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DMD
6MWT
s2LJ
CRT
SMA

Muskeldystrophie Duchenne
6 Minute Walk Test

Single twelegged jump
Chair raising test

Spinale Muskelatrophie



H® b[9LC¢! bD

Die Duchennéviuskeldystrophie (DMD) ist eimléchromosomalevererbte Muskelerkrankung,

die einen von 3.500 neugeborenen Jungen bet(ifff Mutationen im DystrophiGen (2)
fuhren zum Verlust des Strukturproteins Dystrophin in der Muskelfasermem{Zamnnd
verursachen eine fortschreitende Muskelschwache, die zum Verlust der Gehfahigkeit
spatestens in der Adoleszenz fulig) (4). In spateren Stadien der Erkrankung geht auch die
Kraft der oberen Extremitaten und des Rumpfes verloren und es kommt zur Manifestation einer

restriktiven Ventilationsstérung uneiner Kardiomyopathi¢s).

Dystrophin ist ein strukturelles Schlisselprotein in der Muskelfaser. In gesunden Muskelfasern
stellt der DystrophirGlykoproteinrKomplex eine Verbindung zwischen extrazellularer Matrix
und Zytoskelett her. Die primare Funktion des DystrogsgsoziierterProteinkomplexes ist die
Stabilisierung der Plasmamembran. Bei Patienten mit DMD fihrt der Mangel an Dystrophin zur
Destabilisierung dieser Verbindung, was zur Degeneration der Muskelfasern durch mechanisch
induzierte Schadigung mit fortschreitendem bimggsvebigproliferativen Muskelumbau und
Narbenbildung fuhrt(1). Histopathologisch sind veranderte Regeneration, Entzindung und
gestorte GefalRadaptation darstellbar. Diese Mikrolasionen fuhietetlich zu einer

unausgeglichenen Kalziumhomoostase und zum Ze(épd

Klinisch fallen diebetroffenen Jungen meist im Kindergartenalter mit einer motorischen
Entwicklungsverzégerung auf. Schwierigkeiten beim Treppensteigen und haufige Stirze stehen
oft im Vordergrund. Zur frihen klinischen Prasentation gehéren auch ein watschelnder Gang
und Schwierigkeite beim Aufstehen (positives GoweZgichen), wobei sich die Patienten beim
Aufstehen mit den Armen auf den Oberschenkeln abstutzd#aufig ist eine

Pseudohypertrophie der Waden zu beobach{&n(8).

Die betroffenen Jungemachen in der Regel bis zum frihen Grundschulalter motorische

Fortschritte (wenn auch in geringerem Malie als ihre Altersgenossen), danach kommt es zu



einer Plateauphase und schlie3lich zum Rickgang der motorischen Fahigkeiten.

Beeintrachtigung der kognitiven Fahigkeitenhiaufig(9) (10).

Diagnostisch steht bei klinischem Verdacht zunachst die Bestimmunégreatinkinase im
Vordergrund dieseist bei der Muskeldystrophie Duchenne im Kindesadtetsmassiv erhoht

Als Bestatigungsdiagnostik steht die molekulargenetische Untersuchung an erster. Stelle
Zunachst wird eine MLPA (Multiplex Ligatidapendent Probe Amplification) durchgefuhrt, um
grolRe Deletionen oder Duplikationen zu identifizieren, die etwa 70% der ursachlichen
Mutationen ausmachen. Kann keine Deletion oder Duplikation nachgewiesen westeie
Suche nach einer Punktmutation mittels Sequenmeg des Gens indiziert (Flanigan, et al.,
2003).

Da das Dystrophi#®en sehr grol3 ist, ist methodisch die klassische Se®gguenzierung
mittlerweile der Hochdurchsatzsequenzierung unterlegen, die kosteneffizient bei negativem
Ergebnis auch seltenere Formen der Muskeldystrophie differentialdiagnostisch eins¢hlig3t
Die haufigsten krankheitsverursachenden Deletibtidspots bei der DMD umfassen die Exone
4555 und 219 (12). Eine Muskelbiopsie ist nur noch bei persistierendem Verdacht ohne

Mutationsnachweisndiziert.

