled and cared for according to National Research 

Council guidelines. As the disease is X-linked, it has only previously been reported in male dogs. 

13,18,19
 However, earlier treatment of affected animals by intravascular perfusion led to marked 

clinical improvement and long-term survival,
11

 and successful breeding of these dogs a year later 

produced both hemizygous males and homozygous females with the XLMTM  phenotype 

(Figure 1B). As in human patients, carrier females remain phenotypically normal. 

All XLMTM dogs were identified just after birth by Taqman assay.
18

 Seven of these 

affected animals, as well as six wildtype or carrier littermates as normal controls, were randomly 

assigned to the study by third party uninvolved in data collection or analysis. Predetermined 

criteria for humane euthanasia were established, including inability to stand or walk, and 

continued weight loss with pronounced muscle wasting despite supplemental feeding. Dogs were 

assessed in a blinded fashion every two weeks, from 10 weeks of age until 17 weeks of age, and 

then every month until dogs met criteria for humane euthanasia or up to the end of study at 37-41 

weeks of age.   
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Figure 1: (A) Pedigree of the dogs, where treated affected males used for breeding are marked in 

red. Matings are indicated in green, while grey lines mark true littermates. (B) The inheritance of 

the disease as shown by Punnet square. 
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Histology 

Frozen muscle samples were obtained at 10 and 18 weeks by biopsy or by necropsy in 

dogs reaching terminal endpoint. Myofiber size, degree of centronucleation and mitochondrial 

mislocalisation were determined by light microscopy after hematoxylin and eosin 

(H&E) and NADH staining using previously established methods.
11,12

 Electron microscopy was 

also performed to evaluate the muscle triads and tubule orientation. 

Neurological assessment 

Total neurological score (TNS) was determined based on reflex response, postural 

reaction, degree of muscle atrophy, attitude, mobility and tolerance to exercise as assessed by a 

board-certified veterinary neurologist, as well as the presence or absence of clinical signs such as 

a dropped jaw. (Snyder et al., in preparation) Scores were ranked from 10, a normal response, to 

1, where the dog would be unable to maintain sternal recumbency. However, predetermined 

humane euthanasia criteria, such as inability to stand with pronounced muscle atrophy and 

weight loss, were usually met by a TNS score of 3.  

Gait 

A 0.9m x 7m instrumented carpet (GAITRite Electronic Walkway, CIR Systems Inc.) 

was used to measure gait parameters as previously described.
21

 Dogs naïve to the carpet were 

first acclimated by being placed in the center and were rewarded with treats or praise when they 

remained on, explored or walked along it. Dogs were also leash trained using a mat with a 

similar texture and appearance, but which lacked any instrumentation. Most dogs were walked 

along the instrumented carpet in either direction at a self-selected pace by a trained handlers. For 

early timepoints prior to training, or for dogs that had difficulty with the leash, handlers sat at 
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opposite ends of the carpet and called the dog back and forth. Food and verbal rewards were 

given for successful walks. Data from at least 5-10 passes across the mat were obtained where 

possible but testing ended immediately if the dog showed signs of exhaustion. Fewer passes were 

therefore collected for younger puppies or for very weak animals. Data were collected using 

proprietary software (GAITFour version 4.1, CIR Systems Inc.), with simultaneous video 

recording by synchronised webcamera (Logitech) for quality control. Walks were selected based 

on consistency of pattern and speed, as well as body position and behaviour along the mat as 

recorded by the camera. Footfalls from these walks were labelled and spatiotemporal measures 

of gait determined by the software, including gait speed and stride length, as these have been 

identified as sensitive to change due to disease.
21

 

 

Respiratory assessment 

Respiratory assessment was carried out anesthetised dogs before and after stimulation by 

1mg/kg of doxapram hydrochloride.
22-24

 Doxapram is a centrally acting stimulant that elicits 

similar pharmacokinetics in healthy volunteers and patients with respiratory dysfunction.
25

 

Indirect and direct measures of function were collected simultaneously by respiratory inspiratory 

plethysmography (RIP) and pneumotachometry, respectively.  

 

Non-invasive respiratory inspiratory plethysmography
26

 

Dogs were fitted with jackets with wired bands placed at the thorax and the abdomen 

(Figure 2A).  
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Figure 2: (A) Dog fitted with wired bands used in respiratory impedance plethysmography at (t) 

the thorax and (a) the abdomen. (B) Waveforms generated by movement at the thorax and 

abdomen. 

 

A low impedance current was passed through these bands and changes in resistance due 

to movement at the bands were transmitted to a computer via telemetry. Proprietary software 

(iox version 2.5.1.10, emka TECHNOLOGIES) converted these into changes in volume, 

reported in arbitrarily assigned units (U) (Figure 2B). Measures of respiratory function were 

derived from the summation of the thoracic and abdominal curves (ecgAUTO version 2.8.2.6, 
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emka TECHNOLOGIES), including maximum inspiratory and expiratory flows, volumes and 

durations as well as potential indicators of fatigue such as the ratio of inspiratory duration to total 

respiratory duration or percentage change in minute ventilation.
27,28

  

Pneumotach
26

 

Direct measures of airflow were also collected in intubated anesthetised dogs using a 

calibrated pneumotach, where changes in pressure across the device were used to determine 

airflow. Clockwise flow-volume loops were created by replaying the experiment through the 

appropriate analyzer (iox 2.8.0.13, emka TECHNOLOGIES) and capturing 10 consecutive 

breaths after doxapram stimulation. Measures of respiratory function including peak inspiratory 

flow (PIF), peak expiratory flow (PEF), inspired volume (IV) , expired volume (EV), and 

inspiratory and expiratory time (TI and TE respectively)  were determined from the shape and 

area of the curves (Figure 3). Peak flow has been established as an indicator of respiratory 

muscle weakness, particularly where voluntary effort is difficult and, given that the diaphragm is 

skeletal muscle with a significant role in inspiration, peak inspiratory flow was selected as the 

primary outcome measure of respiratory function.
11,29,30
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Figure 3: The flow-volume loop, with highlighted areas of measurement. Inspiratory and 

expiratory times can also be derived from the shape of the curve. 

Statistics 

Variability in some of the measures reduced statistical power. As such, descriptive 

statistics were primarily used to report findings at 10 and 17 weeks of age as well as the maximal 

survival age for XLMTM dogs. Group mean differences over time were determined by repeated 

measure analysis of variance, with Bonferoni confidence interval adjustment (SPSS Statistics 

v22, IBM). Values were significant (P<0.05) where indicated. 
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Results 

Five animals identified as XLMTM died perinatally and were not included in the random 

assignment. Affected animals lived an average of 17 weeks, with only a single animal surviving 

past 25 weeks of age (Figure 4A). Body masses and hindlimb lengths were also recorded over 

time and are reported here at the beginning of the assessment and at the mean maximal XLMTM 

survival age (Table 1). XLMTM dogs (N=7) weighed slightly less than their normal littermates 

(N=6) while being of comparable size.  

Normal dogs maintained normal neurological function while XLMTM dogs declined. 

Normal dogs (N=6) had a mean total neurological score (TNS) of 9.8 ± 0.4 (where 0.4 is the 

standard deviation) at 10 weeks of age and maintained a TNS of 10 over time (Figure 4B). In 

contrast, XLMTM dogs had a lower TNS over time (P=0.000). While scores were only slightly 

lower at 10 weeks of age (8.2 ± 0.8, N= 10), they decreased steadily over time, from 5.3±1.7 at 

17 weeks of age (N=4) to 3 at 25 weeks of age, when the last surviving dog was euthanised.  

Skeletal muscle of XLMTM dogs showed pathological abnormalities. Both wildtype and 

carrier control samples showed substantial myofiber growth between 10 and 18 weeks of age 

(Figure 4Ci), with even and appropriate mitochondrial localisation at both timepoints. While 

there was fiber size variation, small fibers were in the marked minority. In contrast, XLMTM 

dogs displayed considerable pathology, even at 10 weeks of age, including reduced myofiber 

size, centronucleation and mitochondrial mislocalisation. At the earlier timepoint, these changes 

were not be observed uniformly throughout the specimen but by the 17-18 week endpoint, 

myofibers had gotten smaller with mitochondrial mislocalisation in essentially all of the fibers. 

Notably, the single surviving animal at 25 weeks had an average fiber size similar to that seen in 
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normal dogs but showed a decrease at necropsy, although this may be due to sampling variation. 

Electron microscopy also revealed that triad numbers increased over time in normal dogs but that 

there were decreased numbers of T-tubules and triads in XLMTM dogs, with a few L-tubules 

being observed. 
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Figure 4: (A) Kaplan–Meier survival curve for normal (N=6) and XLMTM (N=7) dogs. 

(B)Total neurological score measured over time. (C) Representative samples of the vastus 

lateralis collected from an XLMTM dog and its normal control at 10 and 18 weeks of age. (I) 

H&E (red) and NADH staining (blue) reveal pathological changes in the XLMTM dog, as does 

(II) electron microscopy; arrows indicate triads.   
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Table 1:  Body masses and hindlimb lengths at 10 and 17 weeks of age. 

Dog Sex Genotype 

Mass at 

10 weeks 

(kg) 

Mass at 

17 weeks 

(kg) 

Limb length 

at 10 weeks 

(cm) 

Limb length 

at 17 weeks 

(cm) 

XLMTM dogs 

SSAN 7 F Affected 5.01 6.71 13.2 15.3 

SSAN 9 F Affected 4.91 5.20 13.3 14.6 

SSAN 13 F Affected 3.93 6.67 12.6 15.3 

SSAN 16 M Affected 5.94 9.95 14.6 17.5 

SSAN 101 F Affected 4.06 7.03 10.6 14.5 

SSAN 103 F Affected 3.81 __ 11.3 __ 

SSAN 114 M Affected 2.27 __ 9.9 __ 

Mean  

(Std) 

4.28 

(1.16) 

7.11 

(1.74) 

12.21 

(1.67) 

15.44 

(1.21) 

Normal dogs 

SSAN 1 F Wildtype 5.44 8.94 12.9 15.4 

SSAN 3 F Wildtype 4.65 6.91 12.8 15.4 

SSAN 5 F Carrier 5.77 7.93 12.9 14.2 

SSAN 2 M Wildtype 3.82 5.93 11.1 13.2 

SSAN 6 M Wildtype 4.77 8.12 12.5 15 

SSAN 12 M Wildtype 7.03 11.31 14.6 17.5 

Mean  

(Std) 

5.25 

(1.10) 

8.19  

(1.85) 

12.80 

(1.12) 

15.12 

(1.44) 
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XLMTM dogs walked more slowly and with shorter strides and steps than normal 

controls. Some surviving XLMTM dogs were too weak for successful gait assessment using the 

instrumented carpet, resulting in reduced numbers. Spatiotemporal measures were reported here 

as mean values with standard deviations. Normal dogs (N=6) had mean gait speeds of 175.8cm/s 

± a standard deviation of 25.9 cm/s at 10 weeks of age, 175.6 cm/s ± 16.7 cm/s at 17 weeks of 

age, and 164.6cm/s ± 16.9 cm/s at 21 weeks of age (Table 2). However XLMTM dogs walked 

more slowly than their normal true littermates (P = 0.001), with gait speeds that were 26% of 

normal at 10 weeks of age (N = 6), 35% of normal at 17 weeks (N = 3) and 24% of normal at the 

final timepoint of 21 weeks (N=2) (Table 2) (Figure 5A).  Normal dogs had strides that were 

61.6cm ± 11.3cm long at 10 weeks of age, 68.5cm ± 5.2cm at 17 weeks of age, and 70.3cm ± 

9.2cm at 21 weeks of age. XLMTM dogs took strides that were shorter than normal controls and 

strides were lower by 22% at 10 weeks of age, 25% at 17 weeks of age and by 22% at the final 

ambulatory timepoint of 21 weeks of age (Figure 5B). Normal stride and stance times were, 

respectively, 0.35s ± 0.05s and 0.13s ± 0.02s at 10 weeks of age, 0.39s ± 0.05s and 0.17s ± 0.03s 

at 17 weeks of age, and  0.43s ± 0.04s and 0.19s ± 0.02s at 21 weeks of age. In XLMTM dogs, 

stride time was slightly increased to 11%, 15% and 2% of normal at 10, 17 and 21 weeks of age 

respectively, but there were marked increases in stance time (30% above normal at 10 weeks of 

age, 42% above normal at 17 weeks and 16% above normal at 21 weeks of age) (P = 0.018) 

(Figure 5C). XLMTM dogs also spent more time in the stance phase of the gait cycle compared 

to their normal littermates (P = 0.008) (Figure 5D). While normal dogs were in stance for 36.0% 

± 4.0% of the gait cycle at 10 weeks of age, 42.1% ± 4.0% at 17 weeks of age and 44.4% ± 2.5% 

at 21 weeks of age, the stance phase was 17% higher than normal at 10 weeks of age in XLMTM 

dogs (42.0% ± 4.8%), 23 % higher at 17 weeks of age (51.8% ± 2.6%) and 14% higher at 21 
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weeks of age (50.6% ± 1.4%) (Figure 5D). However, swing times remained at or near normal 

(0.22s ± 0.04s in normal dogs verses 0.22s ± 0.02s in XLMTM dogs at 10 weeks of age, 0.22s ± 

0.02s for normal dogs compared to 0.22s ± 0.01s for XLMTM dogs at 17 weeks of age, and 

0.24s ± 0.02s for normal dogs verses 0.22s ± 0.00s for the last remaining XLMTM dogs at 21 

weeks of age) (Figure 5F). 
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10 weeks 17 weeks 21 weeks 

 

Normal XLMTM Normal XLMTM Normal XLMTM 

 

(N=6) (N = 6) (N=6) (N = 3) (N=6) (N = 2) 

 

Mean (std) Mean (std) Mean (std) Mean (std) Mean (std) Mean (std) 

Velocity (cm/s) 175.8 (25.9) 129.4 (45.7) 175.6 (16.7) 114.2 (1.5) 164.6 (16.9) 125.8 (3.5) 

Stride length (cm) 61.6 (11.3) 48.1 (11.0) 68.5 (5.2) 51.5 (6.6) 70.3 (9.2) 55.0 (4.9) 

Stride time (s) 0.35 (0.05) 0.39 (0.06) 0.39 (0.05) 0.45 (0.05) 0.43 (0.04) 0.44 (0.02) 

       Stance time (s) 0.13 (0.02) 0.16 (0.04) 0.17 (0.03) 0.24 (0.04) 0.19 (0.02) 0.22 (0.02) 

Stance% of Cycle (%) 36.0 (4.0) 42.0 (4.8) 42.1 (4.0) 51.8 (2.6) 44.4 (2.5) 50.6 (1.4) 

       Swing time (s) 0.22 (0.04) 0.22 (0.02) 0.22 (0.02) 0.22 (0.01) 0.24 (0.02) 0.22 (0.00) 

Swing % of Cycle (%) 64.0 (4.0) 55.7 (8.1) 57.9 (3.9) 48.2 (2.6) 55.6 (2.5) 49.4 (1.4) 

Table 2: Spatiotemporal measures of gait in XLMTM dogs as compared to normal littermates 
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Figure 5: Spatiotemporal measures of gait over time including (A) gait speed, (B) stride length, 

(C) stride time (D) stance time, (E) stance percentage and (F) swing time as determined by 

instrumented carpet. 95% confidence interval for normal measures are indicated by blue 

highlight.  
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Respiratory function 

XLMTM dogs had smaller, abnormally-shaped flow-volume loops. In keeping with previous 

reports,
31

 normal dogs had large, ‘D’ shaped flow-volume loops at 17 weeks of age, where peak 

inspiratory flow occured late in inspiration, plateaued, and then dropped rapidly, while peak 

expiratory flow occured early and then was gradually reduced (Figure 7A). However, flow-

volume loops for XLMTM dogs of the same age were smaller or irregularly-shaped, even in 

dogs that survived beyond 17 weeks of age (Figure 7B). Some appeared to reach peak inspiratory 

flow prematurely or failed to maintain the plateau, while peak expiratory flows were delayed, 

causing the observed deformation.  
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Figure 6: Flow volume loops captured after respiratory stimulation with 1.0mg/kg doxapram 

(for individual (A) normal (N=2) and (B) XLMTM (N= 4) dogs at 17 weeks of age 
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XLMTM dogs showed some changes in inspiratory duration, as measured by respiratory 

impedance plethysmography. Respiratory measures determined by respiratory impedance 

plethysmography in normal (N=6) and XLMTM dogs (N = 7 at 10 weeks of age, N= 5 at 17 

weeks of age, and N = 1 at 25 weeks of age) are summarised in Table 3. 

Normal dogs had a mean maximum inspiratory flow during quiet respiration of 

1330.8U/s ± 899.1U/s at 10 weeks of age, 715.4U/s ± 214.0U/s at 17 weeks of age and 927.0 U/s 

±  429.4 U/s at 25 weeks of age (Supplemental Figure 1A). Stimulation increased maximal 

inspiratory flow to 3184.8 U/s ± 677.6U/s, 3754.3 U/s ± 1477.0U/s and 3590.3 U/s ± 1333.6U/s 

at 10, 17 and 25 weeks of age (Table 3). There was no clear trend in change due to disease for 

mean maximal inspiratory flow at quiet respiration, as XLMTM dogs had a reduced inspiratory 

flow at 10 and 25 weeks of age (25% and 13% of normal) but displayed a flow that was 25% 

above normal at 17 weeks of age (Table 3). However after stimulation, maximum inspiratory 

flow rates for XLMTM dogs were lower than normal  (10% of normal at 10 weeks of age, 17% 

of normal at 17 weeks of age and 32% of normal at 25 weeks of age) (Supplemental Figure 1A) 

but not significantly so. 

XLMTM dogs had longer maximum inspiratory durations compared to normal dogs both 

with and without respiratory stimulation (Supplemental Figure 1B). In normal dogs, maximum 

inspiratory duration at 10 weeks of age wass 416.5 ± 162.6ms before stimulation and  267.7  ± 

39.5ms after, 652.2ms  ± 268.4ms and 298.7ms  ± 14.0ms at 17 weeks of age before and after 

stimulation respectively, and 691.5ms  ± 125.7ms during quiet respiration and 395.5ms  ± 

49.9ms with stimulation at 25 weeks of age (Table 3). Maximum inspiratory duration during 

quiet respiration in XLMTM dogs was 26% higher than normal at 10 weeks of age, 14% higher 

at 17 weeks of age and 86% higher at 25 weeks of age (Table 3) (P = 0.026). After stimulation, 
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maximum inspiratory duration was increased by 15% at 10 weeks of age and by 70% at 17 weeks 

of age. The maximum inspiratory duration for the last surviving animal at 25 weeks of age was 

140% of normal (P = 0.000). The ratio between the inspiratory duration and the total respiratory 

duration before stimulation was 0.28 ± 0.07 at 10 and 17 weeks of age and 0.26 ± 0.03 at 25 

weeks of age. After stimulation inspiratory duration values were 0.34 ± 0.06 at 10 weeks of age, 

0.29 ± 0.04 at 17 weeks of age and 0.29 ± 0.04 at 25 weeks of age. There was some increase in 

this ratio for XLMTM dogs before stimulation (0.31 ± 0.05 at 10 weeks of age, 0.31 ± 0.04 at 17 

weeks of age and 0.43 in the surviving dog at 25 weeks of age) (P = 0.024) and after (0.33 ± 0.06 

at 10 weeks of age, 0.35 ± 0.05 at 17 weeks of age, and 0.41 at 25 weeks of age). 

No clear difference in minute ventilation or respiratory rate determined by the impedance 

bands was observed between normal and XLMTM dogs over time (Supplemental Figure 1C and 

1D). Normal dogs had minute ventilations of 3657.5 U/s/kg ± 2571.2 U/s/kg during quiet 

respiration and 10355.9 U/s/kg ± 5159.5 U/s/kg after stimulation at 10 weeks of age (an increase 

of 291.9% of baseline), 1130.7 U/s/kg ± 599.9 U/s/kg before stimulation and 7117.4 U/s/kg ± 

3348.5 U/s/kg after stimulation (or 560.9% of baseline), and 1251.0 U/s/kg ± 739.9U/s/kg before 

respiration and 5552.5 U/s/kg ± 2776.4 U/s/kg after stimulation (420.3% above baseline). During 

quiet respiration, minute ventilation in XLMTM dogs was increased at 10 and 25 weeks of age 

(12% above normal at 10 weeks of age and 10% above normal at 25 weeks of age). However, 

minute ventilation at 17 weeks of age prior to stimulation was 64% of normal. Stimulation 

increased minute ventilation at 10 weeks of age by 215.0%, by 302.4% at 17 weeks of age and 

was 218.9% of baseline at 25 weeks of age, raising the minute ventilation of XLMTM dogs to 

near normal values (5% below normal at 10 weeks of age and 4% above normal at 17 weeks of 

age), although there was a 35% decrease at 25 weeks of age in the last remaining dog 
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(Supplemental Figure 1C). Prior to stimulation, normal dogs had respiratory rates of 47.3bpm ± 

25.4bpm at 10 weeks of age, 27.6bpm ± 8.6bpm at 17 weeks of age and 22.8bpm ± 4.2bpm at 25 

weeks of age. Post-stimulation normal respiratory rates were 79.3bpm ± 21.8bpm at 10 weeks of 

age, 60.4bpm ± 9.9bpm at 17 weeks of age and 51.4bpm ± 18.6bpm at 25 weeks of age (Table 

3). For XLMTM dogs respiratory rate at 10 weeks of age was 19% lower than normal prior to 

stimulation, but returned to near normal measures with stimulation (2% above normal) (Table 3). 

In contrast, respiratory rate was near normal during quiet breathing at 17 weeks of age (2% 

below normal) but fell to 23% below normal after doxapram administration. The final surviving 

dog at 25 weeks of age had a decreased respiratory rate both before and after stimulation (12% 

below normal before stimulation and 49% after).  

Tidal volumes  appearred to be larger in XLMTM dogs compared to normal dogs during 

quiet respiration (where normal was 72.5U/kg ± 31.7U/kg at 10 weeks of age, 43.3U/kg ± 

27.0U/kg at 17 weeks of age and 53.0U/kg ± 28.3U/kg at 25 weeks of age) and after doxapram 

stimulation (where normal was 127.6 U/kg ± 41.6 U/kg at 10 weeks of age, 116.8U/kg ± 46.6 

U/kg at 17 weeks of age and 130.2U/kg ± 62.4 U/kg at 25 weeks of age) (Table 3). XLMTM 

dogs had tidal volumes that were 24% higher than normal before stimulation and 30% higher 

after doxapram at 10 weeks of age, and 63% higher than normal before stimulation and 62% 

after at 17 weeks of age). Tidal volume was slightly increased by 7% both before and after 

stimulation at 25 weeks of age in the last surviving dog (Table 3) (Supplemental Figure 1E). The 

abdominal contribution to this volume was not significantly different between normal and 

affected animals across time (Supplemental Figure 1F). 
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Supplemental Figure 1: Respiratory inspiratory plethysmography measures after stimulation 

with 1.0mg/kg doxapram including (A) maximum inspiratory flow, (B) maximum inspiratory 

duration, (C) minute ventilation, (D) respiratory rate, (E) tidal volume and (F) the percentage 

contribution of the abdominal band to total volume. 
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 10 weeks 17 weeks 25 weeks 

 

Normal (N=6) XLMTM (N=7) Normal (N=6) XLMTM (N=5) Normal (N=6) XLMTM (N=1) 

 

Before After Before After Before After Before After Before After Before After 

 

Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean 

 

(std) (std) (std) (std) (std) (std) (std) (std) (std) (std) (std) (std) 

Max. Insp. 

Flow (U/s) 

1330.8 3184.8 881.8 2174.3 715.4 3754.3 895.3 3117.7 927.0 3590.3 809.3 2430.6 

(899.1) (677.6) (315.2) (464.9) (214.0) (1477.0) (270.1) (888.6) (429.4) (1333.6) -- -- 

Max.  Insp. 

Dur.(ms) 

416.5 267.7 539.5 310.7 652.2 298.7 742.3 506.5 691.5 395.5 1285.5 948.5 

(162.6) (39.5) (74.0) (83.9) (268.4) (14.0) (228.9) (134.2) (125.7) (49.9) -- -- 

             Max. Exp. 

Flow (U/s) 

1290.3 2684.7 1223.6 1796.5 1093.7 3035.1 1253.7 3464.0 1539.7 3437.1 1212.1 3264.1 

(384.2) (598.3) (317.1) (703.5) (309.8) (1158.5) (184.4) (1238.6) (606.4) (1311.1) -- -- 

Max. Exp. 

Dur. (ms) 

1176.9 558.1 1492.7 619.7 1711.9 746.4 1611.5 962.4 2018.6 995.8 1718.5 1363.5 

(705.6) (271.1) (339.6) (134.2) (578.6) (195.4) (429.4) (264.3) (366.1) (167.5) -- -- 

Insp. Dur./ 

Total 

0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.4 0.3 0.3 0.4 0.4 

(0.1) (0.1) (0.1) (0.1) (0.1) (0.0) (0.0) (0.1) (0.0) (0.1) -- -- 

             Respiratory 47.3 79.3 30.2 67.3 27.6 60.4 27.1 46.7 22.8 51.4 20.0 26.0 
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rate (bpm) (25.4) (21.8) (5.0) (13.4) (8.6) (9.9) (7.4) (12.6) (4.2) (18.6) -- -- 

Min. vent. 

(U/s/kg) 

3657.5 10355.9 2071.2 6370.2 1130.7 7117.4 1859.4 7409.6 1251.0 5552.5 1131.1 3607.2 

(2571.2) (5159.5) (747.5) (1296.9) (599.9) (3348.5) (731.4) (3949.8) (739.9) (2776.4) -- -- 

Tidal Vol. 