Die Lebenserwartung deDMD Patientenhat sich in den letzten Jahresrheblich verbessert
und die Patienten kdnnen im Mittel ein Lebensalter v8@ ¢ 40 Jahren erreiche(il3) (14).
Dabei istin der Versorgung der Patienten ein multidisziplindrer Ansatz fir die optimale
Behandlung der primaren Manifestation und der sekundaren Komplikati@ssentiell.Der
aktuelleBehandlungsstandandt gepragtvomfriihen Einsatz therapeutischer Mal3hahmen, die
das Potential habenl.ebensduer und Lebensqualitdt der Patienten zu verbess®iese
betreffen Atmung, Herz, Knochengedlhmeit, orthopadische und chirurgisches Management
MalRnahmen der Rehabilitation, endokrine Aspekte (Wachstum, Pubertat und
Nebenniereninsuffizienz) und gastrointestinale Koikgtionen (einschlie3lich Ernahrung und
Dysphagie),unter Berucksichtigungder Auswirkungen eine langfristigen Glukiortikoid-

Therapieauf den nattrlichen Krankheitsverlauf der DMD



Neue Themen durch die verlangerte Lebenserwartung sind soziale Integration,

Primarversorgug und Notfallmanagement der erwachsenen Patiented Transition(15-17).

Was die pharmakologische Behandlung betrifft, so diglang nochdie Kortikosteroide
Deflazacort und Prednison/Prednisolon der Goldstandard der Behand&iegerlangsamen
dasFortschreiten deErkrankund18)(19). Seit 2015 iszudemdie SubstanAtalurenverfugbar,
die bei DMDPatienten mit Nonsens®lutationen das Fortschreiten der Erkrankung im
Vergleich zu Placebo verlangsamt, am deutlichsten bei Patienten mit @&hldinuten

Gehstrecke vonk o /<400 mbei Behandlungsbegin(20, 21)

Eteplirsen ist ein Therapeutikum fur DMEtienten mit speziellen Mutationen, die durch
Skippen von Exon 51 des DNHens aulRer Kraft gesetzt werden konnéNeitere, sich
allerdings noch in der Erprobung befindliche Therapieansatze umfassen optimierte Antisense
Oligonukleotide, mitochondriale Fibrog&ravention und gentherapeutische Wiederherstellung

der DystrophirExpressiori22)(23)(24).
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Durch die stetig&erprobungneuer medikamentdser Therapieanséfie die Muskeldystrophie
Duchennein klinischen Studier§25) gewinnt die Quantifizierung der Muskelkraft urcr
korperlichenLeistungsfahigkeit belen betroffenen Kinderimmerweiter an Bedeutund26).

Die Behandlung der DMD wird sich voraussichtlich nochmals erheblich verdndern, wenn neue
genetische und molekulare Therapien verfigbar werden. Im Rahmen klinischer
pharmakologischer Studien wird fortlaufend die Wirksamkeit neuer therapeutischer Ansatze
untersucht. Um den Effekt dieser neuen Therapien evaluieren zu kénnen, sind geeignete
klinische Masdnstrumente notwendig. Bislang wird der 6 Minuten Gehtest am haufigsten in

klinischen Studien zur primaren Outcofveessung eingesetfR7)(28).

Der Test ist ebenfalls Standard bei anderen neuromuskularen Erkrankungen, wie z.B. der
spinalen Muskelatrophie (SMA). Bei der SMA zeigten sich in klinischen Studien Hinweise auf das
Auftreten von belastungsinduzierter Ermidung wéhrend des 6MWT. Eine Siuslem April

HaMmy YIFOG RFEa !'dzZFiNBGSY @2y 06Sftl addzy3aAryRdzd AS!
behandelten Kindern mit SMA, welche als einer der Outcome Parameter fiur den
Behandlungseffekt von Nusinersen verwendet wu(@8). Fatigue im Rahmen des 6MWT gilt

auch als vielversprechender Outcome Parameter fir die Bewertung der therapeutischen
Wirksamkeit bei pharmakologischen Studien fir andere neuromuskulare Erkrank@®@en

(32)

Das Ziel einer der beideStudien im Rahmen dieses Promotionsprojekt@gsar es, den
diagnostischen Wert einer eventuell auch bei der DMD im Rahmen des 6MWT auftretenden
Fatigue zu untersucheileben dem 6MWkommen bislang auch andereitfunktionstess bei

der physikalischen Testung der muskularen Performance der PatieaterEinsatzKlassische
Parameter sind z.B. dieendtigte Zeit zumAufstehen vom Boden aus Rulckenlagej der
Bewaltigung von vier Treppenstufexler flreine 10 MeterRennstreckeWeitere quantitative
Informationen Uber die Funktion des neuroskularen Systems kénnen mit Hilfe von

Bodenreaktionskraftplatten gewonnen werden, die in der Lage sind, dynamische Informationen

10



zu erfassen. Aus der Bodenreaktionskraft wahrend der Gegenbewegung bzw. der Aufstehphase
einer Bewegung wird die maximale Leistung, bezogen auf die Kérpermasse, berechnet, die als
Indikator fur die motorische Funktion herangezogen werden kann. Im Leispogbereich

wird die Mechanographie bereits seit einigen Jahren einge$82t(33). Sie ermoglicht eine
effiziente Quantifizierung von Kraft, Leistung und Bewegungsablaufen im ambulanten Setting
(34) (35). Die Reproduzierbarkeit der Ergebnisses der Mechanographigat sich als gut
erwiesen(36) (34) (37). Referenzwerte im Kaesalter sind altersund geschlechtsspezifisch
vorhanden(38)(39)(40). Die Mechanographie wird auch zunehmend im medizinischen Bereich
eingesetzt, wobei bislang der Schwerpunkt auf Erkrankungen des kndchernen Systefd$-liegt

47). Im Bereichder neuropadiatrischemind/oder neuromuskularen Erkrankungen wurde die
Mechanographie bislang nur sporadisch eingesé€iizt) (48) (49) und es gibt fur diese

Patientengruppen bisher nur wenidraten.

Das Ziel der zweiten Studie, die im Rahmen des vorliegenden Promotionsprojektes durchgefuhrt
wurde, war es, zwei mechanographische Tests, die die Kraft der unteren Extremitaten mittels
ZwetBeinSprung bzw. Aufstefiest quantifizieren, mit bereits etablierten Zeitfunktionstests in

einer Kohorte von gehfahigen Jungen mit DMD zu vergleichen.

Eigenanteil

Alle Patienterdieses Promotionsprojektagurden regelmafRig im sozialpadiatrischen Zentrum
des Dr. von Haunerschen Kinderspitals der LudwagimiliansUniversitat Mlinchen betreut.
Die physikalischen Testungemurden im Rahmen der regelmé&fRligen Routineuntersuchungen

von den Physiotherapeuten der Abteiludgrchgefihrt.
Der geleistete Eigenantales promovierenden Studenten alesen Studien belief sich adie

Extraktionder erhobenen Daten, ihrer statistischen und deskriptiven Auswertung, sowie ihrer

graphischerund tabellarischemarstellung fur die beiden Publikationen.

11



Die Leistung der Patientenmkrel (SiEinheit ist W/kg) wurde beim CRT und rheB2LJ
gemessen. fixel spiegelt die korperliche Leistung in Watt Verhéltnis zunKorpergewicht

wider. Dafur wurde dassystem Leonardo Mechanograph® GRFP STD (Novotec Medical GmbH,
Pforzheim, Deutschland) verwendet. Er besteht aus einer geteilten Bodenreaktionskraft
Plattform (GRFP), die mit einem Computer verbunden ist. Die Ergebnisse wurden mittels der
Leonardo Mechano@phy Software Version 4.3 erhoben. Nach Extraktion und Ubertragung
wurdendie Ergebnisse der Mechanographie mit den Ergebnissen der Zeitfunktionstests und des
6MWT mittels linearer Regression korreliert. Die Analyse wurde mit Excel (Microsoft, Redmond,
Waghington, USA) durchgefihruch de statistische Analyslezgl. Fatigue im 6MWarfolgte

mittels Microsoft Excel.