(U/kg) 

72.5 127.6 68.5 100.1 43.3 116.8 70.7 189.2 53.0 130.2 56.6 138.9 

(31.7) (41.6) (21.7) (41.4) (27.0) (46.6) (29.8) (133.4) (28.3) (62.4) -- -- 

             Ab. Vol. 

(U/kg) 

45.5 66.9 38.3 52.1 29.7 63.8 38.8 90.6 29.3 59.7 26.6 57.3 

(22.2) (25.0) (8.1) (18.2) (14.8) (18.8) (16.1) (61.6) (12.4) (25.5) -- -- 

Ab. 

Fraction 

0.6 0.5 0.6 0.4 0.6 0.3 0.6 0.3 0.5 0.3 0.5 0.3 

(0.2) (0.1) (0.2) (0.1) (0.1) (0.2) (0.2) (0.1) (0.2) (0.1) -- -- 

Table 3: Respiratory inspiratory plethysmography measures for normal and XLMTM dogs at 10 weeks of, 17 weeks of age and 25 

weeks of age before and after respiratory stimulation with 1.0mg/kg doxapram including maximum inspiratory flow (Max Insp. Flow), 

maximum inspiratory duration (Max Insp. Dur), maximum expiratory flow (Max. Exp. Flow), maximum expiratory duration (Max. 

Exp. Dur.) , the ratio of inspiratory duration to total respiratory duration (Insp. Dur./Total), respiratory rate, minute ventilation (Min. 

Vent.), tidal volume (Tidal vol.), the abdominal volume (Ab Vol) and the percentage of total tidal volume contributed by the abdomen 

(Ab. Fraction).  Means and standard deviations are reported; all volume measures are adjusted for dog mass.  
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XLMTM may have caused changes in airflow and respiratory times as measured by the 

pneumotach, with continued survival associated with maintained peak inspiratory flow. 

Normal dogs (N=6) had peak inspiratory flows (PIF) during quiet respiration of 95.1mL/s ± 

22.3mL/s at 10 weeks, 102.6mL/s ± 11.4mL/s at 17 weeks of age and 137.4mL/s ± 40.8mL/s at 

25 weeks of age (Table 4). Stimulation with 1.0mg/kg doxapram increased the peak inspiratory 

flow of normal dogs to 247.3mL/s ± 63.4mL/s at 10 weeks of age, 343.8mL/s ± 75.9mL/s at 17 

weeks of age and 407.4mL/s ± 64.5mL/s. While peak inspiratory flow in XLMTM dogs was 

elevated during quiet respiration as compared to normal littermates, (22% above normal at 10 

weeks of age (N=7), 18% above normal at 17 weeks of age, (N=5) and 87% above normal at 25 

weeks of age for a single surviving animal (N=1)) (P = 0.012),  mean peak inspiratory flow was 

subnormal at 10 weeks of age (9% decrease as compared to normal) and at 17 weeks of age 

(22% below normal) (Table 4) (Figure 7A). The last surviving XLMTM dog was able to 

maintain a peak inspiratory flow that was 12% higher than that of normal animals at 25 weeks of 

age. While normal dogs had peak expiratory flows of 231.1mL/s ± 36.8mL/s at 10 weeks of age, 

302.2m/s ± 45.8mL/s at 17 weeks of age and 375.8mL/s ± 75.4mL/s before stimulation, and 

364.8mL/s ± 46.0mL/s, 571.8mL/s ± 93.0mL/s and 668.0mL/s ± 106.2mL/s at 10, 17 and 25 

weeks of age after stimulation, mean peak expiratory flows for XLMTM dogs across time points 

were lower for both with and without stimulation (34% and 21% of normal at 10 weeks of age, 

21% and 27% of normal at 17 weeks of age and 18% and 10% of normal at 25 weeks of age 

before and after stimulation respectively).  

Normal dogs had minute ventilations (MV) before stimulation of 249mL/s/kg ± 

105.0mL/s/kg at 10 weeks of age, 181.6mL/s/kg ± 477.1mL/s/kg at 17 weeks of age and 

207.7mL/s/kg ± 108.8mL/s/kg at 25 weeks of age. Doxapram increases these to 1001.8 mL/s/kg 
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± 477.1 mL/s/kg, 954.8mL/s/kg ± 245.5 mL/s/kg and 823.6mL/s/kg ± 166.0mL/s/kg by 331.3%, 

489.5% and 420.7% at 10, 17 and 25 weeks of age respectively (Table 4). Minute ventilation for 

XLMTM dogs was near to or below normal values during quiet respiration (13% below normal 

at 10 weeks of age, 4% above normal at 17 weeks of age and 35% below normal at 25 weeks of 

age) (Figure 7B). Minute ventilation in these animals remained below normal after stimulation 

and was 14% of normal at 10 weeks of age, 29% of normal at 17 weeks of age and 21% of 

normal at 25 weeks of age (Table 4). This was partly due to a less robust response to doxapram 

stimulation (231.9% increase in minute ventilation at 10 weeks of age, 301.2% increase at 17 

weeks of age and 132.9% increase at 25 weeks of age for the last surviving animal) 

Inspiratory times measured for normal dogs at 10, 17 and 25 weeks of age were 542.4 ms 

± 155.2ms, 774.8ms ± 134.4ms and 856.7ms ± 191.1ms during quiet respiration and 399.6ms ± 

96.8ms, 538.7ms ± 85.8ms and 791.0ms ± 217.7ms after stimulation (Table 4). Measures for 

inspiratory time for XLMTM dogs were at or above normal prior to stimulation (2% lower than 

normal at 10 and 17 weeks and 81% above normal at 25 weeks) but significantly higher than 

normal after doxapram administration (10%, 43% and 95% higher at 10, 17 and 25 weeks of age 

respectively)(P = 0.027) (Table 4)(Figure 7C). Similar differences were seen in expiratory time 

and this was by reflected by changes in the respiratory rate. XLMTM dogs had respiratory rates 

that were 5% below normal, 1% above normal and 18% below normal prior to stimulation and 

17%, 32% and 36% below normal after stimulation for 10 weeks of age, 17 weeks of age and 25 

weeks of age respectively (Figure 7D). Changes in the ratio of inspired time to total respiratory 

time were similar to those as measured using RIP (Table 4).  

Changes in respiratory volumes that could be the result of disease were less clear. Normal 

dogs had tidal volumes and expired volumes of 5.9mL/kg ± 1.0mL/kg and 6.1mL/kg ± 0.9mL/kg 
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at 10 weeks of age, 6.6mL/kg ± 2.1mL/kg and 7.1mL/kg ± 1.8mL/kg at 17 weeks of age, and 

8.8mL/kg ± 5.4mL/kg and 8.4mL/kg ± 4.2mL/kg at 25 weeks of age before stimulation. After 

stimulation measures were 12.1mL/kg ± 3.5mL/kg at 10 weeks of age, 16.4mL/kg ± 3.4mL/kg at 

17 weeks of age, and 19.6mL/kg ± 2.1mL/kg for tidal and expired volumes respectively. Tidal 

volumes in XLMTM dogs were increased at 10 weeks of age compared to those in true littermate 

controls (19% higher than normal before stimulation and 11% higher after stimulation) and at 25 

weeks of age (63% above normal prior to stimulation and 26% higher than normal with 

stimulation). However, at 17 weeks of age, near-normal tidal volumes were maintained (5% 

below normal before stimulation and 2% above normal after) (Table 4) (Figure 7E). Expired 

volumes  for XLMTM dogs were also higher than normal during quiet respiration at 10 and 25 

weeks of age (10% at 10 weeks and 36% at 25 weeks) but were decreased at 17 weeks of age 

(11% below normal). However, they returned to near-normal levels after stimulation (1% higher 

at 10 and 17 weeks of age and less than 10% higher for the last surviving animal at 25 weeks) 

(Figure 7F). 

Given the observed changes in respiratory flow and time for XLMTM dogs, we developed a 

linear plot based on PIF and TI in normal dogs over time as a possible tool for determining 

respiratory dysfunction or recovery (Figure 8). Measures for affected animals fell below those 

for normal animals, with a shift of the line of regression to the right.  
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 10 weeks 17 weeks 25 weeks 

 

Normal (N=6) XLMTM (N=7) Normal (N=6) XLMTM (N=5) Normal (N=6) XLMTM (N=1) 

 

Before After Before After Before After Before After Before After Before After 

 

Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean 

 

(std) (std) (std) (std) (std) (std) (std) (std) (std) (std) (std) (std) 

TI (ms) 

542.4 399.6 529.8 439.1 774.8 538.7 755.6 772.6 856.7 791.0 1552.0 1542.5 

(155.2) (96.8) (116.8) (100.9) (134.4) (85.8) (215.4) (319.2) (191.1) (217.7) 

  

TE (ms) 

1093.6 394.2 1093.5 589.0 1612.8 572.5 1560.4 760.9 1827.5 731.8 1270.0 907.5 

(595.1) (209.0) (472.2) (252.3) (681.4) (159.5) (583.6) (260.7) (368.2) (191.5) 

  

TI/TTot 

0.4 0.5 0.4 0.4 0.4 0.5 0.3 0.5 0.3 0.5 0.6 0.6 

(0.1) (0.1) (0.1) (0.1) (0.1) (0.1) (0.1) (0.1) (0.1) (0.1) 

               

PIF (mL/s) 

95.1 247.3 115.6 224.1 102.6 343.8 121.0 268.9 137.4 407.4 256.4 458.0 

(22.3) (63.4) (28.3) (78.5) (11.4) (75.9) (35.3) (78.2) (40.8) (64.5) 

  PEF 

(mL/s) 

231.1 364.8 152.6 286.9 302.2 571.8 239.1 418.7 375.8 668.0 307.9 602.6 

(36.8) (46.0) (52.5) (114.8) (45.8) (93.0) (60.5) (132.9) (75.4) (106.2) 

               TV 5.9 12.1 7.0 13.4 6.6 16.4 6.3 16.8 8.8 19.6 14.3 24.6 
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(mL/kg) (1.0) (3.5) (1.7) (1.5) (2.1) (3.4) (0.8) (8.2) (5.4) (2.1) 

  EV 

(mL/kg) 

6.1 12.4 6.7 12.5 7.1 16.2 6.3 16.4 8.4 20.0 11.4 21.8 

(0.9) (1.8) (0.8) (2.6) (1.8) (3.1) (0.6) (8.0) (4.2) (2.3) 

               MV 

(mL/s/kg) 

249.7 1001.8 283.0 865.6 181.6 954.8 174.9 675.0 207.7 823.6 281.0 654.5 

(105.0) (477.1) (131.7) (253.4) (73.1) (245.5) (47.5) (261.9) (108.8) (166.0) 

  

RR (bpm) 

41.0 78.5 39.0 65.4 27.5 58.7 27.8 40.0 24.3 42.3 20.0 27.0 

(13.0) (22.0) (11.7) (22.0) (9.1) (11.7) (8.0) (16.2) (5.4) (9.5) 

  Table 4: Respiratory measures as recorded by pneumotach for normal dogs at 10 weeks of age, 17 weeks of age and 25 weeks of age 

(N=6 at all ages) before and after respiratory stimulation with 1.0mg/kg doxapram, including inspiratory time (TI), expiratory time 

(TE), the ratio of inspiratory time to total respiratory time (TI/TTot), peak inspiratory flow (PIF), peak expiratory flow (PEF), tidal 

volume (TV), expired volume (EV), minute ventilation (MV) and respiratory rate (RR). Means and standard deviations are reported as 

shown and all volume measures are adjusted for dog mass.  

.
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Figure 7: (A) Peak inspiratory flow, (B) minute ventilation, (C) inspiratory time, (D) respiratory 

rate, (E) tidal volume and (F) expired volume recorded by pneumotach after stimulation with 

1.0mg/kg doxapram.   
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Figure 8: Linear regression of peak inspiratory flow and inspiratory time for normal and 

XLMTM dogs over time. Weeks of age at the time of measurement are as indicated on the graph  
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Discussion: 

These findings demonstrate the dog model recapitulates X-linked myotubular myopathy, 

on the basis of clinically relevant techniques. The skeletal muscles of XLMTM dogs display the 

same histological changes used to diagnose the disease in affected boys, including 

centronucleation, organelle mislocalisation and reduced fiber size
32

 Disruption of the triad 

formed by transverse tubules and the sarcoplasmic reticulum has been identified as a possible 

cause of the muscle weakness associated with the disease, 
33

 particularly since myotubularin is 

known to localise to the transverse or T-tubules.
34

 T-tubules are integral to excitation-contraction 

coupling, where the activation of dihydropyridine receptor upon depolarisation due to an action 

potential triggers the release of calcium as medicated by ryanodine receptors in the closely 

located sarcoplasmic reticulum.
35

 This calcium binds to troponin C, causing muscle contraction. 

Abnormalities in the triad may therefore prevent or reduce the force of muscle contraction, 

causing weakness.
35

 

The development of a scored neurological assessment provides reproducible 

quantification of traditionally descriptive symptoms in awake animals, including physical 

appearance and behaviour, and differentiates XLMTM dogs from normal littermates at an early 

age. Contraction force due to nerve stimulation in the hindlimb is well established as an indicator 

of muscle weakness due to disease and has been used as a primary outcome measure in canine 

models of myopathy and dystrophy.
11,13,33

 However, the ability to measure limb function is 

important for wheelchair-dependent patients, particularly since reduced upper limb mobility can 

negatively impact quality of life. 
34

 In addition, a growing subset of patients appear to remain 

ambulatory and gait assessment is a validated approach to measure limb function in awake 



66 

 

animals. 
10,36,37

 Slower, shorter strides have already been observed as an indicator of muscle 

weakness due to disease in affected boys and were seen here in XLMTM dogs. 
21,38

  

Given that respiratory dysfunction is the leading cause of death in XLMTM, evaluating 

respiratory function in the canine model is critically important, particularly since assessment is 

difficult or less clinically relevant in models like the zebrafish or mouse.
26

 While some changes 

are seen using RIP, direct airflow measures with the pneumotach appear more sensitive to 

changes due to disease and may be the preferred method in future studies of the dog. The peak 

inspiratory flow/inspiratory duration curve, as measured after doxapram stimulation may also be 

a useful tool for determining the efficacy of potential treatments in the model.  

We observed continued survival to 25 weeks of age in a single animal, as well as near-

normal muscle fibre-size and maintained respiratory function. In human patients, XLMTM is 

separated into mild, moderate and severe forms of the disease, where the mild/moderate form is 

associated with an increased lifespan and a reduced dependence on ventilatory support.
10,36,39

 

There can also be some familial variation, particularly with missense mutations.
7,10,39

 While this 

variability is not ideal in a research context, where consistency and reproducibility are important, 

it reflects the clinical presentation of the disease. Indeed, the perinatal deaths of affected animals 

and poor survival of XLMTM dogs with the most compromised respiratory function suggests 

that similar classifications could be made for the canine model based on peak inspiratory flow 

and survival. Given this variability, it would therefore be prudent to increase the number of 

animals in future study to preserve statistical power. However, it must also be noted that even 

moderately affected animals were unable to survive beyond 25 weeks and displayed the muscle 

weakness characteristic of the disease.   
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Abstract 

X-linked myotubular myopathy (XLMTM) is a fatal pediatric disease where affected boys 

display profound weakness of the skeletal muscles. Possible therapies are under development but 

robust outcome measures in animal models are required for effective translation to human 

patients. We established a naturally-occurring canine model, where XLMTM dogs display 

clinical symptoms similar to those observed in humans. The aim of this study was to determine 

potential endpoints for the assessment of future treatments in this model. Video-based gait 

analysis was selected, as it is a well-established method of assessing limb function in 

neuromuscular disease and measures have been correlated to the patient's quality of life. 

XLMTM dogs (N = 3) and their true littermate wild type controls (N = 3) were assessed at 4–5 

time points, beginning at 10 weeks and continuing through 17 weeks. Motion capture and an 

instrumented carpet were used separately to evaluate spatiotemporal and kinematic changes over 

time. XLMTM dogs walk more slowly and with shorter stride lengths than wild type dogs, and 

these differences became greater over time. However, there was no clear difference in angular 

measures between affected and unaffected dogs. These data demonstrate that spatiotemporal 

parameters capture functional changes in gait in an XLMTM canine model and support their 

utility in future therapeutic trials. 
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1. Introduction 

X-linked myotubular myopathy (XLMTM) is a fatal inherited disease of the skeletal muscle, 

estimated to affect 1 in every 50,000 male births [1]. Patients typically present with hypotonia, 

generalized muscle weakness and respiratory failure at birth [2]. Survival beyond the postnatal 

period requires intensive support, often including gastrostomy feeding and mechanical 

ventilation [3] and [4]. The disease negatively impacts the quality of life of affected children and 

requires intensive support from caregivers. XLMTM is caused by the absence of the 

phosphoinositide phosphatase myotubularin due to mutation of the MTM1 gene on the long arm 

of the X chromosome [5]. There is no cure for XLMTM and current treatment options are 

primarily palliative. Prospective approaches in therapy therefore target the replacement of the 

gene or the gene product [6] and [7], an approach referred to as gene replacement therapy or 

gene transfer therapy. 

 

The development of animal models of XLMTM, such as in mice and zebrafish, has been a 

crucial step in the process of understanding the disease pathogenesis and developing potential 

therapies [8] and [9]. Indeed, adeno-associated virus (AAV)-mediated gene replacement therapy 

has produced promising results in the mouse model [7] and [10]. However, these are limited 

systems for translation into human patients, particularly when assessing restoration of function. 

Due to its size, a larger animal model, like the dog, more closely approximates the clinical 

condition in human neuromuscular disorders [11]. Also, the ability of the large animal model to 

tolerate repeated measurements allows for a longitudinal investigation that can more powerfully 

inform studies of efficacy. 
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A colony of XLMTM dogs descended from a Labrador Retriever carrier female with a naturally 

occurring missense mutation was recently established [12]. Affected male dogs appear similar to 

male patients, displaying not only severe muscle weakness [13] but also many of the classic 

features of the disease, such as a narrow head-shape and long, thin limbs [4]. XLMTM dogs 

decline rapidly, with a maximal lifespan of around 5 months of age and a failure to thrive 

analogous to the human disease. We recently reported that intravenous administration of a single 

dose of a recombinant serotype-8 adeno-associated virus (AAV8) vector expressing canine 

myotubularin to MTM1-deficient dogs resulted in robust improvement in motor activity and 

contractile force, corrected muscle pathology and prolonged survival [10]. 

 

As gene therapy or other interventions are developed and tested in the XLMTM canine model, 

methods for evaluating potential changes in motor function are crucial as predictors of quality of 

life [14]. Therefore analogs of such clinical tests are particularly powerful when determining the 

outcome of gene therapy trials. Changes in ambulation have been well established in the 

literature as indicators of functional loss in human patients [15], [16] and [17]. Parameters such 

as gait velocity and stride length, as well as sagittal plane measurement of hip, knee and ankle 

joints have been used as functional outcome measures [18]. Such systems have been adapted for 

use in canine models of neuromuscular diseases. For example, in the golden retriever muscular 

dystrophy (GRMD) dog, video-based gait assessment can capture not only spatiotemporal 

changes due to the presence of disease, such as reduced speed, but also kinematic 

accommodations, such as changes in hock or stifle angles [19]. We therefore propose that similar 
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spatiotemporal or kinematic changes in gait can be used as quantitative outcome measures in the 

canine XLMTM model. Here we report a case series of XLMTM and wild type dogs in which 

video-based gait analysis was used to assess differences in gait over time. 

 

2. Methods 

This was an early-stage observational study designed to examine possible differences in gait 

characteristics among experimental and wild type control groups. Spatiotemporal gait parameters 

were assessed using both video-based motion capture and an instrumented carpet, and kinematic 

gait parameters were assessed with video-based motion capture. 

2.1. Dogs 

Use and care of animals followed principles outlined in the National Institutes of Health Guide 

for the Care and Use of Laboratory Animals. Affected XLMTM dogs from two litters were 

identified just after birth by Taqman genotyping assay, as previously described [12]. XLMTM 

dogs (N = 3) and their true littermate controls (N = 3) were then assessed at 4–5 time points, 

beginning at 10 weeks and continuing through 17 weeks for litter A and 15 weeks for litter B. 

The cranial tibialis muscle of the left hind limb of affected dogs was injected at 10 weeks of age 

with AAV8-cMTM1 (4 × 10
11

 viral genomes) diluted in 1 mL lactated Ringer's solution, as 

described previously [ 10]. At the same time, the cranial tibialis muscle of the right hind limb of 

affected dogs was injected with an equal volume of Ringer's solution alone. Unaffected 

littermate controls received 1 mL of Ringer's solution in each hind limb. We did not anticipate 

local intramuscular injection of this muscle to impact walking, as this muscle is a flexor of the 

hind limb. 
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2.2. Motion capture 

2.2.1. Filming 

Quantitative gait analysis was carried out using 2-dimensional video-based motion capture to 

assess kinematic and spatiotemporal aspects of gait, as previously demonstrated in a canine 

model of muscular dystrophy [19]. Retro-reflective tape was placed on the greater trochanter of 

the femur, a point equidistant between the lateral epicondyle of the femur and the fibular head, 

the lateral malleolus of the distal tibia, and the distolateral aspect of the fifth metatarsus (Fig. 1). 

 

Fig. 1. (A) Normal dog on carpet with reflective markings. (B) Reflective markers placed at (1) 

the distolateral aspect of the paw, (2) the lateral malleolus of the fibula, (3) a point equidistant 

between the lateral epicondyle of the femur and the greater trochanter, and (4) the greater 

trochanter of femur. 
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Dogs were filmed walking at a self-selected pace against a dark cloth backdrop and across a 

black mat, with motion capture data recorded in the middle 2.4 m and instrumented carpet data 

recorded over the middle 4.9 m of the walkway to ensure a steady gait speed. A premeasured 

distance of 1.5 m was also marked on the mat for later video trial selection. A leash, food reward 

or vocal encouragement was used with both normal and affected animals. The dogs were walked 

left-to-right and right-to-left to film the left and right sides using a single camera operating at 60 

Hz (DCR-SX63, Sony, Japan). The camera was leveled and zoomed to encompass the filming 

volume and camera exposure was adjusted and a spotlight was used for optimal brightness of the 

reflective markers. 

 

2.2.2. Processing 

 

All videos for a single dog at a given time point were first sorted for quality based on the 

consistency of both speed and gait patterns, the position of the head (up and pointing forward), 

and the straightness of the walk through the filming volume. Trials where the dog walked out of 

the volume or abruptly changed gait pattern or speed were discarded. The remaining trials were 

independently reviewed and scored on a 1 (best)–5 (worst) scale by investigators with experience 

observing canine gait. The investigator scores for a given trial were averaged. To assess speed, 

the time for each dog to walk a premeasured distance of 150 cm was recorded by an investigator 

using a stop watch. For both the right and left sides, the two best video trails based on quality 

score and similarity of speed were identified for kinematic analysis. 
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We processed selected video trials using MaxTRAQ software (standard version 2.2.4.2), 

including calibration of distance for each trial and digitization of each retro-reflective marker on 

a frame-by-frame basis. Data were exported to Visual 3D (C-Motion, Inc., Germantown, USA) 

for calculation of both spatiotemporal and kinematic measures. Raw 2-dimensional marker 

coordinates were filtered using a 2nd order Butterworth filter with a cutoff frequency of 4 Hz. 

Heel-strike and toe-off events were identified for each trial in order to calculate stride and step 

parameters. 

 

2.2.3. Spatiotemporal and kinematic measures 

Spatiotemporal measures assessed in this study included stride velocity, stride length, stride time, 

stance time, and swing time. Stride length was calculated as the excursion of the marker on the 

fifth metatarsus from one heel strike to the next heel strike on the same leg. Stride time was 

calculated as the time from one heel strike to the next heel strike on the same leg. Stride velocity 

was defined as stride length divided by stride time. Stance time referred to the time when the 

measured hindlimb was in contact with the ground, calculated as the time from heel strike to the 

following toe off. Swing time referred to the time when the limb was moving forward, calculated 

from toe off to the following heel strike. Kinematic analyses focused on the stifle and hock 

joints, with sagittal plane joint angles calculated as previously described [19]. Maximum and 

minimum angles were determined and used to calculate the joint excursion for each stride. 
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2.3. Instrumented carpet 

 

An instrumented carpet (GAITRite Electronic Walkway, CIR Systems Inc.) measuring 0.9 × 7 m 

was also used to collect spatiotemporal measures, as previously demonstrated in healthy canines 

[20]. Instrumented carpet data were collected one week prior to the final time point (TF − 1) and 

again at the final time point of the experiment (TF). Note that these were separate sessions from 

those in which motion capture data was collected. Dogs were walked at a self-selected pace 

across the carpet. Specialized software (GAITFour version 4.1, CIR Systems Inc.) designed to 

analyze quadripedal gait was used to quantify velocity calculated as the distance walked across 

the carpet divided by the time required to do so. Walks across the gait carpet were selected based 

on the criteria described above. 

 

2.4. Statistical analysis 

Descriptive analyses were used to summarize physical characteristics and gait parameters for the 

XLMTM and wild type groups (IBM SPSS Statistics version 19.0, Armonk, USA). Although the 

power to detect a significant difference is low with such a small sample size, non-parametric 

tests were used in addition to descriptive analyses to assess differences in gait parameters 

between groups. Non-parametric Mann–Whitney U tests were used to assess group differences in 

spatiotemporal and kinematic gait parameters at 10 weeks of age (T0) and at the final time point 

of 17 weeks of age for litter A and 15 weeks for litter B (TF). Significance for all tests was set at 

α ≤ 0.05. 
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3. Results 

3.1. Dogs 

Table 1 shows the descriptive characteristics for XLMTM and wild type dogs. Mean (standard 

deviation) body mass was 7.2 (2.8) at T0 and 13.7 (4.6) kg at TF for wild type dogs and 6.6 (0.7) 

at T0and 9.8 (0.8) kg at TF for XLMTM dogs. Mean hind limb length was 24.7 (0.2) at T0 and 

31.1 (2.1) cm at TF for wild type dogs and 23.5 (1.6) at T0 and 30.2 (0.4) cm at TF for XLMTM 

dogs. Body mass and hind limb length did not differ between groups at either time point. Most of 

the dogs tested were males, except for litter B where no suitable male control was available. 
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Dog Sex Age 

(weeks) 

Body mass (kg) Limb length (cm) 

Litter A  TF T0 TF T0 TF 

WTA1 M 17 9.0 16.4 24.8 33.3 

WTA2 M 17 8.6 16.2 24.7 30.9 

XLMTMA1 M 17 7.2 10.0 22.0 30.5 

XLMTMA2 M 17 6.8 10.4 23.3 30.2 

Litter B       

WTB1 F 15 3.9 8.4 24.5 29.1 

XLMTMB1 M 15 5.8 8.9 25.1 29.8 

Table 1: Demographics for the affected XLMTM dogs and their wildtype littermates 

 

3.2. Spatiotemporal data 

3.2.1. Motion capture data 
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No differences in stride velocity, stride length, stride time, stance time, or swing time were 

detected between the left and right sides. Therefore, data from the right and left sides were 

combined for these spatiotemporal measures. In general, XLMTM dogs walked slower than their 

wild type littermates, and differences in gait speed between the groups became more pronounced 

over time (Fig. 2). At T0, the average stride velocity of XLMTM dogs was 13% less than the 

velocity measured in wild type animals, though this was not statistically significant (p = 0.13). 

By the final time point, XLMTM dogs walked more slowly than wild type controls (p = 0.05), 

with gait speed in XLMTM dogs 46% lower at TF than that in wild type littermate controls. 

 

Fig. 2. Stride velocities over time for affected XLMTM dogs and their wild type littermates. 

Symbols represent means and bars represent standard deviations of all trials collected at a given 

time point. 

Stride lengths of XLMTM dogs were shorter than their wild type littermates at both T0 and TF 

(both p = 0.05). The stride length of XLMTM was 86% and 68% that of wild type dogs at 10 

weeks of age and the final time point, respectively (Fig. 3). 
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Fig. 3. Stride length over time for affected XLMTM dogs and their wild type littermates. 

Symbols represent means and bars represent standard deviations of all trials collected at a given 

time point. 

 

Stride time and swing time appeared to be similar between groups and over time, but XLMTM 

dogs demonstrated 65% longer stance times than wild type dogs by the final time point (p = 

0.05; Table 2). 
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Spatiotemporal data 

   

 

T0 T1 TF 

Stride velocity (m/s) 

   XLMTM 1.28 1.34 0.76 

mean (SD) -0.11 -0.04 -0.13 

Wild type 1.47 1.62 1.4 

mean (SD) -0.1 -0.06 -0.2 

    Stride length (m) 

   XLMTM 0.51 0.54 0.47 

mean (SD) -0.03 -0.01 -0.02 

Wild type 0.59 0.66 0.69 

mean (SD) -0.05 -0.02 -0.05 

    Stride time (s) 

   XLMTM 0.4 0.41 0.64 

mean (SD) -0.02 -0.02 -0.08 

Wild type 0.4 0.41 0.5 

mean (SD) -0.02 -0.02 -0.11 
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    Stance time (s) 

   XLMTM 0.21 0.22 0.41 

mean (SD) -0.02 -0.01 -0.06 

Wild type 0.21 0.21 0.25 

mean (SD) -0.01 -0.02 -0.05 

    Swing time (s) 

   XLMTM 0.19 0.19 0.23 

mean (SD) -0.01 -0.01 -0.02 

Wild type 0.19 0.2 0.22 

mean (SD) -0.01 -0.01 -0.01 

Table 2. Spatiotemporal data as measured by motion capture for the affected animals and their 

wildtype littermates, where T0 is at 10 weeks of age, T1 is at 12 weeks of age and TF is the final 

time point of 17 weeks of age for litter A and 15 weeks for litter B. 

  

3.2.2. Instrumented carpet data 

Similar to the motion capture data, analysis using the instrumented carpet showed that velocity in 

the XLMTM dogs was 60% of wild type dogs at TF − 1 and decreased over time to 50% of the 

wild type velocity one week later at TF (Fig. 4). 
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Fig. 4. Velocity as measured by the instrumented carpet for affected XLMTM dogs and their 

wildtype littermates, measured one week prior to the end of the experiment (TF-1) and at the 

final time point (TF). Each point represents the velocity measured during a single walking trial 

across the instrumented carpet. Black symbols represent means and bars represent standard 

deviations for each time point. 

 

3.3. Kinematic data 

The maximal, minimal and excursion values of the left and right hock (Table 3) and stifle 

(Table 4) joint angles were analyzed for both groups (see supplementary materials for individual 

dog data). Maximal, minimal, and excursion joint angle values were consistent between the left 

and right sides for both the hock and stifle. No differences in hock or stifle kinematics were 

detected between XLMTM and wild type dogs (all p > 0.05). 
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Hock joint angular data       

 T0  T1  TF  

 

L R L R L R 

Maximum (°)       

XLMTM 158.6 153.9 147.2 150.9 146.8 145.1 

mean (SD) (8.4) (4.4) (3.4) (4.6) (5.8) (2.6) 

Wildtype 144.0 145.9 146.8 148.4 153.0 154.3 

mean (SD) (7.3) (4.6) (2.6) (12.9) (6.5) (7.8) 

Minimum (°)       

XLMTM 121.9 115.3 111.5 113.8 109.2 118.7 

mean (SD) (9.6) (12.6) (5.3) (7.0) (2.8) (1.0) 

Wildtype 107.4 103.4 109.0 109.7 113.2 118.6 

mean (SD) (14.2) (8.7) (6.5) (17.2) (6.5) (5.2) 

Excursion (°)       

XLMTM 36.7 38.6 35.7 37.1 37.6 26.4 

mean (SD) (1.9) (9.4) (2.1) (6.5) (4.4) (3.6) 

Wildtype 36.6 42.5 37.8 38.7 39.7 35.7 

mean (SD) (10.1) (4.6) (7.5) (4.3) (4.4) (4.5) 

Table 3. Hock joint angular data as measured by motion capture, where T0, T1 and TF are as 

described in Table 2, for the affected animals and their wild type littermates.  
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Stifle joint angular data       

 T0  T1  TF  

 

L R L R L R 

Maximum (°)       

XLMTM 151.8 143.8 142.4 133.2 142.3 141.8 

mean (SD) (2.8) (8.2) (5.1) (9.7) (3.1) (10.5) 

Wildtype 148.9 147.4 140.8 142.1 145.4 142.7 

mean (SD) (4.5) (6.8) (13.1) (11.2) (2.6) (4.6) 

Minimum (°)       

XLMTM 109.0 102.9 107.0 97.4 109.9 110.0 

mean (SD) (5.1) (9.8) (5.0) (9.0) (0.5) (4.4) 

Wildtype 103.0 99.6 98.6 99.5 109.7 105.6 

mean (SD) (13.6) (12.5) (19.8) (11.5) (4.0) (9.4) 

Excursion (°)       

XLMTM 42.9 40.9 35.3 35.8 32.4 31.7 

mean (SD) (2.4) (4.0) (0.2) (4.2) (3.3) (6.1) 

Wildtype 45.9 47.8 42.2 42.6 35.8 37.1 

mean (SD) (9.2) (6.7) (6.7) (3.1) (2.4) (5.0) 

Table 4. Stifle joint angular data as measured by motion capture, where T0, T1 and TF are as 

described in Table 2, for the affected animals and their wild type littermates. 
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4. Discussion 

The main finding from this observational gait study is that compared to normal littermate 

controls, XLMTM dogs walk more slowly and with shorter stride lengths than wild type dogs. 

These differences become greater as the disease progresses. The reduced velocity seen in 

affected animals appears to be characterized by shorter steps and a longer stance phase. Hock 

and stifle kinematics did not differ between XLMTM and wild type dogs, suggesting that 

spatiotemporal parameters were more sensitive to differences between groups than kinematic 

parameters. We previously reported progressive limb muscle weakness in XLMTM dogs over 

time [21], and findings reported here suggest that decreases in gait velocity are a significant 

functional consequence of this progressive weakness. Taken together, these observations suggest 

that muscular weakness observed in XLMTM dogs may be an important underlying impairment 

that leads to slower gait. Our data also indicate that spatiotemporal parameters can distinguish 

between affected and unaffected dogs and, importantly for future studies of therapy, are sensitive 

to change over time. 

 

An exemplar outcome measure for clinical translation should reflect a meaningful activity of 

daily living. The International Classification of Functioning, Disability, and Health: Children and 

Youth Version calls for outcome measures to address not only limb muscle strength but also 

relevant functional tasks [22], and recent research promotes this framework to inform the choice 

of outcome measures for boys with Duchenne muscular dystrophy [23]. Gait measures are 

functionally meaningful and, particularly in the context of animal models, offer the benefit of 

being assessed in awake, behaving animals. While we have previously published measures of 
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limb strength in the XLMTM canine model [13], this is the first report of the associated decline 

in associated limb function, reflected by slower gait speed in the XLMTM compared to wild type 

dogs. In boys with Duchenne muscular dystrophy, gait speed is correlated with reduced 

participation in daily life [23] and quality of life [24] and [25], supporting functional relevance of 

gait assessments. Indeed, gait speed is widely used as an outcome measure in clinical trials for 

muscular dystrophy [26], [27], [28], [29], [30], [31], [32], [33], [34] and [35]. Gait abnormalities 

have also been reported in canines with Duchenne muscular dystrophy and other myopathies 

[19], [27], [36], [37], [38], [39] and [40]. Some measures of muscle strength and respiratory 

function have already been reported in the XLMTM dog [13] and [41], but this is the first study 

of gait assessment in this large animal model and the first assessment of awake animals. 

 

We recently reported the effects of local intramuscular delivery of AAV8 expressing MTM1 to 

the cranial tibialis muscle in the three XLMTM dogs also described here. The left hindlimb was 

injected with AAV8 and the right limb was injected with saline. In that study, we observed 

marked increase in the strength of the muscle receiving gene replacement therapy, the cranial 

tibialis (a flexor of the hind limb). We did not detect strength changes in the extensor muscles of 

the hindlimb, nor did we observe other histopathological changes in any other muscles, 

indicating a local effect of the test article with this method of administration. Because the cranial 

tibialis muscle is a flexor of the paw (e.g. muscle contraction lifts the paw up off the ground 

during gait), local strength changes in this muscle may be insufficient to cause detectable 

changes in measures of gait [15]. In support of this, we did not detect differences between the 

right and left sides in spatiotemporal or kinematic measures due to local effects of AAV8 in 

XLMTM dogs. However additional studies evaluating systemic effects of AAV8-mediated 
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MTM1 gene replacement on gait in this model are underway. While children with XLMTM are 

not typically ambulatory, understanding the effects of such therapies in canine models on 

functionally relevant tasks like walking as well as the effects on respiratory muscle function and 

limb muscle strength further justifies the development of these therapies. 

 

The current study demonstrates that both motion capture and instrumented carpet methodologies 

can be used to quantify differences in spatiotemporal parameters between XLMTM and wild 

type dogs. Given the similarities between motion capture and instrumented carpet findings, a 

more direct comparison of the two methods is indicated. Stride velocity and stride length appear 

to be most sensitive to differences between affected and unaffected dogs and to change over 

time. These data suggest that gait can be assessed as a functionally relevant endpoint in future 

studies of therapeutics in the XLMTM canine model. 

References 

1. Jungbluth, H., C. Wallgren-Pettersson, and J. Laporte, Centronuclear (myotubular) 

myopathy. Orphanet J Rare Dis, 2008. 3: p. 26. 

2. Pierson, C.R., et al., X-linked myotubular and centronuclear myopathies. J 

Neuropathol Exp Neurol, 2005. 64(7): p. 555-64. 

3. Heckmatt, J.Z., et al., Congenital centronuclear (myotubular) myopathy. A clinical, 

pathological and genetic study in eight children. Brain, 1985. 108 ( Pt 4): p. 941-64. 

4. Herman, G.E., et al., Medical complications in long-term survivors with X-linked 

myotubular myopathy. J Pediatr, 1999. 134(2): p. 206-14. 



94 

 

5. Laporte, J., et al., A gene mutated in X-linked myotubular myopathy defines a new 

putative tyrosine phosphatase family conserved in yeast. Nat Genet, 1996. 13(2): p. 

175-82. 

6. Lawlor, M.W., et al., Enzyme replacement therapy rescues weakness and improves 

muscle pathology in mice with X-linked myotubular myopathy. Hum Mol Genet, 

2013. 22(8): p. 1525-38. 

7. Buj-Bello, A., et al., AAV-mediated intramuscular delivery of myotubularin corrects 

the myotubular myopathy phenotype in targeted murine muscle and suggests a 

function in plasma membrane homeostasis. Hum Mol Genet, 2008. 17(14): p. 2132-

43. 

8. Dowling, J.J., et al., Loss of myotubularin function results in T-tubule disorganization 

in zebrafish and human myotubular myopathy. PLoS Genet, 2009. 5(2): p. e1000372. 

9. Buj-Bello, A., et al., The lipid phosphatase myotubularin is essential for skeletal 

muscle maintenance but not for myogenesis in mice. Proc Natl Acad Sci U S A, 2002. 

99(23): p. 15060-5. 

10. Childers, M.K., et al., Gene therapy prolongs survival and restores function in murine 

and canine models of myotubular myopathy. Sci Transl Med, 2014. 6(220): p. 

220ra10. 

11. Vainzof, M., et al., Animal models for genetic neuromuscular diseases. J Mol 

Neurosci, 2008. 34(3): p. 241-8. 



95 

 

12. Beggs, A.H., et al., MTM1 mutation associated with X-linked myotubular myopathy 

in Labrador Retrievers. Proc Natl Acad Sci U S A, 2010. 107(33): p. 14697-702. 

13. Grange, R.W., et al., Muscle function in A canine model of X-linked myotubular 

myopathy. Muscle Nerve, 2012. 46(4): p. 588-91. 

14. Reuben, D.B., et al., Motor assessment using the NIH Toolbox. Neurology, 2013. 

80(11 Suppl 3): p. S65-75. 

15. van der Krogt, M.M., S.L. Delp, and M.H. Schwartz, How robust is human gait to 

muscle weakness? Gait Posture, 2012. 36(1): p. 113-9. 

16. Scott, O.M., et al., Quantitation of muscle function in children: a prospective study in 

Duchenne muscular dystrophy. Muscle Nerve, 1982. 5(4): p. 291-301. 

17. Davis, R.B., Reflections on clinical gait analysis. J Electromyogr Kinesiol, 1997. 

7(4): p. 251-257. 

18. Whittle, M.W., Clinical gait analysis: A review. Human Movement Science, 1996. 

15(3): p. 369-387. 

19. Marsh, A.P., et al., Kinematics of gait in golden retriever muscular dystrophy. 

Neuromuscul Disord, 2010. 20(1): p. 16-20. 

20. Light, V.A., et al., Temporal-spatial gait analysis by use of a portable walkway 

system in healthy Labrador Retrievers at a walk. Am J Vet Res, 2010. 71(9): p. 997-

1002. 



96 

 

21. Grange, R.W., Muscle function in a canine model of X-Linked Myotubular 

Myopathy. Muscle Nerve, 2012. 

22. World Health Organization., International classification of functioning, disability, and 

health : children & youth version : ICF-CY. 2007, Geneva: World Health 

Organization. xxvii, 322 p. 

23. Bendixen, R.M., et al., Participation in daily life activities and its relationship to 

strength and functional measures in boys with Duchenne muscular dystrophy. Disabil 

Rehabil, 2014. 

24. McDonald, C.M., et al., Relationship between clinical outcome measures and parent 

proxy reports of health-related quality of life in ambulatory children with Duchenne 

muscular dystrophy. J Child Neurol, 2010. 25(9): p. 1130-44. 

25. Henricson, E., et al., The 6-minute walk test and person-reported outcomes in boys 

with duchenne muscular dystrophy and typically developing controls: longitudinal 

comparisons and clinically-meaningful changes over one year. PLoS Curr, 2013. 5. 

26. Carter, G.T., Ambulation in adults with central neurologic disorders. Foreword. Phys 

Med Rehabil Clin N Am, 2013. 24(2): p. xi-xiii. 

27. Shin, J.H., et al., Quantitative phenotyping of Duchenne muscular dystrophy dogs by 

comprehensive gait analysis and overnight activity monitoring. PloS one, 2013. 8(3): 

p. e59875. 

28. Fischmann, A., et al., Quantitative MRI and loss of free ambulation in Duchenne 

muscular dystrophy. Journal of neurology, 2013. 260(4): p. 969-74. 



97 

 

29. Tiffreau, V., et al., Gait abnormalities in type 1 myotonic muscular dystrophy: 3D 

motion analysis, energy cost and surface EMG. Comput Methods Biomech Biomed 

Engin, 2012. 15 Suppl 1: p. 171-2. 

30. Galli, M., et al., Gait pattern in myotonic dystrophy (Steinert disease): a kinematic, 

kinetic and EMG evaluation using 3D gait analysis. J Neurol Sci, 2012. 314(1-2): p. 

83-7. 

31. Ganea, R., et al., Gait assessment in children with duchenne muscular dystrophy 

during long-distance walking. Journal of child neurology, 2012. 27(1): p. 30-8. 

32. Esser, P., et al., Assessment of spatio-temporal gait parameters using inertial 

measurement units in neurological populations. Gait Posture, 2011. 34(4): p. 558-60. 

33. McDonald, C.M., et al., The 6-minute walk test in Duchenne/Becker muscular 

dystrophy: longitudinal observations. Muscle Nerve, 2010. 42(6): p. 966-74. 

34. Gaudreault, N., et al., Gait patterns comparison of children with Duchenne muscular 

dystrophy to those of control subjects considering the effect of gait velocity. Gait 

Posture, 2010. 32(3): p. 342-7. 

35. Sienko Thomas, S., et al., Classification of the gait patterns of boys with Duchenne 

muscular dystrophy and their relationship to function. Journal of child neurology, 

2010. 25(9): p. 1103-9. 

36. Barthelemy, I., et al., Effects of an immunosuppressive treatment in the GRMD dog 

model of Duchenne muscular dystrophy. PloS one, 2012. 7(11): p. e48478. 



98 

 

37. Barthelemy, I., et al., Longitudinal ambulatory measurements of gait abnormality in 

dystrophin-deficient dogs. BMC musculoskeletal disorders, 2011. 12: p. 75. 

38. Barthelemy, I., et al., Gait analysis using accelerometry in dystrophin-deficient dogs. 

Neuromuscul Disord, 2009. 19(11): p. 788-96. 

39. Shimatsu, Y., et al., Major clinical and histopathological characteristics of canine X-

linked muscular dystrophy in Japan, CXMDJ. Acta myologica : myopathies and 

cardiomyopathies : official journal of the Mediterranean Society of Myology / edited 

by the Gaetano Conte Academy for the study of striated muscle diseases, 2005. 24(2): 

p. 145-54. 

40. Shelton, G.D., et al., Muscular dystrophy in female dogs. J Vet Intern Med, 2001. 

15(3): p. 240-4. 

41. Goddard, M.A., et al., Establishing clinical end points of respiratory function in large 

animals for clinical translation. Phys Med Rehabil Clin N Am, 2012. 23(1): p. 75-94, 

xi. 

  



99 

 

 

 

 

 

Gait assessment in a canine model of XLMTM after treatment with AAV8-MTM1 by limb 

perfusion 

 

The following chapter is to be submitted to Muscle and Nerve 

Melissa Goddard is responsible for all of the writing, data collection and analysis 

 

 

  



100 

 

ABSTRACT 

X-linked myotubular myopathy (XLMTM) is a devastating pediatric disease caused by the 

absence of the protein myotubularin due to mutation at the MTM1 gene. While there is no cure, a 

prospective treatment a canine model of XLMTM using AAV-mediated replacement has shown 

promising results.
1
 Gait assessment by video capture and instrumented carpet in these XLMTM 

dogs has been used to establish that spatiotemporal measures of gait are sensitive to changes due 

to disease. Ambulation in treated XLMTM dogs was therefore evaluated longitudinally to 

determine changes over time.  XLMTM dogs walk with comparable speed and stride length to 

normal littermates up to two years after treatment, suggesting that gene replacement therapy 

preserves normal ambulation and limb function . 

 

INTRODUCTION 

X-linked myotubular myopathy (XLMTM) is the most common of the centronuclear myopathies, 

estimated to affect 1 in 50 000 male births.
1-3

 The disease is caused by mutation of the MTM1 

gene
4,5

 and affected boys have weakness of the skeletal muscles due to a deficiency of the 

protein myotubularin.
4,6

 XLMTM presents at birth as severe hypotonia and respiratory 

dysfunction and is often fatal in the first year of life.
7,8

 This myopathy affects primarily males, 

except in cases where there is skewed X-inactivation.
9,10

 While there are instances of 

spontaneous occurance, the MTM1 mutation behind the disease is often inherited from 

asymptomatic carrier mothers.
11

 The most severely affected boys are wheelchair dependent; 

however, a subset of patients with a milder form of the disease have been reported.
12,13

 These 
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patients can survive until adulthood and have been known to remain ambulatory for a longer 

period of time.
8,14

  

A naturally-occurring dog model of the disease displays a phenotype analogous to that 

seen in human patients.
15,16

 XLMTM dogs experience progressive weakness and atrophy of the 

skeletal muscles and have difficulty standing and eating as well as impaired respiratory 

function.
17,18

 The average lifespan of affected animals is 18-20 weeks of age.
15,18,19

 As with 

human patients, carrier females are phenotypically normal.
16

  

As XLMTM is caused by myotubularin-deficiency due to MTM1 mutation, a prospective 

treatment was developed to correct the defect through AAV8-mediated gene replacement 

therapy.
20

 However, while direct injection to the cranial tibialis of treated dogs restored limb 

strength to near normal, a commensurate improvement in gait was not observed, with XLMTM 

dogs averaging a 46% reduction in gait speed near the end of their lifespan at 18 weeks (where 

gait speed is 1.40 m/s ± 0.20  for normal dogs but 0.76m/s ± 0.13 for XLMTM dogs) and a 68% 

decrease in stride length compared to normal (0.69 m± 0.05 for normal dogs verses 0.47m±0.02 

for XLMTM dogs)
21

 This is likely due to the localised nature of the treatment, where treatment 

of a single paw flexor like cranial tibialis alone is insufficient to cause a measureable gait 

improvement.
22

  In contrast, transvenous limb perfusion, where the limb is isolated before 

administration of a therapy by high-pressure perfusion, allows for safe treatment of the entire 

leg.
23

 Canines treated in this way demonstrated improved leg muscle strength in the infused limb 

after treatment but effects were also observed distal to the point of infusion, including improved 

strength in contralateral untreated hindlimb, improved respiratory function and increased 

lifespan.
20

 This suggests that ambulation in these dogs may also be preserved over time. 
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Clinical gait analysis has been established in the literature as an indicator of diminished 

limb muscle function due to neuromuscular disease
24

 and similar techniques have been used to 

study gait in canine models of Duchenne muscular dystrophy.
25

 It has been determined that 

spatiotemporal measures of gait as measured by two-dimensional video-based analysis are 

sensitive to changes caused by the disease, with gait speed and stride length decreasing over time 

in XLMTM dogs compared to true littermate controls.
21

  Video-based kinematic analysis has 

also been successfully used to detect changes in range of motion (ROM) due to disease in canine 

models of neuromuscular disease. 
25

 However, kinematic analysis can be time intensive, and 

requires extensive training for appropriate accuracy. Equipment set-up, including camera 

placement and frame rate, can also affect accuracy and requires precision. 
26,27

  

Given that measures of ROM are not sensitive enough to differentiate between XLMTM 

dogs and their wildtype true littermate controls,
21

 an instrumented carpet provides an alternate 

method for assessing gait function. The system has been validated for use in dogs, is relatively 

easy to use in a reproducible fashion, and allows for the capture of some spatiotemporal 

measures unavailable with two-dimensional analysis, such as stride width. 
27,28

 

To test the hypothesis that AAV8-MTM1 treatment prevents reduced ambulation over 

time, we longitudinally assessed gait in treated XLMTM dogs. 

 

MATERIALS AND METHODS 

Dogs. Care and use of all laboratory animals was in keeping with the National Research Council 

guidelines. XLMTM dogs (N=2) were identified after birth by Taqman genotyping assay.
15

  Two 

comparison groups were evaluated.  For short-term assessment, XLMTM dogs (N=2) were 
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measured prior to treatment at 8 weeks of age (T8w) and then every four weeks post-treatment 

(T12w and T16w) until 21 weeks of age (T21w) alongside wildtype male controls (N=2).  For the 

long-term assessment, XLMTM dogs were measured one year (T1y) and two years (T2y) after 

treatment as compared to normal females (N=3). All dogs used in the study were true littermate 

controls. Hindlimb length was recorded in anesthetized dogs with the limb against a flat surface 

at all timepoints excluding the last at two years after treatment, where measures were taken in 

awake, recumbent animals with the aid of a handler. 

 

Treatment. XLMTM dogs were treated at 9 weeks of age via isolated limb perfusion as 

previously described.
20

 A tourniquet was applied to the left hindlimb and a single dose of AAV8-

MTM1 (2.5 × 10
13

 vg/kg) was injected into the saphenous vein under high pressure. 