12
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Eine derhaufigstenneuromuskularen Erkrankungen im Kindesalterdi&t Muskeldystrophie
Duchenne (DMD)Die Anzahl der klinischen Studien fdrese Erkrankundhat in den
vergangenen Jahren stark zugenommeBks werden insbesondere in Anbetracht der
Manifestation im frihen Kindesaltegeeignete klinische Messinstrumente bendtigt, uhe
natural history, dagrortschreiten derErkrankungund die Wirksamkeitpotentieller neuer

Wirkstoffezu erfassen.

In der vorliegenden kumulativen Doktorarbeit, basierend auf zwei Publikationen, wurde eine
Kohorte kindlicher DMD Patienten retrospektiv hinsichtldthologischerErmudbarkeit in
einemetablierten Testverfahrenuntersucht Zudem wurdernerkdmmlicheTestverfahren mit

neueren physikalischefests verglichen, um die Validitat letzterer zu erforschen.

Ly RSNJ SNRBRGSY -Indudedk Kefiguedan Rréblend ik E€mldden avBh Duchenne
adza Odzf I NJ 5 &vardeNRuht#siidkity @b Patienten mit DMD eine vorzeitige

LI 6 K2f 23Aa0KS 0Stladdzy3aAyRdz ASNIS 9 N NRdzy 3
Ergebnisparameter bei anderen neuromuskuldren Erkrankungen wie der spinalen
Muskelatrophie giltHierfr wurden die Testergebnisse einer Kohorte von 55 BMflenten,

die insgesamt 2416-Minuten Gehtests ¢ antinute-walki S & (i @ T absalviere batten,
retrospektivausgewertet. Die pathologischeorzeitige belastungsinduzierte Ermidung wurde
durch das Verhaltnis zwischen der erreichten Distanz in der sechsten Minute und der Distanz in
der der zweiten Minute des 6MWT definiert. Es zeigte sich, dissdurchschnittliche
Ermidungsquotient in der gesamten Patientenkohorte bei 1,Qteysomit die Fatigue bei der
DMD keine relevante Rolle spielt und entsprechend auch keinen nitzlichen Outcome

Parameter fir klinische Studien darstellt.

13



In einer Subgruppenanalyse konntaoch gezeigt werden, daskein Einfluss von Alter,
Steroidtherapie, AtalurentherapjeGrad der Behinderung oder der Distanz 6MWT auf das

Auftreten von Fatigue bei DMPatientenbesteht

LYy RSNIJT 6SAGSY {(idzRAS o6aWdzYLIAYy3dI aSOKIy23INI LKE
Motor Function in Ambulatory Boys with Duchenmedza Odzf F NJ 5@ a0 NP LIK& & 0
verhaltnismalig neue Methodik der Mechanographie mdgm 6MWT und klassischen
Zeitfunktionstestungen (50) verglichen. Die Mechanographie ist ein medizinisches
Diagnoseverfahren zur Bewegungsanalyseielches in der Lage st kdrperliche

Leistungsfahigkeizu quantifizieren.

Hierfir wurden die Ergebnisse einer Kohorte ¥drgehfahigen Jungen mit DMD, diesgesamt
95 AufsterTests @ OK I A NJ NERAMnG78 Zweibaingpdiigen(a A y 3t ST & 2 dzY LJa&
S2L)auf einer Mechanographi®lattform absolviert hattenmit der Distanz ausem 6MWT
sowieder Zeit, die benotigt wurde, um 10 Meter zu laufedey Zeit, die bendétigt wurde uraus
einerin Ruckenlagdegenden Positioraufzustehen undler Zeit, die bendtigt wurde unvier
Trepperstufen zu steigen, korreliert. Die Messergebnisse wurden jeweils gleichen

Untersuchungssetting erhoben.

Es zeigte sicheine hohe Korrelation zwischemlen Mechanographielests und den
Zeitfunktionstestungen mir=0,520,62. Die Korrelation zwischen der Mechanographie und

dem6MWT war nur moderat mit=20,38-0,39.

Es konnte geschlussfolgert werden, dass Mlechanographiesine valide Methode ist, die
zusatzliche Informationen Uber die Leistungsfahigkeit bei Bewegungen mit héherer Leistung
liefert und insbesondere in Kombination mit dem 6MWT fur physikalische Endpunktmessungen

in klinischen Studien verwendet werden kann.