 

Gait assessment. Dogs were measured using a 0.9m x 7m instrumented carpet (GAITRite 

Electronic Walkway, CIR Systems Inc.) at six time points – 8 weeks, 12 weeks, 16 weeks, and 

21 weeks of age, as well as at one and two years after treatment. A trained handler walked 

leashed dogs in alternating directions along the instrumented carpet at a self-selected pace.  Food 

reward, praise, or squeaker toys were used as encouragement. Walks were selected based on 

consistency of gait pattern and speed and analysed using proprietary software (GAITFour 

version 4.1, CIR Systems Inc). Gait speed, stride length and stride time, as well as step length 

and stance time, were also evaluated longitudinally as outcome measures likely to display 

changes due to disease, or subsequent recovery as a result of treatment.
23  
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Statistics. Given the small numbers used in this prospective case series, means and standard 

deviations will be reported and measures outside of the 95% confidence intervals will be 

indicated as deviations from normal where relevant.
30

 

 

RESULTS 

Dog demographics. XLMTM dogs had lower body weights prior to treatment at 8 weeks of 

age (6.4kg ± 0.5kg) as compared to their wildtype littermates (4.7kg ± 0.3kg) despite being close 

in size as measured by hindlimb length (XLMTM: 13.5cm ± 0.3cm; wildtype controls: 12.6cm ± 

0.6cm; Table 1). By 16 weeks of age, XLMTM and control dogs were of similar weights and 

sizes, with mean weight of 10.4kg ± 0.6kg and limb length of 17.3 cm ± 0.4cm for XLMTM 

dogs, and a mean weight of 10.9kg ± 0.5kg and limb length of 16.6cm ± 0.7cm for wildtype 

control animals. XLMTM and carrier control dogs also demonstrated comparable weights and 

hindlimb lengths at one and two years of age (Table 1).  At one year, mean weight was 13.6kg ± 

1.3kg for XLMTM dogs and 14.1kg ± 1.2kg for carrier controls, and mean hindlimb length was 

17.9cm ± 0.7cm for XLMTM dogs and 17.3cm ± 1.1cm for carrier controls. At two years, mean 

weight was 21.0 kg ± 2.5kg for XLMTM dogs and 22.0kg ± 2.5kg for carrier controls, and mean 

hindlimb lengths were 18.5cm ± 0.6cm for XLMTM dogs and 17.5cm ± 0.4cm for carrier 

controls. 
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Genotype XLMTM Wildtype Carrier 

Dog 1 2 1 2 1 2 3 

Gender M M M M F F F 

        

Body mass at T8w (kg) 4.5 4.9 6.0 6.7 -- -- -- 

Body mass at T16w (kg) 10.5 11.2 10.0 10.8 -- -- -- 

Body mass at T1y (kg) 12.7 14.5 -- -- 15.1 12.7 14.5 

Body mass at T2y (kg) 19.2 22.7 -- -- 23.1 19.1 23.7 

        

Limb length at  T8w (cm) 12.3 13.2 13.3 13.7 -- -- -- 

Limb length at T16w (cm) 16.0 17.1 17.0 17.6 -- -- -- 

Limb length at T1y (cm) 17.4 18.4 -- -- 17.6 16.1 18.2 

Limb length at T2y (cm)* 18.0 18.9 -- -- 17.9 17.1 17.4 

Table 1: Demographics for the XLMTM dogs (N=2), for their true wildtype littermate controls 

(N=2) immediately prior to treatment at eight weeks of age (T8w) and eight weeks after treatment 

at 16 weeks of age (T16w), and for their true littermate carrier controls (N=3) at one year (T1y) 

and two years of age (T2y). Hindlimb measures are from the tip of hock to tip of toe and are taken 

in anesthetised dogs except where noted by asterisks (*), where measures were taken in awake, 

recumbent animals with the aid of a handler.  

  



106 

 

Treated XLMTM dogs have slightly reduced gait speeds as compared to normal before 

treatment. For all measures, XLMTM values at across time points were within the 95% 

confidence interval of the control group at that time point.  

Left and right side data were not significantly different and were collapsed. Gait speed in 

XLMTM dogs was slightly reduced at 8 weeks of age, where XLMTM dogs walked 7% more 

slowly than control dogs (XLMTM:  110.0 cm/s ± 39.0cm; controls:  119.3 cm/s ± 10.3cm, 

Table 2). However, XLMTM dogs walked at speeds that were comparable to controls at 12, 16 

and 21 weeks of age. Gait speed was maintained at XLMTM dogs at one and two years after 

treatment.  In normal carriers, gait speed was 20% faster than XLMTM dogs at one year, but was 

comparable at two years after treatment (Figure 1A, Table 2).  

Stride length in XLMTM dogs were 16% shorter than controls at 10 weeks of age 

(50.5cm ± 1.1cm for wildtype control dogs compared to 42.4cm ± 3.1) (Table 2), but were 

comparable to controls at all other time points. At two years after treatment, XLMTM dogs 

demonstrated 10% longer strides than control dogs (72.8cm ± 8.7cm for carrier controls 

compared to 79.9cm ± 5.5cm for treated XLMTM dogs) (Figure 1B).  

Stride times were comparable between XLMTM dogs and controls at all time points, except for 

one year after treatment, where carrier animals had stride times that were 18% shorter than 

XLMTM dogs (0.38s ± 0.03s for controls and 0.45s ± 0.06s for XLMTM dogs) (Figure 1C).  
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Figure 1. (A) Gait speed, (B) stride length and (C) stride time measured by the instrumented 

carpet for XLMTM dogs (N=2) and their true littermate wildtype (N=2) and carrier (N=3) 

controls. Dogs were measured prior to treatment at 8 weeks of age (T8w) and after treatment at 12 

weeks of age (T12w), 16 weeks of age (T16w) and 21 weeks of age (T21w) and again one year (T1y) 

and two years (T2y) after treatment. 
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  T8w T12w T16w T21w T1y T2y 

Stride velocity (cm/s) 

      XLMTM  110.9 172.4 187.5 185.2 186.1 183.7 

mean (std) (39.0) (15.1) (7.7) (6.6) (21.8) (6.6) 

Wildtype 119.3 175.4 192.5 -- -- -- 

mean (std) (10.3) (3.0) (2.4) -- -- -- 

Carrier -- -- -- -- 233.4 174.7 

mean (std) -- -- -- -- (12.1) (11.6) 

Stride length (cm) 

      XLMTM  42.3 64.5 71.5 78.1 84.1 79.9 

mean (std) (3.1) (1.5) (2.8) (0.9) (0.4) (5.5) 

Wildtype 50.5 67.8 74.5 -- -- -- 

mean (std) (1.1) (2.8) (3.5) -- -- -- 

Carrier -- -- -- -- 90.1 72.8 

mean (std) -- -- -- -- (10.9) (8.7) 

Stride time (s) 

      XLMTM  0.40 0.38 0.39 0.43 0.45 0.43 

mean (std) (0.11) (0.02) (0.01) (0.03) (0.06) (0.04) 

Wildtype 0.42 0.39 0.39 -- -- -- 

mean (std) (0.03) (0.02) (0.01) -- -- -- 

Carrier -- -- -- -- 0.38 0.41 

mean (std) -- -- -- -- (0.03) (0.03) 

Table 2: Stride velocity, length and time as measured over time.  
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XLMTM dogs also took steps that were 16% shorter than controls prior to treatment at 10 weeks 

of age, but had step lengths that were close to normal after treatment (25.1cm ± 0.4cm for normal 

dogs verses 20.9cm ± 1.8 cm for XLMTM dogs). (Figure 2A) (Table 3). Step and stance times 

were comparable to controls at all time points, except when compared to carrier controls at one 

year after treatment.  At this time point, XLMTM dogs had 21% lower step times and 42% lower 

stance times than controls, and stance time for XLMTM dogs was outside of the 95% confidence 

interval for carrier controls (Figure 2B and C). 

 

Figure 2. (A) Step length, (B) step time and (C) stance time for XLMTM dogs compared to 

normal controls 
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T8w T12w T16w T21w T1y T2y 

Step length(cm) 

      XLMTM mean (std) 20.9 (1.8) 32.0 (0.6) 35.5 (1.4) 38.9 (0.5) 41.9 (0.1) 39.8 (2.7) 

Wildtype mean (std) 25.1 (0.4) 33.7 (1.1) 37.1 (1.8) 39.1 (0.4) -- -- 

Carrier mean (std) -- -- -- -- 44.7 (5.4) 36.3 (4.3) 

       Step time (s) 

      XLMTM mean (std) 0.20 (0.06) 0.19 (0.01) 0.19 (0.00) 0.22 (0.01) 0.23 (0.03) 0.22 (0.02) 

Wildtype mean (std) 0.21 (0.01) 0.19 (0.01) 0.20 (0.01) 0.22 (0.01) -- -- 

Carrier mean (std) -- -- -- -- 0.19 (0.02) 0.21 (0.02) 

       Stance time (s) 

      XLMTM mean (std) 0.20 (0.08) 0.17 (0.04) 0.16 (0.01) 0.19 (0.03) 0.20 (0.04) 0.20 (0.04) 

Wildtype mean (std) 0.21 (0.02) 0.16 (0.01) 0.17 (0.01) 0.21 (0.01) -- -- 

Carrier mean (std) -- -- -- -- 0.14 (0.01) 0.21 (0.02) 

Table 3. Spatiotemporal measures over time for XLMTM dogs as compared to normal true littermate controls
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DISCUSSION 

 We previously reported that XLMTM dogs walk more slowly that their normal control 

littermates, experiencing a 13% decrease in speed at 10 weeks of age, with a decrease of 46% of 

normal by the time of humane euthanasia at 17 weeks of age.
23

 Strides were also shorter, reduced 

to 86% of normal at 10 weeks of age and 68% of normal by the terminal endpoint.
23

 While 

XLMTM dogs walk more slowly and with shorter strides prior to treatment, treatment is 

associated with improved and maintained speed and stride length over time, suggesting 

preserved ambulation and limb function. 

The instrumented carpet and two-dimensional video kinematics are both validated 

methods of quantifying spatiotemporal gait measures in canines.
27,29,30

 Unlike the instrumented 

carpet, video capture can also measure kinematic or angular data and can be expanded for use in 

three dimensions to provide information on the positioning of the body while in motion. 

However, video capture requires a reasonably large-sized space to accommodate and correctly 

position equipment and allows data collection for only one side of the body at a time. Use of the 

instrumented carpet permitted sampling of many more strides than would be possible within the 

filmed volume as well as simultaneous sampling of bilateral strides. Set up and analysis for the 

carpet was simpler, required less training, and was largely automated, allowing for rapid and 

reliable assessment of several animals with few people. In contrast, multiple types of software 

were needed to manually convert, digitise and analyze video capture data, resulting in more time 

intensive data processing and increase potential for loss of data integrity. Given the limited 

additional value of hindlimb angular kinematic measurements in the XLMTM dog,
21

 the 

instrumented carpet is recommended as the preferred method for gait analysis for this model 

given its other advantages. However, for canine models where changes in joint angles are 
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observed due to disease, such as the golden retriever muscular dystrophy model,
25

 kinematic 

analysis at a higher resolution may be recommended. 

The treated XLMTM dogs continue to thrive at 3 years of age. Furthermore, they appear 

clinically normal and have been able to successfully reproduce without assistance. Given these 

findings, a direct systemic delivery of the therapy is therefore the next logical progression. 
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CHAPTER IV 

 

 

Establishing clinical end points of respiratory function in large animals for clinical 

translation 

 

 

Excerpts from the following chapter were published by the Physical Medicine and Rehabilitation 

Clinics of North America
1
  

Literature citations and figure formats are adherent to the guidelines set forth in  

Physical Medicine and Rehabilitation Clinics of North America  

Melissa Goddard is responsible for most of the writing and all of the data 
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Abstract 

Respiratory dysfunction due to progressive weakness of the respiratory muscles, particularly the 

diaphragm, is a major cause of death in the neuromuscular disease (NMD) X-linked myotubular 

myopathy (XLMTM). Methods of respiratory assessment in patients are often difficult, 

especially in those who are mechanically ventilated. The naturally occuring XLMTM dog model 

exhibits a phenotype similar to that in patients and can be used to determine quantitative 

descriptions of dysfunction as clinical endpoints for treatment and the development of new 

therapies. In experiments using respiratory impedance plethysmography (RIP), XLMTM dogs 

challenged with the respiratory stimulant doxapram displayed significant changes indicative of 

diaphragmatic weakness.  

This article serves to describe the need for animal models and, more specifically, a canine model, 

to accurately define and establish clinical end points for the treatment of neuromuscular disease 

(NMD) in humans. Characterization of respiratory involvement in NMDs is needed, and the 

canine model can be used to assess, define, characterize and establish efficacy of new therapeutic 

modalities.  

Animal Models of XLMTM 

To more fully define the progression and understanding of the mechanism and pathogenesis of 

human disease, a well-defined animal model is necessary. 
45

 Animal models also allow for the 

development of therapeutic strategies that more accurately reflect disease severity and 

immunologic problems. A relevant animal model, and therefore species used, would be one in 

which the biological response to therapy would be expected to mimic the human response. 

Safety and efficacy data are needed prior to entry of any therapeutic agents into clinical trials. 
46
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Some animal models of NMD appear as true counterparts to human disorders; others resemble 

but do not duplicate disease in humans. Still others require further study to determine the degree 

of compatibility. 
47

 

 

Zebrafish and murine models of XLMTM have been recently established. 
48 49

 The discovery, 

further classification, and additional testing of a recently discovered canine model of XLMTM 

has broadened the field for this disease. These models have played an important role in 

understanding the pathogenesis of how loss of myotubularin leads to respiratory weakness and 

death. 
45

 Together these various species with myotubularin deficiency can be used to demonstrate 

different aspects of muscle maturation, maintenance, growth, and development. Findings in 

animals can lead to direct clinical translation, application, and use and refinement of diagnostic 

and therapeutic modalities for XLMTM patients. Tables 1–3 compare and contrast the existing 

models of XLMTM. 
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Table 1:  A comparison of XLMTM animal models —genotypic and phenotypic features  

  ZEBRAFISH MOUSE MOUSE CANINE 

  Morpholino knockdown Myotubularin-deficient KO 

(Mtm1 KO) 

HSA mutant   

DESCRIPTOR Genetically modified Genetically modified Genetically modified Naturally occurring, 

spontaneous 

GENE LOCI N/A MTM1 Deletion of MTM1 exon 4 MTM1 

MUTATION Antisense morpholino used 

to interrupt MTM1 

transcription 

Frameshift mutation   Missense variation 

EXPRESSION both males and females Sex linked--seen in the 

hemizygous male 

Sex linked--seen in the 

hemizygous male 

Sex linked--seen in 

the hemizygous male 

PHENOTYPE Rapidly fatal Rapidly fatal Severe and rapidly fatal Progressive 

SCREENING  Phenotypic appearance Tail snip   Cheek swab 

GENETIC 

MANIPULABILITY 

Functional gene knockdown       



 

121 
 

  ZEBRAFISH MOUSE MOUSE CANINE 

CLINICAL 

FEATURES 

• diminished spontaneous 

contractions of embryo;  

• inability to hatch from 

chorion;  

• dorsal curvature through 

back of tail (instead of normal 

flat or "C" shaped dorsum);  

• bent and/or foreshortened 

tails; 

• small heads,  

• abnormally shaped yolk 

balls,  

• reduced body extension 

• growth 

impairment;  

• kyphosis;  

• hind-limb muscle 

paralysis 

 growth 

impairment 

 Kyphosis 

 Hind-limb 

muscle 

paralysis  

• generalized muscle atrophy;  

• weakness, 

•  diminished spinal reflexes,  

• normal ability to eat and drink; 

•  temporal muscle mass loss;  

• “dropped jaw” appearance;  

• hind-limb muscle atrophy;  

• contracture of hind distal and 

middle phalanges;  

• a shortened, choppy and stilted 

gait;  

• inability to stand for any length 

of time progressing to inability to 

rise or stand without assistance 
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HISTO- 

PATHOLO

GICAL 

FEATURES 

• Small muscle fibers (50%);  

• large unusual and 

mislocalized nuclei;  

• sarcoplasmic 

disorganization;  

• myofiber hypotrophy 

• generalized 

myopathy with 

fiber size variation;  

• Type I muscle 

fiber hypotrophy;  

• progressive 

accumulation of 

paracentral or 

central nuclei in 

muscle fibers;  

• necklace fibers 

 nuclei 

originating mainly 

from myofibers and 

from fibroblasts, 

muscle satellite 

cells, endothelial 

and Schwann cells 

• excessive variability in 

myofiber size;  

• variable numbers of myofibers 

containing prominent internal 

nuclei;  

• necklace fibers;  

• subsarcolemmal rings and 

central changes 

RESPIRAT

ORY 

FUNCTION 

Not tested     Paradoxical breathing 

Table 2:  A comparison of XLMTM animal models —Clinical and histological features 
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  ZEBRAFISH MOUSE CANINE 

AVERAGE LITTER SIZE Large  6-9 7 

AFFECTED ANIMAL 

AVERAGE LIFE SPAN 

  7-9 weeks/ 6-14 weeks 14-19 weeks 

TIME TO DETECTION 

OF DISEASE 

Within 48- 72 hours post 

fertilization 

4 weeks 9-10 weeks 

REPRODUCIBILITY High High Dependent upon Mendelian genetics 

MUSCLE 

DIFFERENTIATION 

At primary myogenesis Complete at birth 4 weeks post-partum 

APPROPRIATE USE • Small molecule 

therapeutic testing 

• Rapid testing of 

therapeutic strategies 

• early therapeutic 

development 

• proof-of-concept 

• understanding function of 

myotubularin 

• gene therapy trials 

• Better reflection of disease severity 

• Better reflection of immunological 

problems associated with therapeutic 

development strategies 

• proof of concept 

• pre-FDA clinical trials 

Table 3:  A comparison of XLMTM animal models —Use as a model (Abbreviation: FDA, Food and Drug Administration.) 
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Appropriate use of each species can be guided by several preclinical considerations. For 

example, the small size of mice guarantees that reagents can be produced in sufficient quantity 

and facilitates delivery of reagent in high doses. 
50

 However, there are other aspects that may be 

more accurately performed in a larger model because of physiology, 
51

 therapeutic feasibility and 

monitoring, and toxicity. If delivering therapeutic agents, large volumes may be required for 

translation to human medicine, which becomes impractical in mice. 
50

 The larger canine model 

allows for studies of safety and efficacy to be performed, and dose-escalation studies are more 

easily executed. Specifically, this becomes important when considering intramuscular injections 

of gene-therapy vectors. For example, direct injection of plasmid DNA into muscles for gene 

therapy is more practical, feasible, and plausible when using the canine model as opposed to the 

murine model of XLMTM, and this holds especially true for respiratory muscle injections to test 

for therapeutic efficiency. The ability to provide additional medical and nutritional support to 

affected dogs as opposed to mice may allow the model to survive longer periods of time, thus 

allowing long-term evaluation to establish the typical chronologic sequence of clinical and 

histologic signs for XLMTM. 
52

 Box 1 describes in further detail the relative advantages and 

disadvantages of the canine model of XLMTM. 
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ADVANTAGES:  

 Genetic testing- cheek swab rather than tail snip- less pain and distress to animal 

 Long life span 

o Long term observations for therapeutic effectiveness, disease progression, and side-

effects 

 Size 

o Human equipment to be used in research environment (no specialized equipment) 

o Respiratory impedance bands easily placed 

o Image quality better and easier to obtain 

o Quantifiable respiratory rate and pattern by direct visualization (allows secondary 

confirmation with respiratory impedance bands) 

o Able to take multiple muscle biopsies for characterization/ progression of disease and 

response to therapeutics (from same muscle belly) 
45

 

 Attitude/ good temperament 
60

   
71

 

o ease of handling and restraint  

 Well-established protocols for sedation and anesthesia, maintenance of such  

o Easy to anesthetize 

 Large database of normal values known for breed 
72,73

 

o Respiratory rate, heart rate, tidal volume, clinical chemistry, complete blood cell count 

 Transition to clinical studies for FDA Applications 

 May reduce number of animals needed for study to generate a more definitive data set 
60

  

 Artificial insemination for breeding purposes 
74,75

 

o Ability to modify size of animal model in further generations 
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Box 1: Advantages and disadvantages of the canine model of XLMTM 

 

 Similarity to human respiratory function values (especially pediatrics) 

o Anatomic 

 Lung lobes, trachea, bronchi, and anatomical positioning of diaphragm
73

 

o Physiologic 

 Respiratory rate and pattern, sensitivity to pharmacological agents 
72

 

 Naturally occurring mutation 
45

 

o Avoids technical issues of genetically modified animals 

 Unexpected downstream effects 

 Loss or change of modification in later generations 

 May uncover problems not appreciated in inbred strains of laboratory mice 
56

 

 Species specific transgenes available 
50

 

DISADVANTAGES 

 Size 

 Limited availability 

 Life span 

 Cost of upkeep/ supplies (anesthesia, drugs) 
76

 

 Small litter sizes/ longer gestation/ longer time to wean 

 Genetic variation within breed 

 Expense of maintaining breeding colony 

 Quadruped (does not lack instability of upper body, as do humans afflicted with disorder) 

 May require larger quantities of test reagents to see significant effects 
50
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Description of Neuromuscular Disorders in Dogs 

In contrast to the congenital myopathies, most of the muscular dystrophies recognized in dogs 

are caused by a genetic mutation in the dystrophin gene, which is located on the X chromosome. 

Thus, these disorders are inherited as X-linked recessive traits, clinically apparent in male dogs 

and transmitted by clinically asymptomatic female dogs. 
61

 Canine X-linked muscular dystrophy 

has been identified in Golden Retrievers, Irish Terriers, Samoyeds, Miniature Schnauzers, 

German Short-Haired Pointers, Rottweilers, Pembroke Welsh Corgi, and Belgian Shepherds. 
62

 

The Golden Retriever model of Canine X-Linked Muscular Dystrophy (GRMD) is well 

established and has been characterized over many years. 
59 63 64 65

 Additional colonies of dogs 

with well-characterized clinical and histopathological characteristics of muscular dystrophy have 

been developed in Japan (CXMDJ), in which beagles were crossed with affected Golden 

Retrievers. 
66

 The addition of the beagle to the line allowed for a canine model that was more 

appropriately sized for muscular dystrophy and more easily handled. 
53

 This size manipulation is 

an example of what can be done in the XLMTM Labrador. 

 

Description of XLMTM in Dogs 

X-Linked myotubular myopathy was identified in Labrador retrievers as a missense mutation in 

the MTM1 gene on the short arm of the X chromosome. 
45

 Generalized muscle atrophy, 

weakness, diminished spinal reflexes, and abnormal ability to eat and drink was reported in 

affected littermates in Canada. 
61

 Male dogs afflicted with XLMTM display temporal muscle 

mass loss, dropped-jaw appearance (likely due to weakness of masticatory muscles), 
45

 hindlimb 

muscle atrophy, contracture of hind distal and middle phalanges, a shortened, choppy, and stilted 
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gait, and inability to stand for any length of time progressing to inability to rise or stand without 

assistance. Puppies appear clinically normal at birth, and subtle signs of disease start to appear at 

approximately 8 to 10 weeks of age. In the authors’ experience, XLMTM dogs appear to have 

normal mentation up to the time of euthanasia. In addition, unaffected female and male dogs and 

female carrier dogs do not display any of the aforementioned clinical signs. 

 

Affected dogs are generally euthanized between 3 and 6 months of age, due to the lack of 

intensive supportive care often present in affected humans. The dogs do not receive intubation 

for respiratory support or gastrotomy-tube feedings for nutritional support. This course differs 

from that of human XLMTM, in which the myopathy is relatively nonprogressive despite being 

severe at birth. 
45

 In dogs, paradoxic breathing is apparent at the first measurement of respiratory 

function, at approximately 10 weeks of age (Mitchell and Childers, unpublished observations, 

2011). It is not certain currently whether paradoxic breathing is present before this age, as it has 

yet to be studied. From the first display of muscle weakness, most clinically apparent between 12 

and 16 weeks of age, the puppies are hand-fed their daily caloric intake. Care is taken to ensure 

that they are able to rise on their own to urinate and defecate. Progressive skeletal muscle 

weakness leading to the inability to rise without assistance is the reason why dogs are euthanized 

between 16 and 19 weeks of age. 

 

Respiratory assessment in the dog 

Given that respiratory dysfunction contributes to the shortened life span and compromised 

quality of life of XLMTM patients, and that long-term mechanical ventilation can cause 
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complications 
42

 and may lead to damage of the diaphragm, 
67

 the ability to evaluate respiratory 

function and study pathologic changes related to the weakened diaphragm is of great value in an 

appropriately analogous animal model of XLMTM. There are two ways that this can be 

measured: by assessing respiratory function as a whole or by taking a direct look at the strength 

and function of the diaphragm muscle. 

 

Several of the currently used means of examining respiratory function in animal models were 

developed to detect side effects of new drugs under development. 
46

 Some methods can be used 

only in rodents, and those available for use in larger animal models like the dog may have 

various disadvantages. These methods may be of limited use in anesthetized animals, restricting 

the length of time and number of intervals available to the investigator for study; other issues can 

include difficulties in calibrating and using the equipment, which may require a highly skilled 

operator. However, there are approaches that allow for the respiratory assessment of larger 

unanesthetized animals. 

 

Plethysmography Chambers 

One method is the assessment of restrained animals using a plethysmograph chamber, whereby 

the animal is either completely enclosed except for the head in a “head-out” chamber or, 

conversely, only the head is enclosed in a “head-in” chamber. While this allows for data 

collection in conscious animals and for whole-body measurement, the use of restraints introduces 

stress, which can affect the accuracy of results. In addition, there is some issue with sensitivity 
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when used with large animals such as the dog, given the relatively small size of the measured 

change in comparison with the size of the chamber. 
46

 

 

Pneumotachometer 

A second approach is a facemask or helmet with an attached air-flow meter known as a 

pneumotachometer, used with sling restraint of the dog. The pneumotachometer detects changes 

in air volume by measuring pressure changes across the device during inspiration and expiration, 

and these measures of air flow over time can be used to calculate values such as tidal volume, 

respiratory rate, and minute ventilation. Restraint stress is a factor when using the 

pneumotachometer, as with the plethysmograph chamber, but one advantage of pneumatography 

is that it provides a direct measurement of respiration and air flow. Therefore, it is often used 

when calibrating or assessing the effectiveness of, or in conjunction with, more indirect types of 

apparatus such as impedance bands, described next. 

 

Invasive Respiratory Impedance 

One of these indirect methods is the use of implanted impedance leads. These leads consist of a 

long coil of wire through which a low, constant electrical current is transmitted. The leads can be 

surgically inserted in a large animal and wrapped across the thorax or abdomen. As the animal 

breathes the coils are stretched, and a change in electrical resistance or impedance occurs. These 

resistance changes in the implanted coils correspond directly with the length of change during 

respiration. This change in electrical resistance is subsequently converted to volume changes, 
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provided that a known amount of gas exchange can be used to calibrate the equipment. Thus, 

impedance technology can be used to measure even small changes in abdominal or thoracic 

volume during respiration. 
68 69

 

 

In invasive respiratory impedance the impedance device is placed in the pleural cavity, with the 

leads implanted into the intercostal space, This technique has been shown to be a relatively 

sensitive and accurate way of measuring respiratory function in dogs. In addition, it can be used 

both in anesthetized and in ambulatory, awake dogs, and allows for continual data collection 

over a fairly long period of time. 68 However, implantation of the leads is a surgical procedure, 

thus requiring additional surgical and anesthetic equipment. 

 

Noninvasive Respiratory Impedance Plethysmography 

The authors identified respiratory impedance plethysmography (RIP) as an effective means of 

assessing respiratory dysfunction and related diaphragmatic weakness in dogs with NMD. RIP 

offers many of the advantages of alternative techniques, especially implanted devices, but avoids 

many of their disadvantages. Here dogs are fitted with jackets, which hold the RIP bands in place 

throughout the experiment. RIP and electrocardiographic leads are connected to a telemetry 

device, which also records movement. Thus, data from the chest wall, heart, and whole-body 

movement can all be collected simultaneously and analyzed in real time. 
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The authors also collected measures of inspiratory and expiratory air flow using a 

pneumotachometer, to assess the relative fidelity of the RIP bands and to quantify the volumetric 

band data. Air flow can be measured directly with a pneumotachometer and a transducer. A 

pneumotachometer converts the flow of gases through it into a proportional signal of pressure 

difference. The authors found this noninvasive method of plethysmography to be quite accurate 

and sensitive; changes in band volume reflected simultaneously recorded changes in air flow 

across the pneumotachometer (Fig. 1). 
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Fig. 1 

Simultaneous outputs for the RIP bands and the flow pneumatograph, as measured in a normal 

dog. Note changes in the wave form from the left to the right, due to the administration of a 

respiratory stimulant doxapram. (A) The upper trace represents thoracic measures, the middle 

trace is obtained from the abdominal band, and the bottom trace represents pneumotach data. (B) 

Overlay of the 3 outputs. 
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As XLMTM is a myopathy that results in profound and fatal weakness of the respiratory muscles 

in patients, the respiratory dysfunction in XLMTM can be attributed to the increasing 

diaphragmatic weakness over the course of the disease. The authors hypothesize that differences 

exist between thoracic and abdominal mechanics for affected and unaffected individuals. The 

authors observed that XLMTM dogs display a “paradoxic” breathing pattern whereby thoracic 

motions are out of phase with those of the abdomen, particularly during respiratory challenge. By 

contrast, the thoracic and abdominal muscles move together during respiration in normal dogs. 

The sensitivity of RIP bands allows for comparative analysis of thoracic and abdominal 

contributions to changes in lung volume. Respiratory software (Iox version 2.5.1.10, EMKA 

Technologies Inc, Falls Church, VA) records not only individual values for thoracic and 

abdominal contributions to total lung volume but also sums the total values. Therefore, measures 

can be expressed both as absolute measures of thoracic or abdominal values and as percentages 

of the whole. Accordingly, the authors have used RIP to provide a measure of progressive 

diaphragmatic weakness in the XLMTM dog. Other advantages of respiratory impedance 

plethysmography are that it is noninvasive and is unaffected by atmospheric conditions such as 

temperature and humidity. It should be noted that there are provisions in the software to record 

these details. 

 

Transdiaphragmatic Pressure 

A direct assessment of the pressure gradient above and below the diaphragm (transdiaphragmatic 

pressure) can be used to assess the strength of this critical respiratory muscle. As previously 

discussed, pressure changes are an established way of assessing strength and endurance of the 
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diaphragm of human patients in the clinic, as well as its fatigability, and are therefore an 

autologous method in the dog. 28 70 71 For this technique balloon pressure catheters are placed 

above and below the diaphragm, the first placed at the mid-thoracic esophagus and the second in 

the stomach ( Fig. 2 ). The esophageal balloon catheter is inflated with 0.5 mL of air and the 

gastric balloon with 1 mL of air. 72 Pressure change at each balloon, caused by movement of the 

diaphragm, is converted by a pressure transducer into a measured electrical signal, which 

generates a recorded waveform ( Fig. 3 ). 
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Fig. 2 

Placement of each of the balloon catheters relative to the diaphragm for the measurement of 

transdiaphragmatic pressure in the dog. Phrenic nerve stimulation causes the diaphragm to 

contract, and results in pressure changes above and below this muscle. Pressure changes are 

proportional to the force elicited by the contracting diaphragm. This method provides an 

assessment of strength in the diaphragm muscle of the dog. 
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Fig. 3 

Screenshot of observed esophageal (Pes) and gastric (Pga) pressures, as compared with flow data 

collected by the pneumatograph at 40-Hz (for 3 seconds) stimulation of the phrenic nerve in an 

XLMTM dog. 

 

Transdiaphragmatic pressure (Pdi) is then calculated as the differences between gastric (Pga) and 

esophageal (Pes) pressures: 
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The authors induced contraction of the diaphragm using phrenic nerve stimulation. Under 

general gas anesthesia, 2 50-mm 26-gauge pin electrodes were placed percutaneously into the 

sternothyroideus muscle bellies for bilateral stimulation of the phrenic nerve. Accurate 

placement of the electrodes was ensured by measuring twitch responses using a Grass stimulator. 

Voluntary respiration was temporarily suspended and apnea induced with a single bolus dose of 

intravenous anesthetic propofol, and twitch confirmed visually as a rapid change in either Pga or 

Pes. Once placement was confirmed, simultaneous bilateral phrenic nerve stimulation was 

performed, first at 1 Hz and then from 10 to 80 Hz in 10-Hz increments. 

 

Though useful, the authors found this method to have limited application in the canine XLMTM 

model. First, because of the need for dissection to isolate and stimulate the phrenic nerves, this 

method often can only be used in terminal experiments. Such placement of the leads requires 

trained personnel with the necessary surgical skill and experience. The authors succeeded in 

percutaneous placement of the leads with variable reliability, and this method added considerable 

time and complexity to the procedure. Ensuring that the leads remained in place during the 

course of the experiment is challenging, both in the surgical and percutaneous placements, often 

requiring 2 or more people to manually hold both electrodes in place. Shifting of the balloons, 

especially the gastric balloon, during stimulation can affect the data. Movement of the catheters 

during stimulation can be mitigated by creating various catheter designs or by making changes in 

placement order of the electrodes versus the catheters, and by including restraint techniques such 

as taping to the surgical table, the mouth, or the muzzle of the dog. However, those catheters 

sturdy enough to remain in position are typically not sensitive enough to appreciably register 
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pressure changes, while the more sensitive balloons rarely remain in position. As such, obtaining 

a consistent result using this method can prove challenging. 

 

In the authors’ initial experiments of respiratory function, dogs were challenged with the 

respiratory stimulant doxapram. Doxapram is thought to act on the respiratory centers of the 

central nervous system; in particular it acts on the carotid chemoreceptors and subsequently 

causes stimulation of the respiratory center, 73 but may also have some peripheral activity. 74 It 

is known to increase respiratory rate and tidal volumes, and this response is dependent on the 

size of the administered dose. Doxapram’s short duration of action and rapid metabolism made it 

a suitable choice for these studies. 75 

 

The authors administered doxapram by intravenous bolus to test dogs both at single and in 

escalating doses. Using the RIP bands in conjunction with flow plethysmography (calibrated 

using a 1-L supersyringe), data were collected in anesthetized dogs. Measures included tidal 

volume, respiratory rate, inspiratory and expiratory flow, and thoracic and abdominal volume 

changes. Data were collected in a total of 6 dogs at 3 time points, including a terminal end point. 

RIP values, obtained at a baseline before the administration of doxapram and then after each 

dose, were analyzed using the software ecgAUTO v2.8.1.25 (EMKA Technologies Inc), while 

Iox software was used to analyze pneumatographic values. Point values obtained for a fixed 

interval of time were also compared between affected dogs and their unaffected control 

littermates to identify potential trends and changes over time. 
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The authors found significant differences ( P  = .05) between wild-type and XLMTM dogs in 

tidal volume, respiratory rate, and the calculated minute ventilation for pneumatograph-derived 

and RIP-derived values, trends that were maintained at each of the 3 time points at which data 

were collected. The sensitivity and accuracy of the RIP technique were also demonstrated, 

illustrated by the close agreement between pneumatograph and RIP measures ( Fig. 4 ); this is 

also supported by visual analysis of the raw traces (see Fig. 1 ). 
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Fig. 4 

Measures taken over serially administered doxapram doses, in affected XLMTM and unaffected 

wild-type (WT) control dogs. ( A–C) Impedance-derived values of respiratory rate ( A), tidal 

volume ( B), and minute ventilation ( C) (n = 3 for each group, for a total of 6 animals). 

Respiratory and minute ventilation are here expressed as the arbitrary “mL” units assigned by the 

Iox program, and represent relative values. ( D, E) Pneumotach-derived values of tidal volume ( 

D) and minute ventilation ( E) (n = 1 for each group, for a total of 2 animals). Values here are 

actual, as calibrated by 1-L supersyringe at the time of collection. 
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In this model of XLMTM, respiratory dysfunction is most clearly illustrated by 3 measures: 

1. The inspiratory and expiratory flow rates ( Fig. 5 A, B) 

 

Fig. 5 

( A, B) Pneumatometer-derived values of peak inspiratory and expiratory flow, as well as 

inspiratory duration compared across the dosage ( C) and between each group ( D) (n = 1 for 

each group, for a total of 2 animals). ( E) Impedance-derived values of the abdominal 

contribution to respiration, expressed as a percentage. 
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2. The inspiratory and expiratory durations, especially the inspiratory duration (see Fig. 5 C, D) 

3. The percent abdominal contribution to the volume change due to respiration (see Fig. 5 E). 

 

Air-flow rates are significantly reduced in affected animals (see Fig. 5 ) despite significantly 

higher inspiratory durations. Most noticeably, inspiratory duration decreases in the XLMTM dog 

following doxapram stimulation, demonstrating the marked differences observed in the wild-type 

littermate control. This finding is consistent with respiratory muscle weakness, which renders the 

XLMTM dogs unable to respond normally to respiratory challenge. Moreover, increased 

respiratory flow, reduced inspiratory duration, and a return to a normal response to respiratory 

challenge can be measured and used as clinical indicators of improved respiratory function after 

treatment. 

 

Using the RIP bands the thoracic and abdominal measures can be examined separately, both as 

absolute values and in terms of what percentage change in the total volume can be attributed to a 

change at either the thoracic or the abdominal band. This analysis allows one to determine 

whether observed changes are due to diaphragmatic weakness, as indicated by the abdominal 

band. In affected dogs, the fractional abdominal contribution decreases under the effects of 

respiratory stimulation; this is markedly different from what occurs in wild-type dogs, where 

respiratory challenge causes an increased abdominal contribution. The abdominal contribution to 

total volume falls to values significantly lower than those observed in normal wild-type 
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littermates. Thus, the authors attribute the observed respiratory dysfunction to loss of strength in 

the diaphragm. The percentage of abdominal contribution to the tidal volume can be used as a 

preclinical end point in the course of investigating new drugs or treatments. 

 

Summary 

Animal models of NMDs (such as XLMTM) have been established and subsequently defined. 

Some models (such as the mouse) play critical roles in identifying associated pathology, 

investigating the biological mechanisms of the disease, and determining the safety and efficacy 

of potential treatments. However, their ability to accurately recreate the state of the disease in the 

patient can be limited, due to size or to the means by which the disease state must be 

approximated; this holds particularly true in the case of the assessment of respiratory dysfunction 

associated with NMDs. Methods used to assess respiratory function must be accurate and 

sensitive enough to measure subtle changes over the progression of the disease. The ability to 

follow changes allows for the evaluation of treatment outcomes for NMD. The XLMTM dog, as 

a naturally occurring, large animal model, is a suitable analogue of the XLMTM patient. The size 

of the dog provides the opportunity to use techniques that are prohibited in smaller models such 

as the mouse. Indeed, many of the methods used to measure inspiratory and expiratory muscle 

weakness in the clinic can be applied to the dog model to improve translational applications of 

tested treatments. When coupled with RIP, quantitative descriptions of respiratory efficacy 

establish preclinical end points for the testing of new therapeutics. 
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INTRODUCTION 

X-liked myotubular myopathy (XLMTM) is a fatal pediatric disease where lack of the 

protein myotubularin causes skeletal muscle weakness.(1) Respiratory muscles like the 

diaphragm are affected by the disease, with ventilatory failure as the leading cause death.(2, 3) 

Putative treatments, where the myotubularin deficiency is corrected, show promise in animal 

models of the disease.(4-6)  

Direct injection of AAV8-MTM1 into cranial tibialis of myotubularin-deficient XLMTM 

dogs restores myotubularin expression and causes increased muscle strength and size, as well as 

improvements in histopathology.(4) However, this treatment remains localised and is limited to 

the injected muscles. Intravascular infusion under high-pressure was therefore used to deliver 

AAV8-MTM1 to the whole limb. Despite isolating the hindlimb during perfusion with a 

tourniquet placed at the thigh, leakage above the tourniquet caused effects throughout the body, 

including clinical improvement, increased survival and restored strength in treated and untreated 

legs. (4) Vector copy number at the diaphragm of a treated animal was reported as 0.37, with 

expression of the myotubularin transgene at around 90% of normal. (4) This suggests that 

respiratory function may be improved in these animals.  

The flow-volume loop, which was developed as a method of determining respiratory 

function where maximal effort cannot be achieved, has been adapted for use in dogs as a 

qualitative assessment of respiratory function. (7, 8) Normal dogs achieve peak flow rates late 

during inspiration but early during expiration, resulting in what has become the classic ‘D’ shape 

(Figure 1). (9) Changes in loop shape may be indicative of muscle weakness due to disease and 

could improve with treatment. Measures of air flow and volume, such as peak flow or volume, 
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can also be derived from the curve (Figure 1). The diaphragm, the primary muscle of inspiration, 

is also affected by the disease. (10) Therefore, these changes may be more prevalent on the 

inspiratory or lower part of the curve. Given this and previous findings, we hypothesise that peak 

inspiratory flow, as derived from the curve, is likely to be reduced in XLMTM dogs. (11) 

 

Figure 1: The features of a normal flow-volume loop. Measures of inhalation, including peak 

inspiratory flow (PIF) are on the lower part of the curve, while the upper part of the curve 

measures expiratory values such as peak expiratory flow (PEF). 
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MATERIALS AND METHODS 

Study design 

Using previously-reported power analyses calculated from measures of muscle strength, (4, 12) 3 

dogs were assigned to each group—normal wildtype, untreated XLMTM or treated XLMTM—

based on genotype(13) and the availability of the intervention. As this was an early, hypothesis-

generating investigation into respiratory measures sensitive to the disease as well as to treatment, 

assessment was non-randomised and unblinded. Care and use of the dogs was in keeping with 

the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals. 

Treatment 

XLMTM dogs received a single dose of 2.5 × 10
13

 vg/kg AAV8-MTM1 containing a full-

length canine MTM1 cDNA under a desmin promotor. This was infused via the saphenous vein 

under high pressure at 9 weeks of age.(4, 14)  

Respiratory assessment 

Each group was assessed under anesthesia just prior to treatment with AAV8 and at the 

humane endpoint for untreated XLMTM of 16 weeks of age. Surviving animals were measured 

again at 24 weeks and one year of age by pneumatography as has been previously described.(3, 

4, 11) Airflow was measured at rest and after the administration of 1.0mg/kg of the centrally-

acting respiratory stimulant doxapram chloride. Raw tracings were visually examined to ensure 

complete capture of each breath before computer analysis. Flow-volume loops were derived 

from 10 clear and succesive breaths selected after stimulation and peak inspiratory flow (PIF) 

determined from the lowest part of the curve (Fig 1). 
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RESULTS 

Treatment restored flow-volume loops to normal size and shape. Flow-volume loops for 

normal dogs (Fig 2A) were the expected D-shape at 9 weeks of age (i), 16 weeks of age (ii) and 

23 weeks of age (iii). Flow-volume loops in XLMTM dogs (Fig 2B) were smaller than those in 

normal dogs at 9 weeks of age (i) and, by 16 weeks of age, there was some deformation of the 

expected “D” shape (ii). While loops were smaller than normal in treated XLMTM dogs (Fig2C) 

at 9 weeks of age, prior to infusion (i), treatment restored the shape and size at 16 weeks of age 

(ii) and 23 weeks of age (iii).  
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Figure 2: Representative flow-volume loops in individual dogs as measured for 10 consecutive 

breaths for after respiratory stimulation by 1.0mg/kg doxapram chloride for (A) normal  (N=1) 

and XLMTM dogs receiving either (B) saline (N=1) or (C)AAV8-MTM1(N=2). Dogs are 

measured prior to treatment (i) at 9 weeks of age, (ii) at 16 weeks of age, when saline-treated 

XLMTM dogs require humane euthanasia and (iii) at 23 weeks of age. 

Treatment restored respiratory times, flows and volumes to near normal measures. 

Inspiratory and expiratory times were increased in XLMTM dogs as compared to normal, 

slightly when at rest (Table 1) but markedly after stimulation. (Table 2) Treatment was 

associated with a reduction in inspiratory and expiratory times. Inspired and expired volumes at 

rest were similar for all three groups at rest. However, volumes were much higher in untreated 

XLMTM dogs after treatment, as compared to normal, but treatment was associated with a 

lowered volume. Peak airflows were greatly reduced in XLMTM dogs both before and after 

stimulation (Table 1 and 2). This trend was seen at 9 weeks of age, prior to AAV8 treatment, and 
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again at 16 weeks of age in untreated dogs. However, treatment was associated restored peak 

inspiratory flow at 16 and 23 weeks, and these near-normal measures were maintained a year 

after treatment (Fig 3).   

 

Before stimulation    

 

Normal XLMTM XLMTM + AAV8 

 

Mean (std) Mean (std) Mean (std) 

Inspiratory time (ms) 941.0 (120.1) 1238.9 (245.9) 604.3 (13.5) 

Expiratory time (ms) 1787.7 (612.2) 1943.8 (583.7) 759.8 (330.4) 

Insp/Exp time Ratio 2.04 (0.60) 1.63 (0.58) 1.26 (0.52) 

Peak inspiratory flow (mL/s) 223.5 (12.6) 96.9 (46.6) 272.4 (69.1) 

Peak expiratory flow (mL/s) 582.1 (105.0) 271.8 (61.0) 384.6 (141.1) 

Insp/Exp flow ratio 2.60 (0.37) 3.06 (0.82) 1.39 (0.15) 

Inspired volume (mL/kg) 8.49 (2.32) 7.88 (5.99) 9.15 (2.41) 

Expired volume (mL/kg) 10.77 (2.60) 9.76 (4.59) 9.82 (2.00) 

Insp/Exp volume ratio 0.79 (0.08) 0.76 (0.24) 0.92 (0.06) 

Table 1: Respiratory measures at 16 weeks of age for treated and untreated XLMTM dogs, as 

compared to their true littermate controls, prior to respiratory stimulation (N=3 for all groups)  
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After stimulation    

 

Normal XLMTM XLMTM + AAV8 

 

Mean (std) Mean (std) Mean (std) 

Inspiratory time (ms) 641.5 (246.7) 1018.7 (96.4) 479.2 (123.2) 

Expiratory time (ms) 699.2 (354.2) 1500.0 (285.9) 469.0 (144.8) 

Insp/Exp Time Ratio 1.05 (0.17) 1.53 (0.23) 0.99 (0.24) 

Peak inspiratory flow (mL/s) 463.1 (22.6) 275.1 (141.5) 528.0 (62.2) 

Peak expiratory flow (mL/s) 704.5 (101.4) 407.5 (104.7) 705.0 (238.1) 

Insp/Exp flow ratio 1.05 (0.95) 1.65 (0.48) 1.31 (0.32) 

Inspired volume (mL/kg) 12.18 (3.04) 16.69 (8.87) 13.41 (3.27) 

Expired volume (mL/kg) 12.6 (3.4) 17.5 (8.6) 14.0 (3.2) 

Insp/Exp volume ratio 1.25 (0.53) 0.95 (0.04) 0.96 (0.02) 

Table 2: Respiratory measures at 16 weeks of age for treated and untreated XLMTM dogs, as 

compared to their true littermate controls, after respiratory stimulation with 1.0mg/kg doxapram 

chloride (N=3 for all groups) 
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Figure 3: Stacked bar-chart of peak inspiratory flow, a respiratory functional measure reflecting 

diaphragm muscle strength, taken in anesthetised dogs at baseline and at 8 weeks, 14 weeks, and 

1 year after infusion with AAV8. ***P < 0.001, one-way ANOVA, each condition versus normal 

values. 
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DISCUSSION 

AAV-mediated gene replacement therapy shows promise as a potential new treatment not 

only for XLMTM but also for other neuromuscular diseases.(15-18) However, while improved 

limb muscle strength and function in patients could impro ve quality of life and reduce the 

incidence of comorbidities, (19-23)  treatment of the respiratory system is of paramount 

importance, given that respiratory failure is the leading cause of death. However, systemic 

delivery of AAV can be complicated and difficult. (24) 

AAV8 has been identified as an effective vehicle for targeting the skeletal muscle,(25) 

with effective transduction of the diaphragm of XLMTM dogs.(4)   A commensurate restoration 

of respiratory function to near normal measures, particularly over the long-term, suggest that 

systemic delivery may be applicable to human patients. Changes in peak inspiratory flows as 

well as in changes flow-volume loop shape, both of which can be easily measured in the clinic, 

may also be viable outcome measures not only in the canine model but also in affected boys.  
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CHAPTER V 

 

 

Gait and respiratory function after systemic AAV8-MTM1 gene replacement therapy in a 

canine model of XLMTM 

 

 

 

Melissa Goddard is responsible for all of the writing as well as all of the data collection and 

analysis for respiratory and gait analysis 
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Introduction 

X-linked myotubular myopathy (XLMTM) is a fatal centronuclear myopathy caused by 

deficiency of the phosphotidylinositol phosphatase myotubularin due to mutation of the MTM1 

gene.
1,2

 This deficiency causes skeletal muscle hypotonia and, as a result, patients experience 

weakness of the limb and respiratory muscles. Most are moderate to severely affected and are 

wheelchair and ventilator dependent.
3,4

 Most patients die in early childhood due to respiratory 

dysfunction, although survivors in their 60s with a milder form have been identified.
5,6

 

A phenotypically similar disease caused by mutation of canine MTM1 has been described 

in Labrador retrievers. These dogs are also myotubularin-deficient and have difficulty standing, 

walking and eating due to muscle weakness.
7,8

 We evaluated a group of XLMTM dogs and their 

normal true littermate controls using a number of physiological readouts including limb strength, 

ambulation, and neurological and respiratory function and determined several potential outcome 

measures to be used in future testing, including stride velocity and length as well as peak 

inspiratory and expiratory flow and inspiratory time as measured by pneumotach (Chapter 2). 

Some potential therapies currently under development for XLMTM attempt to replace the 

missing MTM1 gene or the myotubularin protein
9
 and we have reported improved hindlimb 

strength and respiratory function as well as continued survival after a single treatment with 

AAV8-mediated gene replacement therapy delivered via isolated limb perfusion.
10

 Since 

XLMTM affects the entire body, particularly the respiratory muscles and diaphragm, treatment 

of XLMTM in patients is likely to require systemic delivery.
11,12

 However, AAV8 has shown to 

effectively transduce skeletal muscle and therefore remains an appropriate vector for systemic 
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delivery.
13

 To determine the appropriate dose, which is critical to the development of any new 

drug, we examined changes in respiratory function and ambulation after venous injection of 

AAV8-MTM1 at three different doses. 
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Methods: 

Dogs 

All animals were cared for and used as recommended by National Research Council guidelines. 

Affected animals were identified by Taqman polymerase assay
8
 and randomly selected by a third 

party as untreated controls to receive only saline or were sorted into one of three treatment 

groups. Randomly chosen normal wildtype or carrier dogs and untreated XLMTM animals have 

been reported previously and are used here as historical controls (Chapter 2). (Figure 1) 

Treatment 

Dogs were infused via the cephalic vein at 10 weeks of age with serotype 8 of the adeno-

associated virus (AAV8) encoding a full-length canine MTM1 cDNA with a muscle-specific 

desmin promotor. Treatment groups were randomly assigned by a third party as previously 

described as low-dose (5E
12

 vg/kg, N=3), mid dose (2.5E
13

 vg/kg, N=3) or high dose (8E
13

 

vg/kg, N=3). (Figure 1) 
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Figure 1: Pedigree of the dogs, indicating group assignments. Wildtype or carrier dogs labelled 

as controls as well as affected animals labelled saline were previously reported (Chapter 2). 
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Functional assessment 

Gait and respiratory function were assessed in a blinded fashion as described below, just prior to 

treatment at 10 weeks of age, every two weeks after treatment until 21 weeks of age, and then 

every four weeks until 37-41 weeks of age or humane euthanasia. 