14
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One of the most common neuromuscular diseases in childhdddaéeenne muscular dystrophy
(DMD). The number of clinical studies flois disease has increased significantly in recent years.
Appropriate clinicameasurement tools are needed, especially given the manifestation of the
disease in early childhood, to capture natural history, disease progressidnefficacy of

potential new agents.

In the present cumulative thesis, based on two publications, a cohanfarfitie DMD patients
was retrospectively assessed for fatigability in anestablisiesting procedure. In addition,
established testing proceduregere compared with newer physical tests to explore the validity

of the latter.

The first study ("Is Exercideduced Fatigue a Problem in Children widhchenne Muscular
Dystrophy?") investigated whether patients with DNBow premature pathological exercise
induced fatigue, which isconsidered a suitable outcome parameter in other neuromuscular
diseasessuch as spinal muscular atroptoy.this purpose, the test results of a cohort of 55 DMD
patients who hadcompleted a total of 241 -gninute walk tests (6MWT) were retrospectively
analyzed. Pathological premature exereisduced fatige was defined byhe ratio between

the distance achieved in the sixth minute and thistance in the second minute of the 6MWT.

It was demongtated that theaverage fatigue quotient in the entire patient cohort was 1.0 and
thus fatigue does not play a relevant role in DMD and, accordingly, is mseful outcome

parameter for clinical trials.

In a subgroup analysis, it wdemonstrated that there was no influence of age, steroid therapy,
ataluren therapy, degree of disability, or distance in thanfhute walk test (6MWT)on the

occurrence of fatigue in DMD patients.

In the second study ("Jumping Mechanography is a Suitabeplementary Method to Assess

Motor Function in Ambulatory Boys withDuchenne Muscular Dystrophy"), the relatively new

15



methodology ofmechanography was compared with 6MWT and classical time functiontests.
Mechanography is a medical diagnostic method for movenmemalysis, which is able to
guantify physical performancé&or this purpose, the results of a cohort of 41 ambulatory boys
with DMDwho had completed a total of 95 chair rising tests ("CRT") and 76 sindégged
jumps ("S2LJ") on a mechanography platform were correhaigdthe distance from the 6MWT

as well as the time required to walk 10meters, the time requitedgtand up from a supine

position, and the timeequired to climb four stairs.

The measurement results were alwaysllected in the same study settinghere was a high
correlation between the mechanography tests and tirae function tests (r=0.50.62). The
correlation between themechanography and the 6MWT was only moderate with r=0.38.1t
could be concluded that mechanography is a valid method providdditional information
about performance in higher power movements arah be used especially in combination with

the 6MWT for physicandpoint measurements in clinical trials.

16
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Neuropediatrics

Abstract Objective Duchenne muscular dystrophy (DMD) is a devastating X-linked muscular
disorder. The number of studies investigating new therapeutic approaches is substan-
tially increasing. This study aims to investigate the impact and diagnostic value of
exercise-induced fatigue in DMD, which has been proposed as a suitable outcome
parameter in other conditions like spinal muscular atrophy.

Patients and Methods A cohort of 55 DMD patients (49 of them treated with steroids
and 9 with ataluren) underwent a total of 241 6MWT (mean 4.4 tests/patient) which
were retrospectively analyzed. Exercise-induced fatigue was assessed by the ratio
between the distance achieved in the sixth minute and the distance in
the second minute of the 6MWT. In previous studies a quotient above 1 was defined
as a sign of fatigue.

Results The average fatigue quotient in the whole cohort of patients was 1.0. In a

Keywords further analysis no impact of age, steroid therapy, ataluren therapy, overall disability,

= Duchenne muscular and distance in the 6-minute walk test (6MWT) on fatigue in DMD patients could be

dystrophy shown.