 

Gait assessment 

Gait was measured using the 0.9m x 7m instrumented carpet (GAITRite Electronic 

Walkway, CIR Systems Inc.) as has been previously described for this cohort (Chapter 2). 

Spatiotemporal measures of gait, as determined by proprietary software (GAITFour version 4.1, 

CIR Systems Inc.), were selected for assessment,
14

 including stride velocity, stride length and 

step length. 

Respiratory assessment 

Respiratory assessment was carried out anesthetised dogs simultaneously by respiratory 

inspiratory plethysmography (RIP) and pneumotachometry as has been previously reported for 

the cohort (Chapter 2). Measures were taken during quiet breathing and again after respiratory 

stimulation with 1mg/kg of doxapram chloride.
15-17

 Indirect and direct measures of function were 

collected simultaneously by respiratory inspiratory plethysmography (RIP) and 

pneumotachometry respectively. Flow-volume loops were derived from pneumotach measures 
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by the software (iox 2.8.0.13, emka TECHNOLOGIES) and peak inspiratory flow after 

stimulation was selected as the primary measure of respiratory function and diaphragm strength, 

based on prior findings.
10,18,19

 

 

Statistics: 

Descriptive statistics, including means and standard deviations, are reported at 10 weeks and 17 

weeks of age, and at the maximal survival for saline-treated XLMTM dogs in the cohort 

(Chapter 2). Percentage difference relative to normal as well as measures that fall outside of the 

95% confidence intervals for normal dogs are noted to give some indication of changes due to 

treatment in lieu of power-based statistical analysis given the small sample size (N = 3 for each 

group).
20-22

 Changes above or below the average for normal but within the confidence interval 

were described as trends. 
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Results: 

Dogs: 

Dogs receiving low dose treatment survived an average of 28 weeks ± 8 weeks (Figure 2), 64% 

or around 11 weeks longer than XLMTM dogs receiving saline. However, dogs treated with mid 

and high doses survived until the end of study. Body masses and hindlimb lengths, as recorded 

over time, are noted in Table 1.  

 

Figure 2: Kaplan-Meier survival plot for XLMTM dogs treated with AAV8-MTM1 treated at the 

low dose (N = 3), mid dose (N = 3), and high dose (N = 3), as compared to previously reported 

normal (N = 6) and saline-treated (N = 7) controls. 

  



 

181 
 

Dog Sex 

Body mass at 

10 weeks (kg) 

Body mass at 

17 weeks (kg) 

Hindlimb 

length at  10 

weeks (cm) 

Hindlimb 

length at 17 

weeks (kg) 

XLMTM + low dose 

SSAN 11 F 4.90 6.99 12.9 15.4 

SSAN 8 M 4.56 5.76 13 15 

SSAN 18 M 6.74 10.32 14.9 18.2 

Mean  

(Std) 

5.40  

(1.17) 

7.69  

(2.36) 

13.60  

(1.13) 

16.20  

(1.74) 

XLMTM + mid dose 

SSAN 4 M 4.37 7.13 12.4 15 

SSAN 10 M 5.34 8.67 13 16 

SSAN 14 M 4.51 7.58 12.8 15.8 

Mean 

(Std) 

4.74  

(0.53) 

7.80  

(0.79) 

12.73  

(0.31) 

15.60  

(0.53) 

XLMTM + high dose 

SSAN 104 M 5.62 10.99 12.2 15.8 

SSAN 106 M 3.79 8.25 11.5 15.3 

SSAN 132 M 5.95 12.65 14.2 17.5 

Mean 

(Std) 

5.12 

 (1.16) 

10.63  

(2.22) 

12.63 

 (1.40) 

16.20  

(1.15) 

Table 1: Body masses and hindlimb lengths for the treated dogs.  
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Gait  

XLMTM dogs treated with AAV8-MTM1 at the low dose walked more slowly than normal 

dogs. XLMTM dogs receiving 5E
12

 vg/kg AAV8-MTM1 (N=3) walked more slowly than normal 

dogs, with gait speeds that were 23% lower than normal at 10 weeks of age, 29% below normal 

at 17 weeks of age and 12% lower than normal at 21 weeks of age (where confidence intervals 

for normal speeds were between 148.7cm/s and 202.9cm/s at 10 weeks of age, 158.1cm/s and 

193.1cm/s at 17 weeks of age, and 146.8cm/s and 182.3cm/s) (Table 2) (Figure 3A). This was 

comparable to reductions in speed seen in saline-treated XLMTM dogs (Chapter 2)  

Strides were also shorter on average, although within the normal confidence interval 

(normal strides were between 49.74cm and 73.55cm at 10 weeks of age, from 63.06cm to 

74.02cm at 17  weeks of age, and between 60.70cm and 79.97cm at 21 weeks of age) (Figure 

3B). XLMTM dogs treated with the low dose had strides that average 16% lower than normal at 

10 weeks of age and 14% below normal at 17 weeks of age, but only 5% lower at 21 weeks of 

age. Stride times were at the high end of or above normal (where normal was 0.30s to 0.40s at 10 

weeks of age, 0.34s and 0.44s at 17 weeks of age, and 0.39s and 0.47s at 21 weeks of age) and 

average 14%, 21% and 5% higher at 10, 17 and 21 weeks of age (Figure 3C).  

Step lengths showed decreases that were similar to those seen for stride lengths, and 

tended to fall at the low end of the normal confidence intervals of 24.84cm to 36.16cm at 10 

weeks of age, 31.37cm to 36.79cm at 17 weeks of age, and 30.06cm to 39.73cm. Mean step 

lengths were 16%, 14% and 4% lower than normal at 10, 17 and 21 weeks of age (Table 2). Step 

time was increased in XLMTM dogs receiving low dose treatment by 11% at 10 weeks of age, 
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by 12% at 17 weeks of age and by 5% at 21 weeks of age as compared to normal (where normal 

was between 0.15s and 0.20s at 10 weeks of age, 0.17s and 0.22s at 17 weeks of age, 0.20s and 

0.24s at 21 weeks of age) (Table 2).  

XLMTM dogs receiving low dose treatment spent an increased amount of time in the 

stance phase of the gait cycle and had shorter swing phases, even with treatment. Stance times 

were above normal at 10 weeks of age by 46% (where normal was between 0.10s and 0.15s), by 

41% at 17 weeks of age (where normal was from 0.13s to 0.20s) and by 16% at 21 weeks of age 

(where normal was 0.17s to 0.22s) (Figure 3C), although swing times remained close to normal 

(Table 2) (Figure 3F). The stance percentage of the cycle was also increased by 26% above 

normal (between 31.9% and 40.2%) at 10 weeks of age, by 19% at 17 weeks of age (where 

37.9% and 46.2% was normal) and 8% higher than normal (from 41.8% to 47.0%) at 21 weeks 

of age. There was a commensurate decrease in the swing percentage of the cycle to 15%, 14% 

and 7% lower than normal at 10, 17 and 21 weeks of age (where normal swing percentages were 

between 59.8% and 68.2% at 10 weeks of age, 53.8% and 62.1% at 17 weeks of age, and 53.0% 

and 58.2% at 21 weeks of age) (Figure 3E). 
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XLMTM + Low dose 10 weeks 17 weeks 21 weeks 

 

Mean Mean Mean 

 (std) (std) (std) 

Stride velocity (cm/s) 135.4↓ 124.9↓ 144.2↓ 

 

(46.4) (14.9) (45.2) 

Stride length (cm) 51.5 58.9↓ 67.0 

 

(6.5) (5.5) (23.5) 

Stride time (s) 0.40 0.47↑ 0.46 

 

(0.09) (0.07) (0.02) 

    Step length(cm) 25.6 29.3↓ 33.4 

 

(3.3) (2.8) (11.6) 

Step time (s) 0.20 0.24↑ 0.23 

 

(0.05) (0.03) (0.01) 

    Stance time (s) 0.19↑ 0.24↑ 0.22 

 

(0.08) (0.06) (0.02) 

Stance% of Cycle (%) 45.3↑ 50.3↑ 48.1↑ 

 

(8.3) (5.7) (6.5) 

    Swing time (s) 0.21 0.23 0.24 

 

(0.02) (0.02) (0.04) 

Swing % of Cycle (%) 54.7↓ 49.7↓ 51.9↓ 

 

(8.3) (5.8) (6.5) 
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Table 2: Spatiotemporal measures of gait for XLMTM dogs receiving the 5E
12

 vg/kg low dose 

of AAV8-MTM1 (N=3). Arrows indicate mean values above (↑) or below (↓) the 95% 

confidence interval for normal dogs. 
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Figure 3: (A) Gait speed, (B) stride length, (C) stride time, (D) stance time, (E) stance 

percentage and (F) swing time for XLMTM dogs receiving the 5E
12

 vg/kg  low dose of AAV8-

MTM1 (N=3).  
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XLMTM dogs receiving middose AAV8-MTM1 walked more slowly with shorter strides 

before treatment, but returned to near normal measures with treatment. XLMTM dogs 

treated with the mid-dose of 2.5E
13

 vg/kg AAV8-MTM1 (N=3) had gait speeds that were 37% 

lower than normal at 10 weeks of age, below the confidence interval, prior to treatment. 

Treatment restored these to near normal by 17 weeks of age and speeds were 15% higher and 

above the 95% confidence interval by 21 weeks of age (Table 3) (Figure 4A).   Similarly, stride 

lengths were also below the confidence interval and were 30% shorter than normal at 10 weeks 

of age, but were near normal at 17 weeks of age, and were 11% longer than the average but 

within the range for normal dogs by 21 weeks of age (Figure 4B). Stride times were 11% higher 

than normal at 10 weeks of age, but were 5% higher and 5% lower than normal at 17 and 21 

weeks of age (Figure 4C). All stride times fell within the normal 95% confidence interval. 

Steps were 30% shorter and were below the confidence interval at 10 weeks of age but 

increased to near normal by 17 weeks of age (Table 3). XLMTM dogs treated with mid-dose 

AAV8 had steps that were 11% longer than normal at 21 weeks of age. Step times were also 

11% higher than normal at 10 weeks of age, but treatment returned these to near normal at 17 

and 21 weeks of age (Table 3).  

Stance times were above the 95% confidence interval and 31% higher than normal at 10 

weeks of age, but were equal to normal at 17 weeks of age and 11% lower than normal at 21 

weeks (Figure 4D). XLMTM dogs showed increases in the stance phase of the gait cycle as 

compared to normal (Figure 4E), but returned to at or below normal after treatment. The stance 

percentage of the gait cycle was outside of the interval to 19% above normal at 10 weeks of age, 

near-normal at 17 weeks of age, and 11% lower normal and below the confidence interval at 21 
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weeks of age. Swing times were near normal at 10, 17 and 21 weeks of age (Figure 4F) but 

swing percentages were below the interval and 11% lower than normal at 10 weeks of age, near 

normal at 17 weeks of age and 8% above normal at 21 weeks of age (Table 3). 
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 XLMTM + mid dose 10 weeks 17 weeks 21 weeks 

  Mean Mean Mean 

  (std) (std) (std) 

Velocity (cm/s) 111.6↓ 173.0 189.9↑ 

 

(16.8) (22.9) (26.6) 

Stride length (cm) 43.1↓ 69.4 77.9 

 

(4.4) (0.9) (8.5) 

Stride time (s) 0.39 0.41 0.41 

 

0.04 0.04 0.05 

 
      

Step length(cm) 21.4 34.6 38.8 

 

(2.2) (0.4) (4.3) 

Step time (s) 0.20 0.20 0.21 

 

0.02 0.02 0.02 

 

      

Stance time (s) 0.17↑ 0.17 0.17 

 

0.03 0.04 0.03 

Stance% of Cycle (%) 43.0↑ 41.3 40.1↓ 

 

(2.7) (4.5) (2.0) 

 
      

Swing time (s) 0.22 0.24 0.25 

 

0.02 0.01 0.02 

Swing % of Cycle (%) 57.0↓ 58.7 59.9 

  (2.6) (4.5) (2.0) 
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Table 3: Spatiotemporal measures of gait for XLMTM dogs receiving the 2.5E
13

 vg/kg  mid-

dose of AAV8-MTM1 (N=3). Arrows indicate mean values above (↑) or below (↓) the 95% 

confidence interval for normal dogs. 
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Figure 4: (A) Gait speed, (B) stride length, (C) stride time, (D) stance time, (E) stance 

percentage and (F) swing time for XLMTM dogs receiving the 2.5E
13

 vg/kg  mid-dose of AAV8-

MTM1 (N=3) 
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XLMTM dogs receiving high dose AAV8- MTM1 walked more slowly than normal dogs at 

10 and 17 weeks of age but were near normal by 25 weeks of age. XLMTM dogs treated with 

high dose AAV8- MTM1 (8E
13

 vg/kg, N=3) walked much more slowly than normal controls 

before treatment; at 10 weeks of age, gait speed was 44% lower than normal and below the 

confidence interval (Table 4).  Speed at 17 weeks was increased but remained just below the 

confidence interval at 11% below normal; by 21 weeks of age, it was only 5% lower than normal 

(Figure 5A). Strides lengths were also 38% shorter than normal at 10 weeks of age. However, 

they were only 6% below the mean stride lengths for normal dogs at 17 weeks of age, and were 

4% shorter than normal at 21 weeks of age (Figure 5B). Stride times were 11% higher than 

normal at 10 weeks of age, 8% higher at 17 weeks of age and were equal to normal at 21 weeks 

of age (Figure 5C). All stride times were within the 95% confidence interval determined for 

normal dogs. 

Step lengths were 38% shorter than normal prior to treatment, well below the normal 

confidence interval, but were only 6% and 4% shorter than average at 17 and 21 weeks of age 

respectively (Table 4). Step times were slightly higher than normal at 10 and 17 weeks (6% and 

5% respectively) but were slightly lower at 21 weeks (4% below normal) (Table 4).  

At 10 weeks of age and prior to treatment, XLMTM dogs receiving high dose treatment 

spent more time in the stance phase of the gait cycle, with stance times that were 46% higher 

than normal and a stance percentage that was 33% above normal, both of which were above the 

upper 95% confidence limit (Figure 5E). Stance times at 17 weeks remained 18% higher than 

normal, with stance percentages that were 7% above normal, but were within the confidence 

interval. Stance times were 5% below normal, with stance percentages that were lower than 
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normal by 4%, by 21 weeks of age (Figure 5D). Swing times were 9% lower than normal at 10 

weeks of age but were equal to normal at 17 and 21 weeks of age (Figure 5F). The swing 

percentage of the gait cycle was 27% below normal at 10 weeks of age and outside of the normal 

confidence interval, but returned to near normal measures by 17 and 21 weeks of age (Table 4).  
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 XLMTM + high dose 10 weeks 17 weeks 21 weeks 

  Mean Mean Mean 

  (std) (std) (std) 

Velocity (cm/s) 98.6↓ 156.0↓ 156.5 

 

(16.8) (19.2) (4.9) 

Stride length (cm) 37.9↓ 64.1 67.8 

 

(6.6) (0.7) (7.1) 

Stride time (s) 0.39 0.42 0.43 

 

0.08 0.06 0.03 

 
   Step length(cm) 18.8↓ 31.9 33.6 

 

(3.3) (0.4) (3.5) 

Step time (s) 0.19 0.21 0.21 

 

0.04 0.03 0.02 

 
   Stance time (s) 0.19↑ 0.20 0.18 

 

0.06 0.08 0.04 

Stance% of Cycle (%) 47.7↑ 45.1 42.6 

 

(3.9) (10.5) (5.6) 

 
   Swing time (s) 0.20 0.22 0.24 

 

0.03 0.02 0.02 

Swing % of Cycle (%) 46.8 54.9 57.4 

  (6.4) (10.5) (5.7) 
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Table 4: Spatiotemporal measures of gait for XLMTM dogs receiving the 8E
13

 vg/kg  high-dose 

of AAV8-MTM1 (N=3). Arrows indicate mean values above (↑) or below (↓) the 95% 

confidence interval for normal dogs. 
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Figure 5: (A) Gait speed, (B) stride length, (C) stride time, (D) stance time, (E) stance 

percentage and (F) swing time for XLMTM dogs receiving the 8E
13

 vg/kg  high-dose of AAV8-

MTM1 (N=3).   
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Respiratory assessment: 

Flow-volume loops 

The flow-volume loops of normal dogs were large, with a regular “D” shape. Inspiration 

slowly reaches peak flow in normal dogs, was maintained at a plateau and then quickly dropped. 

Expiration reached peak air flow rapidly and then gradually decreased. However, the flow-

volume loops of dogs affected by XLMTM tended to be smaller, often with some deformation of 

loop shape (Figure 6A). This was due to changes in the occurance and maintanance over time of 

inspiratory and expiratory flows (Chapter 2).  

XLMTM dogs receiving low dose treatment had flow-volume loops that were smaller 

and more irregularly shaped, as dogs achieved reach peak inspiratory flow earlier than normal 

and failed to maintain the plateau (Figure 6B). Peak expiratory flow also appeared to be delayed. 

Loops for XLMTM dogs given mid-dose treatment closely resembled normal loops in shape and 

size, with peak expiratory flows occuring early and with maintanance of the peak inspiratory 

flow (Figure 6C). The D-shape indicating appropriate peak flow start and maintanance was also 

seen in dogs receiving high-dose treatment, although the loop for one dog remained much 

smaller in size than is normal (Figure 6D).  
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Figure 6: (A) The flow-volume loop, with expected shapes and sizes for normal and affected 

dogs. Flow volume loops at 17 weeks of age for individual XLMTM dogs treated with (B) low, 

(C) mid and (D) high dose AAV8-MTM1 (N=3 for each group). 

  

A B 

C 

D 



 

199 
 

Non-invasive respiratory inspiratory plethysmography (RIP) 

XLMTM dogs treated with low dose AAV8, like untreated XLMTM dogs, had prolonged 

inspiratory durations with stimulation as determined by RIP. However there were no 

significant differences in other measures. At 10 weeks of age, normal MIF was between 387 

U/s and 2275 U/s before stimulation, and 2474 U/s and 3896 U/s after. XLMTM dogs treated 

with 5E
12

 vg/kg AAV8-MTM1 (N=3) had maximum inspiratory flows (MIF) that were 34% and 

32% lower than normal before and after stimulation respectively, with MIF after stimulation 

falling below the lower confidence limit for normal (Table 5) (Figure 7A).  At 17 weeks of age 

(N=3), resting MIF was 17% above normal (where normal was between 490.8 U/s and 939.9 

U/s) but was 28% below normal after stimulation with doxapram hydrochloride (where normal 

was between 2204.0 U/s and 5304.0 U/s). MIF at 25 weeks (N=2) was higher than normal both 

with and without stimulation. MIF during quiet respiration was 52% above normal and outside of 

the confidence interval of 476.4 U/s to 1378.0 U/s, but only 15% higher after stimulation, well 

within the 95% confidence interval of 2191.0 U/s to 4990.0 U/s.  Resting maximum inspiratory 

duration (TI) was 30% higher than normal mean inspiratory duration at 10 weeks of age 

(between 245.9ms and 587.1ms before stimulation), and 16% higher after stimulation (just 

outside of the confidence interval of 226.2ms to 309.1ms) (Figure 7B). At 17 weeks, it was near 

to normal prior to stimulation and therefore within the 95% confidence limits of 370.5ms to 

933.8ms, but was 46% above than normal after doxapram hydrochloride stimulation, above the 

confidence interval of 284.0ms to 313.3ms. A similar trend was seen at 25 weeks of age, where 

TI was 5% above normal but within the limit of 559.6ms to 823.4ms before stimulation, and 

26% higher after stimulation, above the 343.1ms to 447.9ms normal confidence interval. Ratios 

of inspiratory duration to total respiratory duration were only slightly below or near normal at 10 
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weeks of age (5% lower before stimulation, where the confidence interval was between 0.21 and 

0.35, and near normal after, with a confidence interval of 0.28 to 0.41). At 17 weeks of age, 

inspiratory duration to total duration was 16% below normal before stimulation (but within the 

interval of 0.20 to 0.35), but was near normal after stimulation (where normal was between 0.25 

and 0.33). The ratio of inspiratory duration to total duration was near the normal average before 

and after stimulation at 25 weeks of age (where normal was between 0.23 and 0.29 before 

stimulation, and between 0.23 and 0.34 after). 

At 10 weeks of age, maximum expiratory flows (MEF) were near normal prior to 

stimulation (between 887.2U/s and 1693U/s) but 33% lower after (outside of the 2057 U/s to 

3313 U/s confidence interval for normal dogs). At 17 weeks of age, MEF was 21% higher than 

normal before doxapram stimulation (where normal was 768.6 U/s to 1419 U/s) but remains 13% 

below normal after (where normal was 1819 U/s to 4251 U/s). MEF at 25 weeks was 36% above 

the normal of 903.3 U/s to 2176 U/s before stimulation but remained 18% below the mean 

normal MEF after stimulation, where the confidence interval was between 2061.0 U/s and 

4813.0 U/s. At 10 weeks of age, expiratory duration was 27% higher than normal prior to 

stimulation (where normal was between 436.5s and 1917.0s) and 11% higher after (where the 

95% confidence interval for normal dogs was 273.6s to 842.5s). Expiratory durations were also 

increased at 17 weeks of age, and were 33% above normal (1105s to 2319s) before stimulation 

and 45% higher than normal after (outside of the normal interval of 541.3s to 951.5s). Expiratory 

durations at 25 weeks of age were near normal before stimulation but were 26% higher than 

normal after and were above the normal confidence limits of 820.0s to 1172.0s.  
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Minute ventilations were markedly reduced before and after stimulation at 10 weeks of 

age (by 43% and 38% but within the normal confidence intervals of 959.2 U/s/kg to 6356.0 

U/s/kg and 4941.0 U/s/kg to 15771.0 U/s/kg) (Figure 7C). At 17 weeks of age, XLMTM dogs 

treated with low dose AAV8-MTM1 had minute ventilations that were 12% above normal (501.1 

U/s/kg to 1760.0 U/s/kg) before stimulation but were below normal (3603.0 U/s/kg to 10631.0 

U/s/kg) after. Minute ventilations were above normal at 25 weeks, by 67% before stimulation 

(outside of the normal 95% confidence interval of 474.5 U/s/kg to 2027.0 U/s/kg) and by 40% 

after (but within the normal confidence interval of 2639.0 U/s/kg to 8466.0 U/s/kg). XLMTM 

dogs receiving low dose AAV8-MTM1 tended to breathe more slowly than normal true littermate 

controls (Figure 7D). Respiratory rates were lower than normal (20.66bmp to 73.93bmp) by 36% 

before stimulation and by 15% below normal (56.50 bpm to 102.2 bpm) after at 10 weeks of age, 

24% lower than normal (18.58 bpm to 36.69 bmp) prior to stimulation and 31% below normal 

(below the confidence interval of 50.03bmp to 70.79 bmp) after stimulation at 17 weeks of age, 

and by 4% below normal before stimulation (18.37 bpm to 27.17 bmp) but by 27% (below 

within the normal interval of 31.87bpm to 70.98pmb) after stimulation at 25 weeks of age. Tidal 

volumes were decreased by 6% of normal before stimulation (where normal was 39.2 U/kg to 

105.8 U/kg) and 22% of normal (from 84.0 U/kg to 171.2 U/kg) after stimulation at 10 weeks of 

age, but was higher at 17 weeks of age by 30% of normal (between 15.0 U/kg and 71.6 U/kg) 

before stimulation  and 6% higher after (where normal was from 67/9 U.kg to 165.7 U/kg) , and 

at 25 weeks of age by 80% during quiet respiration (where normal was above the confidence 

interval of 23.35 U/kg to 82.69 U/kg) and by 46 % of normal (64.75 U/kg to 195.7 U/kg) after 

stimulation (Figure 7E). The abdominal volume at 10 weeks of age was lower than normal in 

low-dose treated XLMTM, by is 16% and 22%, before and after stimulation (where normal was 
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22.2 U/kg to 68.8 U/kg during quiet respiration and 40.6 U/kg to 93.1 U/kg after stimulation) 

(Figure 7F). At 17 weeks of age, it was 14% above normal before stimulation (where normal was 

14.2 U/kg to 45.3 U/kg) but fell to 6% below normal (44.1 U/kg to 83.5 U/kg) after stimulation. 

By 25 weeks of age, abdominal volumes were higher than normal by 68% before stimulation 

(above the normal confidence interval of 16.3 U/kg to 42.3 U/kg), and by 44% after stimulation 

(but still within the normal interval of 33.0 U/kg to 86.4 U/kg).  

 

 

 

 

  



 

203 
 

XLMTM + low dose 10 weeks (N = 3) 17 weeks  (N = 3) 25 weeks  (N = 2) 

 Before  After  Before  After  Before  After  

Maximum Inspiratory 

Flow (U/s) 

881.8 2174.3↓ 835.2 2708.2 1406.4↑ 4112.5 

(315.2) (464.9) (435.1) (1789.8) (410.2) (1389.2) 

Maximum Inspiratory 

duration (ms) 

539.5 310.7↑ 647.0 436.5↑ 727.5 496.8↑ 

(74.0) (83.9) (233.0) (92.1) (231.9) (194.8) 

Inspiratory duration/ 

Total duration 

0.27 0.34 0.23 0.29 0.26 0.29 

(0.05) (0.06) (0.08) (0.04) (0.08) (0.05) 

       

Maximum expiratory 

flow (U/s) 

1223.6 1796.5↓ 1323.9 2641.6 2088.2 4057.1 

(317.1) (703.5) (807.4) (1636.4) (543.2) (819.4) 

Maximum Expiratory 

duration (ms) 

1492.7 619.7 2281.5 1080.5↑ 2026.0 1252.5↑ 

(339.6) (134.2) (575.1) (215.8) (164.0) (538.1) 

       

Respiratory rate (bpm) 30.2 67.3 21.0 41.6↓ 21.8 37.6 

(5.0) (13.4) (3.8) (8.2) (0.5) (15.8) 

Minute ventilation 

(U/s/kg) 

2071.2 6370.2 1267.8 5328.7 2088.5↑ 7782.4 

(747.5) (1296.9) (999.2) (3997.5) (1047.5) (5963.8) 

Tidal volume (U/kg) 68.5 100.1 56.2 124.3 95.2↑ 190.1↑ 

(21.7) (41.4) (36.7) (75.3) (45.7) (78.5) 

       

Abdominal volume 

(U/kg) 

38.3 52.1 34.0 60.2 49.2↑ 86.0 

(8.1) (18.2) (15.7) (32.5) (23.5) (40.8) 

Abdominal fraction of 0.58 0.44 0.54 0.30 0.56 0.41 
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tidal volume (0.18) (0.08) (0.26) (0.31) (0.01) (0.06) 

Table 5: Means and standard deviations (expressed as mean (std)) of respiratory measures for 

the XLMTM dogs receiving the 5E
12

 vg/kg low dose of AAV8-MTM1 measured by RIP at 10 

weeks of age (N=3), 17 weeks of age (N=3) and 25 weeks of age (N=2) before and after 

stimulation with 1.0mg/kg doxapram. Arrows indicate mean values above (↑) or below (↓) the 

95% confidence interval for normal dogs.  
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Figure 7: (A) Maximum inspiratory flow, (B) maximum inspiratory duration, (C) minute 

ventilation, (D) respiratory rate, (E) tidal volume and (F) abdominal volume as measured by RIP 

for XLMTM dogs receiving the 5E
12

 vg/kg low dose of AAV8-MTM1 after stimulation with 

1.0mg/kg doxapram. 
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Respiratory measures for XLMTM dogs treated with mid-dose AAV8 as determined by 

RIP tended to remain within the normal confidence interval. XLMTM dogs receiving the 

mid dose of 2.5E
13

 vg/kg AAV8-MTM1 had resting maximum inspiratory flows (MIF) that were 

lower than normal by 14% before stimulation but returned to near normal after stimulation at 10 

weeks of age  (Figure 8A) (Table 6). It remained elevated during quiet respiration at 17 and 25 

weeks of age (by 52% and above the upper 95% confidence limit at 17 weeks of age, and by 

16% but within the interval at 25 weeks of age), but fell below normal with stimulation (13% and 

16% below normal at 17 and 25 weeks of age respectively). Inspiratory durations were elevated 

at 10 weeks of age, prior to treatment, by 32% before stimulation (although still within the 

normal interval) and by 25% after stimulation (above the upper confidence limit). At 17 weeks of 

age, inspiratory duration was 32% lower than normal below stimulation but increased to 27% 

higher than normal (and above the confidence interval) after stimulation. At 25 weeks of age, 

inspiratory duration before stimulation remained near normal, but was 27% higher than normal 

and above the confidence interval with stimulation (Figure 8B). The ratios for inspiratory 

duration to total duration were 2% and 5% higher than normal before and after stimulation at 10 

weeks of age, 9% below normal before stimulation and 6% higher than normal at 17 weeks of 

age, and 17% above normal before stimulation but near normal after stimulation at 25 weeks of 

age (Table 6).  

Maximum expiratory flow for XLMTM treated with low-dose AAV8 was near normal at 

10 weeks of age both with and without doxapram. At 17 and 25 weeks of age, it  was higher than 

normal before stimulation (by 15% and 12% at 17 and 25 weeks respectively) but below normal 

after (by 12% and 16% at 17 and 25 weeks of age) (Table 6). Expiratory duration was elevated at 

10 weeks of age (17% higher than normal before stimulation and 7% after. However, at 17 and 
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25 weeks of age, it was lower than normal before stimulation (by 17% and 23% respectively) 

and higher after (by 11% at 17 weeks of age, and by 23% and above the interval at 25 weeks of 

age).  

Respiratory rate showed a commensurate trend, where respiratory rates were reduced at 

10 weeks of age by 31% and 18% before and after stimulation, and after stimulation at 17 and 25 

weeks of age (by 16% and 32%), but were higher than normal during quiet respiration at 17 and 

25 weeks of age (by 20% and 22% percent). However, all differences remained within the 95% 

confidence interval of normal (Figure 8C).  Minute ventilation showed a similar trend and mean 

values were reduced by 18% but 7% above normal at 10 weeks of age (Figure 8D). Measures at 

17 and 25 weeks were above normal during quiet respiration (by 51% and 28%) and below 

normal after stimulation (by 6% and 23%). All values, except for that taken post-stimulation at 

25 weeks of age, were within the interval for normal. Tidal volumes were also within the 95% 

confidence interval, but mean values were above normal at 10 and 17 weeks of age (23% and 

32% higher before and after stimulation at 10 weeks of age, and 13% and  12% above normal 

before and after stimulation at 17 weeks of age), but were near normal at 25 weeks of age 

(Figure 8E). A similar trend was observed for measures of the abdominal volume (Figure 8F). 
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XLMTM + mid dose 10 weeks (N = 3) 17 weeks (N = 3) 25 weeks (N = 3) 

 Before  After  Before  After  Before  After  

Maximum Inspiratory 

Flow (U/s) 

1141.5 3142.9 1086.3↑ 3255.9 1070.9 2963.3 

(392.4) (301.3) (221.5) (1037.8) (309.7) (914.0) 

Maximum Inspiratory 

duration (ms) 

549.0 335.3↑ 440.8 378.3↑ 680.7 504.2↑ 

(171.3) (73.4) (181.0) (69.9) (174.0) (97.9) 

Inspiratory duration/ 

Total duration 

0.29 0.36 0.25 0.31 0.30 0.29 

(0.07) (0.09) (0.13) (0.03) (0.00) (0.03) 

       

Maximum expiratory 

flow (U/s) 

1311.6 2775.2 1260.8 2669.4 1717.8 2876.0 

(49.4) (428.1) (378.8) (733.4) (157.5) (410.5) 

Maximum Expiratory 

duration (ms) 

1380.8 598.7 1423.3 826.3 1552.5 1220.3↑ 

(398.8) (140.8) (538.8) (110.7) (365.5) (85.9) 

       

Respiratory rate (bpm) 32.6 65.4 33.1 50.5 27.9 35.0 

(8.8) (9.0) (6.1) (6.5) (6.1) (3.1) 

Minute ventilation 

(U/s/kg) 

2989.3 11107.6 1703.6 6702.2 1592.7↓ 4272.3 

(1336.2) (4160.8) (996.6) (3346.9) (647.6) (1289.0) 

Tidal volume (U/kg) 89.4 168.4 48.8 130.8 55.6 120.4 

(18.2) (48.9) (22.3) (58.6) (14.8) (27.4) 

       

Abdominal volume 

(U/kg) 

58.2 89.9 35.0 71.7 33.0 60.2 

(9.0) (20.5) (7.0) (29.4) (7.0) (8.3) 

Abdominal fraction of 0.71 0.48 0.44 0.36 0.38 0.35 
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tidal volume (0.05) (0.08) (0.40) (0.13) (0.07) (0.06) 

Table 6: Means and standard deviations (expressed as mean (std)) of respiratory measures for 

the XLMTM dogs receiving the 2.5E
13

 vg/kg mid dose of AAV8-MTM1 as measured by RIP  

before and after stimulation with 1.0mg/kg doxapram at 10 weeks of age, 17 weeks of age and 

25 weeks of age (N=3). Arrows indicate mean values above (↑) or below (↓) the 95% confidence 

interval for normal dogs.   
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Figure 8: (A) Maximum inspiratory flow, (B) maximum inspiratory duration, (C) minute 

ventilation, (D) respiratory rate, (E) tidal volume and (F) abdominal volume as measured by RIP 

for XLMTM dogs receiving the 2.5E
13

 vg/kg mid dose of AAV8-MTM1after stimulation with 

1.0mg/kg doxapram.  
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XLMTM dogs given AAV8-MTM1 at the high dose tended to have increased respiratory 

rates and decreased tidal volumes. XLMTM dogs receiving the high dose of 8E
13

vg/kg AAV8-

MTM1 had maximum inspiratory flows (MIF) that were higher than normal prior to stimulation 

(15% higher at 10 weeks of age, 75% higher and outside of the 95% confidence interval for 

normal at 17 weeks of age, and 9% higher at 25 weeks of age) (Table 7). However, MIF fell 

below normal after stimulation (2%, 35% and 14% below normal at 10, 17 and 25 weeks of age, 

all within the normal confidence interval) (Figure 9A). Maximum inspiratory duration was near 

normal both before and after stimulation at 10 weeks of age. At 17 weeks of age, inspiratory 

duration was below normal prior to stimulation by 53% (below the lower 95% limit), but 

increased to 15% above normal (and above the upper 95% limit) after stimulation. Inspiratory 

durations at 25 weeks of age were below the lower limit of normal and were 42% and 19% lower 

than the average for normal dogs before and after stimulation respectively (Figure 9B). The ratio 

of inspiratory duration to total respiratory duration was 9% and 3% above normal before and 

after stimulation at 10 weeks of age. At 17 weeks of age, the ratio was 7% below normal before 

stimulation but increased to 40% higher than normal, outside of the interval, after stimulation. 

Ratios before stimulation were 9% lower before stimulation and were near normal after at 25 

weeks of age. 

 Maximum expiratory flow for XLMTM dogs receiving the hugh dose before and after 

respiratory stimulation was 26% above normal and 4% below normal at 10 weeks of age, 21% 

above normal and 32% below normal at 17 weeks of age, and 20% and 35% below normal at 25 

weeks of age. However, all values remained within the 95% normal interval. Maximum 

expiratory duration was also within the normal interval at 10 weeks of age and was 26% higher 

than normal before stimulation but 4% higher than the mean normal duration after stimulation. 
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At 17 weeks of age, expiratory duration was 29% below normal, and 31% lower than normal and 

below the lower limit of normal after stimulation. Expiratory duration was also below the lower 

95% confidence interval at 25 weeks of age, where it was 50% and 22% lower than normal 

before and after stimulation. 

Minute ventilation was 24% higher than normal before stimulation and 1% higher after at 

10 weeks of age, 22% above normal before stimulation but 49% lower than normal at 17 weeks 

of age, and 28% and 49% lower than normal before and after stimulation at 25 weeks of age 

(Figure 9C).Respiratory rate was slightly increased at 10 weeks of age and was 1% and 7% 

higher than normal before and after doxapram stimulation. It was markedly increased and outside 

of the confidence interval for normal at 17 weeks of age, with measures 67% above normal 

before stimulation and 23% higher after. Respiratory rate at 25 weeks of age was 90% higher 

than the average for normal dogs and above the upper confidence interval but only 10% higher 

than normal after stimulation (Figure 9D). Tidal volumes were 30% higher than normal before 

stimulation but 6% lower than normal after stimulation at 10 weeks of age (Figure 9E). At 17 

week of age, tidal volume was reduced by 33% before stimulation, and was 55% lower than 

normal and below the lower limit of normal after stimulation. Tidal volume was 60% below 

normal and below the confidence interval at 25 week of age both before and after doxapram 

stimulation (Figure 9E). Abdominal volumes showed a similar trend (Figure 9F). 
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XLMTM + high dose 10 weeks 17 weeks 25 weeks 

 Before  After  Before  After  Before  After  

Maximum Inspiratory 

Flow (U/s) 

1531.4 3123.4 1254.0↑ 2425.9 1005.8 3084.8 

(501.7) (1370.0) (125.5) (756.0) (316.3) (222.0) 

Maximum Inspiratory 

duration (ms) 

400.3 247.3 308.2↓ 344.3↑ 401.3↓ 320.5↓ 

(56.7) (36.0) (114.3) (47.1) (165.0) (120.8) 

Inspiratory duration/ 

Total duration 

0.31 0.35 0.26 0.41↑ 0.28 0.29 

(0.04) (0.08) (0.16) (0.09) (0.09) (0.05) 

       

Maximum expiratory 

flow (U/s) 

1623.9 2584.9 1319.5 2054.2 1229.5 2217.9 

(335.8) (1479.8) (474.2) (452.3) (104.2) (701.9) 

Maximum Expiratory 

duration (ms) 

918.7 462.8 1221.2 518.0↓ 1009.8↓ 777.5↓ 

(274.5) (99.5) (916.9) (173.7) (117.6) (149.9) 

       

Respiratory rate (bpm) 47.7 85.1 46.0↑ 74.4↑ 43.3↑ 56.7 

(12.9) (7.6) (18.7) (14.5) (6.9) (13.6) 

Minute ventilation 

(U/s/kg) 

4538.9 10483.1 1384.9 3613.3 904.8 2816.9 

(1845.5) (5972.9) (716.0) (249.5) (36.4) (320.0) 

Tidal volume (U/kg) 94.6 119.8 29.2 52.1↓ 21.2↓ 51.8↓ 

(32.9) (62.2) (5.3) (6.4) (3.4) (14.0) 

       

Abdominal volume 

(U/kg) 

53.0 73.6 18.3 29.5↓ 11.1↓ 25.1↓ 

(17.3) (13.3) (6.0) (4.9) (2.4) (4.1) 

Abdominal fraction of 0.56 0.66↑ 0.16↓ 0.18 0.19↓ 0.22 
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tidal volume (0.21) (0.42) (0.18) (0.15) (0.10) (0.10) 

Table 7: Means and standard deviations (expressed as mean (std)) of respiratory measures for 

the XLMTM dogs receiving the 8E
13

vg/kg high dose of AAV8-MTM1 as measured by RIP 

before and after stimulation with 1.0mg/kg doxapram at 10, 17 and 25 weeks of age (N=3). 

Arrows indicate mean values above (↑) or below (↓) the 95% confidence interval for normal 

dogs.   
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Figure 9: (A) Maximum inspiratory flow, (B) maximum inspiratory duration, (C) minute 

ventilation, (D) respiratory rate, (E) tidal volume and (F) abdominal volume as measured by RIP 

for XLMTM dogs receiving the 8E
13 

vg/kg mid dose of AAV8-MTM1after stimulation with 

1.0mg/kg doxapram. 
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Pneumotach 

As with untreated controls, XLMTM dogs receiving the 5E
12

 vg/kg low dose of AAV8-

MTM1 had increased respiratory durations and maintained peak inspiratory flow was 

associated with continued survival. Peak inspiratory flow  (PIF) for dogs receiving above low-

dose AAV8 tended to be above normal during quiet respiration but below normal after doxapram 

stimulation. (Figure 10A) (Table 8).   PIF was 8% higher than normal before stimulation and 

11% lower after at 10 weeks of age (where normal was 71.7mL/s to 118.6mL before stimulation 

and 180.8mL/s to 313.9mL/s after), and was 5% higher than normal before stimulation (where 

normal is 90.6mL/s to 114.6mL/s) and 22% higher than normal and close to the lower limit of 

the normal confidence interval (264.2mL/s to 423.4mL/s) at 17 weeks of age. Peak inspiratory 

flow at 25 weeks of age before stimulation was increased by 16% and outside of the confidence 

interval for normal of 94.5mL/s to 180.2mL, and was similarly elevated after stimulation by 

17%, above the interval for normal of 339.7mL/s to 475.1mL/s. Peak expiratory flows showed a 

similar change (PEF). PEF was 7% higher than normal before stimulation (where normal was 

192.5mL/s to 269.7mL/s) but near normal (between 316.5mL/s and 413.1mL/s) after stimulation 

at 10 weeks of age, 3% higher than normal before stimulation (from 254.2mL/s to 350.2mL/s) 

but 19% below normal and below the normal confidence interval (from 474.3mL/s to 

669.4mL/s) at 17 weeks of age, and near normal at quiet respiration (where normal was 

296.7mL/s to 455.0mL/s) but 4% lower than normal (between 556.6mL/s and 779.4mL/s) after 

stimulation at 25 weeks of age. 

Inspiratory times were higher on average across time for dogs receiving low-dose AAV8 

(Figure 10B) (Table 8). At 10 weeks of age, values were 9% higher than normal (379.6ms to 
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705.3ms) before stimulation and 14% higher after stimulation (where normal was 298.0ms to 

501.2ms) but remained within the 95% confidence interval. At 17 weeks of age, they were 

elevated by 8% above normal (where normal was 633.7ms to 915.9ms) during quiet respiration, 

and by 72% after stimulation, outside of the 95% confidence interval of 448.7ms to 628.7ms. 

Inspiratory times at 25 weeks of age were also outside of the interval for normal (where normal 

was 656.1ms to 1057ms before stimulation, and 562.5ms to 1020.0ms after) and were increased 

by 67% and 39% before and after stimulation. Expiratory times were 48% above normal before 

stimulation (where normal was 469.0ms to 1718.0ms) and 8% above normal after stimulation 

(where normal was 469.0ms to 1718.0ms) at 10 weeks of age, 36% and 25% above normal 

before and after stimulation at 17 weeks of age (where normal was between 897.7ms and 

2328.0ms before stimulation and between 405.2ms and 739.8ms after), and 27% lower than 

normal (and below the normal confidence interval of 1441.0ms to 2214.0ms) during quiet 

respiration and 6% lower than normal after stimulation (where normal was 530.8ms to 932.7ms) 

at 25 weeks of age (Table 8). The ratio of inspiratory time to total respiratory time was 20% and 

2% lower than normal before and after stimulation at 10 weeks of age (where normal was 

between 0.27 and 0.43 at rest, and between 0.45 and 0.59 after stimulation), 17% below normal 

prior to stimulation but 14% higher and above the upper limit of normal after at 17 weeks of age 

(where normal is 0.22 to 0.47 before stimulation, and between 0.43 and 0.55), and 63% and 13% 

higher than normal and outside of the confidence interval before and after stimulation at 25 

weeks of age (where the 95% confidence interval of normal was 0.26 to 0.38 during quiet 

respiration and 0.46 to 0.58 after) (Table 8). Tidal volumes at 10 and 17 weeks of age were near 

normal (where normal was 4.9 mL/kg to 6.9 mL/kg and 8.4 mL/kg to 15.9 mL/kg before and 

after stimulation at 10 weeks of age, and was between 4.4 mL/kg and 8.9 mL/kg and 12.8 mL/kg 
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and 20.0 mL/kg before and after stimulation at 17 weeks of age). Tidal volume was 32% higher 

than normal before stimulation (where normal was 3.1 mL/kg to 14.4 mL/kg) and 11% higher 

than normal after stimulation (where normal is 17.5 mL/kg to 21.8 mL/kg) at 25 weeks of age 

(Figure 10C). Expired volume was 5% lower than normal prior to stimulation and 8% after at 10 

weeks of age (where normal was between 5.2 mL/kg to 7.1 mL/kg before stimulation and 10.5 

mL/kg and 14.2 mL/kg after), 20% below normal before stimulation and near normal after at 17 

weeks of age (where normal was between 5.2mL/kg and 9.0ml/kg before stimulation and 

between 13.0 mL/kg and 19.5mL/kg after), and 19% above normal before stimulation but near 

normal after stimulation at 25 weeks of age (where normal was 4.0mL/kg to 12.8mL/kg during 

quiet respiration and between 4.0mL/kg and 12.8mL/kg after doxapram stimulation) (Figure 

10D).  

Minute ventilation (MV) was below the average MV for normal dogs but within the 95% 

confidence interval at 10 and 17 weeks of age (Figure 10E). At 10 weeks of age, minute 

ventilation was 30% and 19% lower before and after stimulation, (where normal was between 

139.5mL/s/kg and 359.8 mL/s/kg before stimulation, and between 501.2 mL/s/kg and 1502.0 

mL/s/kg after). At 17 weeks of age, minute ventilation was 29% lower than normal (where 

normal was between 104.9mL/s/kg and 258.3mL/s/kg) and 31% lower than normal and below 

the confidence interval (which was 697.2mL/s/kg to 1212.0mL/s/kg) after stimulation . At 25 

weeks of age, minute ventilation was 21% higher than normal during quiet respiration (where 

normal was 93.5 mL/s/kg to 321.9 mL/s/kg) but near normal after stimulation (where normal was 

between 649.4 mL/s/kg to 997.7 mL/s/kg). Respiratory rate tended to be reduced in XLMTM 

dogs treated with AAV8-MTM1 at the low dose (Figure 10F). At 10 weeks of age, it was 32% 

and 11% below normal before and after stimulation (where normal was between 27.4bpm and 
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54.6bpm before stimulation and between 55.4bpm and 101.6bpm after). At 17 weeks of age, it 

was 25% below normal (where normal was from 17.9bpm to 37.1bpm) and decreased by 34% 

after stimulation, below the confidence interval of 46.4bpm to 70.9bpm. Respiratory rate at 25 

weeks of age was reduced by 9% and 10% of normal before and after stimulation (where normal 

was between 18.7bpm and 30.0bpm before doxapram stimulation and from 32.3bpm to 52.3bpm 

after). 
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XLTMTM + low dose 10 weeks (N = 3) 17 weeks (N = 3) 25 weeks (N = 3) 

  Before  After  Before  After  Before  After  

Peak inspiratory flow 

(mL/s) 

102.4 220.9 108.2 267.6 158.9 337.6↓ 

(56.7) (30.5) (38.3) (23.7) (44.4) (13.4) 

Peak expiratory flow 

(mL/s) 

246.3 361.1 311.8 461.9↓ 377.1 638.0 

(47.0) (85.3) (30.1) (89.4) (27.2) (111.1) 

       

Inspiratory time (ms) 593.5 454.5 834.7 925.3↑ 1431.0↑ 1103.0↑ 

(5.3) (21.4) (6.1) (21.0) (65.5) (60.6) 

Expiratory time (ms) 1616.7 427.0 2188.0 715.3 1341.5↓ 685.0 

(35.5) (13.6) (32.2) (20.9) (69.0) (14.0) 

Inspiratory time / 

Total time 

0.28 0.51 0.29 0.56↑ 0.52↑ 0.59↑ 

(0.08) (0.06) (0.08) (0.07) (0.34) (0.12) 

       

Tidal volume 

(mL/kg) 

5.9 11.8 6.1 16.7 11.6 21.8 

(27.2) (21.4) (18.6) (14.8) (42.3) (5.5) 

Expired volume 

(mL/kg) 

5.8 11.4 5.7 16.3 10.0 20.2 

(24.2) (19.3) (22.7) (14.7) (21.3) (1.0) 

       

Minute ventilation 

(mL/s/kg) 

174.4 812.0 129.4 656.1↓ 250.8 809.3 

(49.7) (20.0) (40.8) (30.6) (42.1) (36.1) 

Respiratory rate 

(bpm) 

28.0 69.7 20.7 39.0↓ 22.0 38.0 

(25.0) (12.9) (22.9) (18.5) (0.0) (40.9) 
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Table 8: Means and standard deviations (expressed as mean (std)) of respiratory measures for 

the XLMTM dogs receiving the 5E
12

 vg/kg low dose of AAV8-MTM1 before and after 

stimulation with 1.0mg/kg doxapram as measured by pneumotach at 10 weeks of age (N=3), 17 

weeks of age (N=3) and 25 weeks of age (N=2). Arrows indicate mean values above (↑) or 

below (↓) the 95% confidence interval for normal dogs.  
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Figure 10: (A) Peak inspiratory flow, (B) inspiratory time, (C) tidal volume, (D) expired 

volume, (E) minute ventilation and (F) respiratory rate as measured by pneumotach after 

stimulation with 1.0mg/kg doxapram for XLMTM dogs receiving the 5E
12

 vg/kg low dose of 

AAV8-MTM1. 
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XLMTM dogs receiving mid dose AAV8 resembled untreated dogs before treatment but 

maintained normal or above normal peak air flows after treatment. Peak inspiratory flow in 

XLMTM dogs given 2.5E
13

 vg/kg AAV8 was lower prior to treatment at 10 weeks of age (by 8% 

before stimulation and by 9% after), although not markedly so. However PIF at 17 and 25 weeks 

of age was near or above normal, markedly so during quiet respiration (by 38% at 17 weeks of 

age and by 60% at 25 weeks of age, both above the upper confidence limit), as well as after 

stimulation (by 3% and 9% at 17 and 25 weeks of age, but still within the interval for normal) 

(Figure 11A) (Table 9). Like saline controls, XLMTM dogs treated with mid-dose AAV8 had 

reduced peak expiratory flows (PEF) at 10 weeks of age (24% and 20% lower than normal 

before and after stimulation respectively, both below the lower limit of normal). However, at 17 

weeks of age, PEF increased to 19% higher than normal and above the confidence interval before 

stimulation and 6% higher than normal after stimulation. Peak expiratory flows were above the 

upper confidence limit at 25 weeks of age before stimulation (by 43%) and after (by 20%) (Table 

9). 

Inspiratory time was 7% lower than normal during quiet respiration but near normal after 

stimulation at 10 weeks of age, 12% lower than normal but 16% higher than normal (and outside 

of the confidence interval) at 17 weeks of age, and 8% and 17% before and after stimulation at 

25 weeks of age (Figure 11B). Expiratory times were above normal at 10 weeks of age (by 29% 

and 36% before and after stimulation) but, at 17 and 25 weeks of age, were below normal prior 

to stimulation (by 24% at 17 weeks of age, and by 25% at 25 weeks of age) and were just above 

the normal mean after stimulation (by 5% at 17 weeks of age and by 6% at 25 weeks of age). 

The ratio of inspiratory time to total respiratory time was below normal at 10 weeks of age (24% 

lower than normal before stimulation and 16% lower than normal after) but were above normal 
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at 17 weeks of age (by 3% before and after stimulation) and at 25 weeks of age (by 31% and 

outside the confidence interval before stimulation, and 3% above normal after stimulation). 

Tidal volumes were decreased by 12% before stimulation but were 3% higher than 

normal at 10 weeks of age, were 6% and 18% higher than normal at 17 weeks of age, and are 

30% and 19% above normal at 25 weeks of age (Figure 11C). However, these measures were 

within the 95% confidence interval of normal. Expired volumes tended to be higher, and were 

increased by 13% and 2% before and after stimulation at 10 weeks of age, by 10% and 17% 

before and after stimulation at 17 weeks of age, and by 44% and 15% before and after 

stimulation at 25 weeks of age (Figure 11D). Expired volumes during quiet respiration at 25 

weeks were above the upper 95% confidence limit but all remaining values remained within the 

interval. 

Minute ventilation was 30% and 17% lower than normal before and after stimulation at 

10 weeks of age, but were increased during quiet respiration at 17 and 25 weeks of age (by 25% 

and 54% respectively, where measures at 25 weeks are near to but below the upper confidence 

limit). Minute ventilation after respiratory stimulation was near normal at 17 weeks of age 

(where it is 4% lower than normal) and at 25 weeks of age (where it was higher than normal by 

2%) (Figure 11E). Respiratory rate was 20% and 16% lower than normal before and after 

stimulation at 10 weeks of age, 16% higher than normal before stimulation but 13% below 

normal after at 17 weeks of age, and 11% above normal during quiet respiration but 18% lower 

than normal at 25 weeks of age (Figure 11F). All measures were within the range of normal. 
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XLTMTM + mid dose 10 weeks (N = 3) 17 weeks (N = 3) 25 weeks (N = 3) 

  Before  After  Before  After  Before  After  

Peak inspiratory flow 

(mL/s) 

87.1 226.2 141.1↑ 355.5 219.6↑ 443.0 

(33.8) (9.4) (17.5) (13.8) (26.9) (20.3) 

Peak expiratory flow (mL/s) 176.5↓ 292.7↓ 359.9↑ 607.4 535.9↑ 799.2↑ 

(14.3) (44.4) (5.4) (12.3) (10.8) (85.1) 

       

Inspiratory time (ms) 506.3 405.2 685.0 622.2↑ 928.0 925.7 

(21.9) (1.8) (23.6) (28.1) (8.3) (27.8) 

Expiratory time (ms) 1414.7 534.2 1223.7 602.0 1379.7 776.7 

(24.9) (21.6) (19.7) (6.6) (43.7) (6.2) 

Inspiratory time / Total time 0.27 0.44 0.36 0.50 0.42↑ 0.54 

(0.01) (0.05) (0.07) (0.06) (0.12) (0.07) 

       

Tidal volume (mL/kg) 5.2 12.5 7.0 19.4 11.4 23.3 

(25.1) (19.5) (9.4) (7.5) (30.7) (5.8) 

Expired volume (mL/kg) 6.9 12.6 7.8 18.9 12.1 22.9↑ 

(21.8) (13.3) (20.5) (11.0) (16.0) (9.2) 

       

Minute ventilation 

(mL/s/kg) 

174.8 828.8 227.4 988.9 320.1 807.7 

(48.7) (32.5) (23.6) (15.9) (46.9) (14.2) 

Respiratory rate (bpm) 32.7 66.0 32.0 51.0 27.0 34.7 

(23.4) (13.2) (16.2) (10.9) (19.6) (9.3) 
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Table 9:Means and standard deviations (expressed as mean (std)) of respiratory measures for the 

XLMTM dogs receiving the 2.5E
13

 vg/kg mid dose of AAV8-MTM1 before and after stimulation 

with 1.0mg/kg doxapram as measured by pneumotach at 10, 17 and 25 weeks of age (N=3). 

Arrows indicate mean values above (↑) or below (↓) the 95% confidence interval for normal 

dogs. 
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Figure 11: (A) Peak inspiratory flow, (B) inspiratory time, (C) tidal volume, (D) expired 

volume, (E) minute ventilation and (F) respiratory rate as measured by pneumotach after 

stimulation with 1.0mg/kg doxapram for XLMTM dogs receiving the 2.5E
13

 vg/kg mid dose of 

AAV8-MTM1   
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XLMTM dogs given AAV8 at the high dose maintained inspiratory and expiratory times as 

well as peak inspiratory flows over time. At 10 weeks of age, XLMTM dogs treated with 

8E
13

vg/kg AAV8 had peak inspiratory flows (PIF) that were 38% above normal (outside the 95% 

confidence interval) before stimulation but near normal after. PIF at 17 weeks of age was 123% 

higher than normal and above the upper limit prior to stimulation, and 23% above normal after. 

Peak inspiratory flows at 25 weeks of age were outside of the normal confidence interval and 

were increased by 90% before stimulation and by 32% after (Figure 12A) (Table 10). Peak 

expiratory flows (PEF) were below normal prior to treatment at 10 weeks of age, and were 9% 

and 13% lower than normal before and after stimulation respectively. However, PEF was above 

normal at 17 weeks of age, markedly so during quiet breathing, where it was 38% above normal, 

and by 4% after stimulation. PEF at 25 weeks of age was above the confidence interval and was 

30% and 13% higher than normal before and after stimulation (Table 10). 

 Baseline inspiratory times (TI) were lower than the mean normal values in XLMTM dogs 

given high dose AAV8 and remained so after treatment. Inspiratory time was 16% and 9% lower 

than normal before and after stimulation at 10 weeks of age, 12% and 15% lower than normal at 

17 weeks of age, and was 12% and 35% lower than normal before and after stimulation at 25 

weeks of age, where measures after stimulation were outside the confidence interval for normal 

(Figure 12B). A similar trend was seen for expiratory time, which was 17% and 19% lower than 

normal before and after stimulation at 10 weeks of age, 68% lower than normal (and below the 

interval) before stimulation and 27% lower than normal after stimulation at 17 weeks of age, and 

63% lower than normal (below the lower limit) before stimulation and 13% lower than normal 

after stimulation at 25 weeks of age (Table 10). The ratio of inspiratory time to total respiratory 

time was near normal before and after stimulation at 10 weeks of age. It was 57% above normal 
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before stimulation (above the 95% confidence interval) and by 6% after stimulation at 17 weeks 

of age. At 25 weeks of age, the ratio was 66% and 13% higher than normal (and outside of the 

interval) before and after stimulation (Table 10). 

Tidal volume was near normal before stimulation but 13% lower than normal after 

stimulation at 10 weeks of age (Figure 12C). It was 11% above normal before stimulation and 

increased by 26% and above the normal interval at 17 weeks of age, and was 14% below normal 

and 33% lower than normal, outside of the confidence interval, at 25 weeks of age. At 10 weeks 

of age, expired volume was 5% lower than normal during quiet respiration but was 19% below 

normal and outside of the confidence interval (Table 10) after stimulation. At 17 weeks of age, it 

was 3% above normal before stimulation but 32% lower than normal after stimulation, below the 

lower limit of normal. Expired volume was 12% lower than normal before stimulation at 25 

weeks of age, and 37% lower and below the 95% confidence interval after stimulation (Figure 

12D).  

Mean minute ventilation was above normal prior to stimulation but below normal after 

doxapram, although generally within the normal interval (Figure 12E). It was 20% higher than 

normal before stimulation but 4% lower than normal after at 10 weeks of age, 85% higher than 

normal (and above the confidence interval) before stimulation but 9% lower than normal after 

stimulation at 17 weeks of age, and was 53% above normal before stimulation (near the upper 

limit, but still within the interval) and 12% lower than normal after stimulation at 25 weeks of 

age. Respiratory rate was increased over time with or without stimulation (Figure 12F). At 10 

weeks of age, respiratory rate was 14% and 17% higher than normal, but within the confidence 

interval. However, measures at 17 and 25 weeks of age were outside of the interval, with 
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increases of 63% and 24% before and after stimulation at 17 weeks of age, and 76% and 32% 

before and after stimulation at 25 weeks of age.  
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XLTMTM + high dose 10 weeks (N = 3) 17 weeks (N = 3) 25 weeks (N = 3) 

  Before  After  Before  After  Before  After  

Peak inspiratory flow (mL/s) 131.1↑ 246.7 229.2↑ 423.0 261.5↑ 538.8↑ 

(57.3) (25.0) (49.5) (34.6) (14.0) (18.6) 

Peak expiratory flow (mL/s) 211.2 318.9 415.8↑ 595.7 487.2↑ 752.9 

(37.5) (54.2) (25.2) (108.7) (5.3) (7.6) 

       

Inspiratory time (ms) 458.0 365.3 684.0 459.8 755.3 513.3↓ 

(7.6) (4.6) (47.1) (28.3) (16.7) (23.0) 

Expiratory time (ms) 907.7 320.2 522.0↓ 417.7 671.0↓ 637.5 

(35.7) (21.9) (16.3) (27.4) (21.6) (22.8) 

Inspiratory time / Total time 0.35 0.54 0.55↑ 0.52 0.53↑ 0.59↑ 

(0.08) (0.05) (0.14) (0.10) (0.06) (0.45) 

       

Tidal volume (mL/kg) 6.1 10.5 7.3 12.1↓ 7.6 13.2↓ 

(25.0) (10.6) (11.5) (14.0) (24.0) (21.7) 

Expired volume (mL/kg) 5.8 10.0↓ 7.3 11.0↓ 7.4 12.7↓ 

(26.7) (8.2) (10.0) (22.3) (20.1) (21.0) 

       

Minute ventilation (mL/s/kg) 299.8 962.4 335.4↑ 865.3 317.3 721.6 

(55.0) (4.0) (49.7) (12.4) (18.1) (21.8) 

Respiratory rate (bpm) 46.7 91.7 44.7↑ 73.0↑ 42.7↑ 55.9↑ 

(28.8) (6.7) (44.0) (22.0) (17.3) (23.7) 
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Table 10: Means and standard deviations (expressed as mean (std)) of respiratory measures for 

the XLMTM dogs receiving the 8E
13

vg/kg high dose of AAV8-MTM1 before and after 

stimulation with 1.0mg/kg doxapram as measured by pneumotach at 10, 17 and 25 weeks of age 

(N=3). Arrows indicate mean values above (↑) or below (↓) the 95% confidence interval for 

normal dogs. 
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Figure 12: (A) Peak inspiratory flow, (B) inspiratory time, (C) tidal volume, (D) expired 

volume, (E) minute ventilation and (F) respiratory rate as measured by pneumotach after 

stimulation with 1.0mg/kg doxapram for XLMTM dogs receiving the 8E
13 

vg/kg high dose of 

AAV8-MTM1 
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Peak inspiratory flow against inspiratory time  

Plots of peak inspiratory flow against inspiratory time for untreated XLMTM dogs  were 

right shifted and lower than normal controls (Chapter 2) (Figure 13A). XLMTM dogs receiving 

the low dose treatment showed a similar shift (Figure 12B) but dogs given mid-dose AAV8-

MTM1 resembled normal dogs (Figure 13C). The line of regression for XLMTM dogs treated 

with AAV8-MTM1 at the high dose was above that for normal dogs (Figure 13D). 

 

A B 

D C 



 

235 
 

Figure 13: Peak inspiratory flow plotted against inspiratory time after stimulation with 1.0mg/kg 

doxapram with lines of regression for normal dogs as compared to (A) saline-treated controls 

(Chapter 2) as well as XLMTM dogs receiving (B) low-dose, (C) mid-dose and (D) high-dose 

AAV8-MTM1.  

 

Discussion 

Treatment with AAV8-MTM1 at the 5E
12

 vg/kg low dose does not appear to improve 

ambulation or respiratory function in XLMTM dogs and, although survival is increased, all 

animals met the predetermined critera for humane euthanasia before the end of study. XLMTM 

dogs given AAV8-MTM1 at the 2.5E
13

 vg/kg mid-dose resemble untreated controls at baseline 

but treatment restores function to near-normal. However, dogs receiving mid-dose treatment 

have a near-normal restoration of function. Surprisingly, dogs treated with high-dose AAV8-

MTM1 do not recover as robustly as mid-dose dogs, apparently with some delay in the response, 

although dogs survived until the end of study.  Physiological variation in the animals, for 

example, in how AAV8 is processed and lost at the liver or in immune response, could affect 

gene delivery and subsequent expression at the target muscles.
23

 Vector copy number and 

transgene expression in limb muscles and at the diaphragm should be measured when 

determining the minimum effective dose. At least one dog appears to be more severely affected 

prior to treatment at 10 weeks of age, which may have impacted the time taken for recovery and 

the level to which function was maintained or restored. Separating animals into severe and 

moderate categories based on peak inspiratory flow before treatment therefore could be useful 
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when interpreting treatment efficacy (Chapter 2), although is difficult to do here due to small 

sample size.   
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The following can be concluded, based on the hypotheses put forth in the specific aims (Chapter 

1): 

1. Myotubularin replacement results in improved ambulation due to restored limb 

function in XLMTM dogs 

2. Myotubularin replacement results in improved respiratory muscle function in 

XLMTM dogs. 

AIM 1: Changes in ambulation 

Spatiotemporal changes in gait are indicative of reduced limb function, likely due to 

skeletal muscle weakness, and may be used to measure loss or improvement in limb 

function. Gait is clinically described using a number of interrelated quantitative terms, such as 

stride velocity, stride length and stride time (Figure 1).
1
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Figure 1: Spatiotemporal measures of gait. A stride is measured as the interval between footfalls 

for the same paw, where stride length is the distance travelled in a stride and stride time is the 

number of strides per second. Gait speed is calculated by multiplying these two. A stride is 

comprised of two phases: stance, where the paw is on the ground, and swing, when the paw is in 

the air. 

 

XLMTM dogs generally walk more slowly than their normal true littermates. This is 

partly due to decreased stride length, and shortening of the stride has been associated with 

muscle weakness in dogs with neuromuscular disease.
2
 Walks are also slower in XLMTM dogs, 

with higher stride times due to increased time in the stance phase of the gait cycle (although 

swing times remain normal). Similar changes in are also seen in step length and time and, 

although step width is not currently measured by the instrumented carpet, it is another indicator 
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of changes in ambulation due to muscle weakness that could be useful in future analysis.
3
 The 

time to rise from a supine position has also been used in patients to assess motor function.
4
 

XLMTM dogs also display difficulty standing without assistance and a version of this test could 

be readily adapted for use in the canine model. 

XLMTM dogs treated with low dose AAV8-MTM1 closely resemble untreated controls 

while dogs given mid and high dose treatment show normal ambulation. XLMTM dogs 

receiving low dose AAV8-MTM1 also have reduce stride velocities, with decreased stride and 

step lengths. Both untreated and low-dose treated animals experienced difficulty in completing 

the assessments near the end of life, requiring frequent rest breaks and support when standing. 

However, mid and high dose treatment are associated with a return to normal ambulation, 

suggesting preserved or restored limb function, although there is a delay in the dogs receiving the 

high-dose which could be due to a more advanced clinical progression prior to treatment.   

AIM 2: Changes in respiratory function 

Reduced peak inspiratory and expiratory flows are associated with decreased survival, 

while increased inspiratory time may be indicative of a compensatory mechanism. Peak 

cough and pressure maneuvers may be difficult or invasive in young children
5
 but peak flow may 

be used in the absence of occlusion, which may be difficult for patients with incomplete glottal 

closure, as in common in neuromuscular disease (NMD).
6,7

 Changes in peak airflow have been 

associated with respiratory muscle weakness caused in NMD in humans,
6,7

 and XLMTM dogs 

tend to have reduced peak inspiratory and expiratory flows after doxapram stimulation. Most 

dogs expire by 20 weeks of age but a single outlier that was able to survive until 25 weeks of age 

was able to maintain near normal peak inspiratory flow, suggesting that subnormal airflow may 
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be associated with reduced survival. This is in keeping with the close correlation between 

respiratory function, as assessed by spirometry, disease progression and life expectancy.
8
 

NMD patients are often classified as exhibiting a restrictive pattern of disease, where 

lung volume is reduced due to weakness of the diaphragm or fatigue during inhalation as well as 

changes in the intercostal muscles that inhibit chest wall recoil during exhalation.
9,10

 However, 

no reduction in measured volume was observed in XLMTM dogs. This could be due to slower 

loss in strength at the  respiratory muscles as compared limbs, which has been reported in NMD, 

or a result of compensatory hyperinflation.
9
 The increased inspiratory times of XLMTM may 

also be indicative of a compensatory mechanism, where changes in .  

 

It is has been suggested that, in patients with XLMTM, the respiratory pump is already at 

work during what should be quiet respiration and is unable to properly respond to challenge.
11

 

We see possible evidence of this in XLMTM dogs where comparisons of breathing before and 

after stimulation reveal that XLMTM dogs may already be working to maintain appropriate gas 

exchange when normal animals are at rest. For example, peak inspiratory flows are above normal 

prior to stimulation but fall below normal after stimulation. However, it should be noted that 

differing tolerances to doxapram or the sevoflurane used for anesthesia could also affect 

response.
12

 Examinations of gas exchange before and after stimulation could shed further light 

on the underlying mechanism. While gas exchange, as measured by capnography, revealed no 

clear difference in exhaled CO2 between XLMTM dogs and normal controls, no blood-gas 

measures were collected for these animals. Disparities between exhaled measures and blood-gas 
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concentrations could indicate respiratory dysfunction, even with normal or above average 

airflow, and should monitored in future experiments.  

The flow-volume loop remains a definitive indicator of respiratory dysfunction in 

XLMTM dogs. Changes in the rate of airflow, as well as in timing and occurrence of peak 

inspiratory and expiratory airflows, cause deformation of the curve. The peak inspiratory time 

against inspired time plot was developed as a tool to readily compare some of these changes over 

time, based partly on the use of clinical comparisons of ventilatory flow to increases in 

respiratory frequency during exercise as modulated by the effects of disease.
13

 However 

measures of the time to reach peak inspiratory or expiratory flow,
10

 or the rate of change of 

airflow over time are alternate methods of capturing this information and should be recorded in 

the future. Repetitive respiratory stimulation, where respiratory function is monitored through 

multiple cycles of stimulation and recovery, could also reveal changes due to diaphragmatic 

fatigue and may be considered in the future.
14

 

Given that pneumotachometry is more sensitive to changes in the XLMTM dog that 

respiratory impedance plethysmography and that anesthesia has been used primarily to reduce 

noise during RIP, respiratory function could also be assessed in awake animals using a face mask 

with the pneumotach attached. Comparisons between awake and asleep measures in patients are 

often informative in the clinic and could be studied in the dog model.
11

 

XLMTM dogs given low-dose AAV8-MTM1 have reduced survival and respiratory 

measures similar to those seen in untreated dogs, while dogs receiving the mid and high 

dose have near normal respiratory measures. Airflow tends to be subnormal for dogs 
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receiving low-dose AAV8-MTM1, with increased inspiratory times. However, dogs given mid or 

high dose tend to maintain airflow without any change in time. 

 

SUMMARY OF TREATMENT 

Systemic delivery of 2.5E
13

vg/kg appears to be the minimum effective intervention to 

achieve phenotypic rescue in XLMTM dogs. These findings suggest that AAV8-mediated 

MTM1 gene replacement is a viable option for the treatment of XLMTM. While some 

improvements in muscle strength are observed with alternate methods or lower doses, systemic 

delivery of 2.5E
13

vg/kg not only improves limb muscle strength but also maintains respiratory 

function, which is critical in this disease. As previously mentioned (Chapter 2), T-tubule 

disorganisation leads to disruption of excitation-contraction coupling and skeletal muscle 

weakness.
13,14

 Treatment corrects this pathology (data not shown), and likely restores excitation-

contraction coupling to a degree that improves muscle contraction and therefore function, 

particularly as increases in muscle size alone have been reported as insufficient when attempting 

to improve muscle function in murine models of XLMTM.
15
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The XLMTM dog as a model of disease 

XLMTM dogs recapitulate the disease as seen in human patients, including molecular 

biology, histology and clinical presentation (Table 1).
15,16

 Like human patients, canine XLMTM 

is caused by X-linked MTM1 mutation, specifically a missense N155K mutation in due to a 

transversion in exon 7, and follows the same pattern of inheritance.
15

 Changes in the human exon 

7 appear to be rare and while frameshift or nonsense mutation tends to be associated with a 

severe phenotype, 
17-19

 a family with a mild form of the disease due to a nearby missense 

mutation (E157K) has been identified.
20

 There can also be variable expressivity of the 

phenotype, where families report stillbirths or deaths within the first year of life associated with 

respiratory difficulty, a sign of severe presentation, but also have adult members with XLMTM 

who may maintain respiratory independence and remain ambulant, as is seen in the mild form of 

the disease.
21,22

  

A similar variability may be present in the canine model. While dogs generally have a 

high perinatal mortality rate, 
23

 the majority observed in the colony described here occur in 

affected animals, and could indicate a severe phenotype. In addition, markedly reduced peak 

inspiratory flows are seen in animals that reached the criteria for humane euthanasia early in the 

study. In contrast, animals surviving to 25 or 26 weeks of age—well beyond the average 

lifespan—have been reported
16

 and the association between the maintenance of  normal peak 

inspiratory flows and continued survival suggests that some animals may be more moderately 

affected. However, there is an absence of the mild presentation as even these animals are 

profoundly affected and have significantly a truncated lifespan, and XLMTM dogs generally 

mimic the moderate form of the disease.  
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 Humans Dogs 

Molecular 

biology 

 MTM1 mutation on the X- 

chromosome causes a deficiency 

of functional myotubularin
24,25

 

 MTM1 mutation on the X-

chromosome causes a 

myotubularin deficiency
15

 

Histology 

 Centrally located nucleus
26

 

 Variably-sized myofibers with an 

abnormally large number of small 

fibers 

 Organelle abnormality and 

“necklace fibers”
27 

  

 Centrally located nucleus 

 Variably-sized myofibers with an 

abnormally large number of small 

fibers 

 Organelle abnormality and 

“necklace fibers” 

Clinical 

symptoms 

 Weakness of the skeletal 

muscles
28,29

 

 Wheelchair dependence
28

 

 Respiratory insufficiency at 

birth
30

 

 No cardiac phenotype 

 Leading cause of death is 

respiratory dysfunction
7
 

 Myopic facies, including 

ophthalmoplegia and ptosis 

 Long, narrow heads 

 Weakness of the skeletal 

muscles
31

 

 Impaired ambulation
32

 

 Respiratory dysfunction
33

 

 Long narrow heads
16

 

 Drooped jaw
16

 

 Difficulty chewing and eating 

 Abnormal bark
16

 

 Failure to thrive 
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 Difficulty chewing and eating 

 Failure to thrive 

Comorbidities 

 Scolisis 

 Increased premature birth 

 Reduced foetal movement 

 Cleft palate 

 Hepatic peliosis 

 Cleft palate 

Demographics 

 Affects 1 in 50 00 live male 

births
34

 

 Presentation typically at birth
18

 

 Reduced average life expectancy 

of 29 months
21

 

 

 Presentation typically at birth 

 Reduced mean survival of 18 

weeks of age
31

 

Table 1: A comparison between XLMTM in humans and the canine model 

 

Limitations and improvements 

As there is some variability in the measures, increased numbers of animals are necessary 

to add power to both gait and respiratory assessment. With the dogs, this can be very expensive 

and time consuming. Some of the more common tests used in the clinic were also difficult to 

adapt for the model. For example, technical difficulties in attempting to measure 

transdiaphragmatic pressure in the dog,
35

 or measurements requiring voluntary effort like 



 

251 
 

measurements of vital capacity, cough or sniff. Other tests developed in the clinic might also be 

informative when adapted to the model, as has been previously discussed.  

 

Future applications 

XLMTM dogs reported here have been treated at an early age; however, the current 

patient population typically comprises older survivors affected by the disease over a number of 

years.
28

 Replacement of hypertrophied muscle with fat and connective tissue could complicate 

the efficacy of any potential therapy due to a reduction in the availability of  treatable tissue.
29,36

 

Mechanical ventilation has also been associated with reduced diaphragm function and 

pathological changes, even in healthy individuals, which could compromise respiratory 

recovery.
37

 Long-term immobility can also cause many of the co-morbidities observed in the 

disease, for example, scoliosis and other orthopedic change, as can prolonged use of many of the 

medications currently used to address the symptoms of XLMTM.
28

 

Late-rescue treatment, where AAV8-MTM1 is administered during severe progression, 

must there also be investigated. A pilot study examining treatment with the minimum effective 

dose of 2.5E
13

vg/kg after dogs (N=2) reach criteria for humane euthanasia (including difficulty 

standing as well as significant weight loss and muscle wasting) reveals variable findings. 

However, trends in the measures selected as sensitive to changes in ambulation (Figure 2) and 

respiratory function (Figure 3) reflect clinical progression of the two animals, (where one animal 

recovered and appeared clinically normal 10 weeks after treatment while the other failed to 

respond), providing further confirmation that they are appropriate for the disease and treatment. 
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Figure 2: Stride velocity for XLMTM dogs receiving late dose treatment compared to normal 

and untreated controls, where dog 1 is treated at 23 weeks of age and dog 2 is treated at 19 weeks 

of age (arrow). 
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Figure 3: (A) Peak inspiratory flow for XLMTM dogs receiving late dose treatment compared to 

normal and untreated controls, where dog 1 is treated at 23 weeks of age and dog 2 is treated at 

19 weeks of age (arrow). 
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