= outcome measures Conclusion Our data show that fatigue does not play a relevant role in DMD. Analysis

= clinical trials of fatigue is not a useful outcome parameterin DMD studies. For this reason we suggest

= 6-minute walk test the 2MWT, which is better accepted by the patients, as an alternative to the commonly
= fatigue 6MWT.
Introduction

adolescence. Under supportive therapy of cardiomyopathy

Duchenne muscular dystrophy (DMD) is a devastating
X-linked muscular disorder affecting approximately 1 in
3,500 newborn boys.! The disease is caused by mutations
in the dystrophin gene, leading to a loss of the dystrophin
protein in muscle cells,® resulting in progressive weakness
and loss of ambulation during childhood and early adoles-
cence,>* followed by loss of function of upper extremity and
trunk. Respiratory and cardiac functions decline during

* The authors contributed equally to the manuscript.
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and assisted ventilation, the median age of survival is
approximately 35 years.””’

Established pharmacological treatment in DMD is mainly
limited to corticosteroids, which slightly prolong ambula-
tion.® The number of studies investigating basic disease
mechanisms in animal models as well as testing these
concepts in human clinical trials have substantially in-
creased over the last decade.

Probable therapeutic targets range from exon skipping
with new antisense oligonucleotides, vector-based gene

© Georg Thieme Verlag KG
Stuttgart - New York

DOI https://doi.org/
10.1055/s-0040-1708859.
ISSN 0174-304X.



Fatigue in DMD Blaschek et al.

replacement to downstream modifications of consequences
of dystrophin loss.>""

To evaluate the effect of new therapeutic targets, suitable
clinical instruments are mandatory. Currently, the 6-minute
walk test (6MWT) is often chosen as a primary outcome
parameter in clinical studies.'?'> The test is also becoming
standard in other neuromuscular diseases like spinal muscular
atrophy (SMA) and Pompe disease.

In SMA there is evidence of exercise-induced fatigue in
patients during the 6MWT. A study from April 2018, for
example, measured fatigue in Nusinersen-treated children
with SMA. Fatigue was thereby defined as the change in the
distance covered by patients during the 6th minute com-
pared with that within the 1st minute.

Exercise-induced fatigue was used as one of the outcome
measures for the treatment effect of Nusinersen. The authors
concluded that the 6MWT was sensitive to fatigue-related
changes in SMA and suggested it to be a promising outcome
measure for clinical trials in ambulatory patients with
SMA.'*1> Fatigability, measured by the 6MWT, was as well
recently proposed to be a promising end point for evaluating

Table 1 Patient’s characteristics

therapeutic efficacy in a pharmacological trial in patients
with RYR1-associated myopathy.'®

The aim of our study is to investigate the impact and
diagnostic value of exercise-induced fatigue in DMD which
has been proposed as a suitable outcome parameter for other
conditions.

Patients and Methods

A cohort of 55 ambulant DMD patients (age 4.6-13.6 years,
mean 8.0 years, median 8.2 years) with genetically proven
DMD was repeatedly investigated. Forty-nine patients were
treated with steroids, 45 of them in a 10 days on/10 days off
scheme. Nine patients received ataluren therapy. Patient
data including motor milestones, genetic findings and
treatment are listed in =Table 1. Six-minute walk test
(6MWT) was performed on a routine basis in our neuro-
muscular outpatient clinic. Data of the 6MWT in DMD boys
between 2013 and 2018 were analyzed retrospectively. The
patients usually underwent the 6MWT in 3 to 6 monthly
intervals.

Neuropediatrics

Patient no. Genetic findings Age walking Treatment with Treatment Steroid Treatment
independently prednisolone with treatment with
deflazacort scheme ataluren
From age From age From age

1 Deletion exon 45-52 24 mo 8y 9.17y Daily =
Deletion exon 45-52 “Delayed” 8y - 10 d on/off -

3 Nonsense mutation 20 mo 5-6.5y 6.5y 10 d on/off 5y
c4084 C>T, p. GIn1362*

4 Deletion exon 44 24 mo 9.5y - 10 d on/off -

5 Deletion exon 52 18 mo 5-8y 8y 10 d on/off -

6 Duplication exon 17 18 mo 6-12y - 10 d on/off -

7 Deletion exon 8-13 16 mo 59y - 10 d on/off -

8 Deletion exon 45-50 22 mo 9y - 10 d on/off -

9 Deletion exon 51-55 20 mo 5y - 10 d on/off -

10 Deletion exon 3-48 24 mo - 5y Daily -

1 Deletion exon 44 14 mo 5.8-12y - 10 d on/off -

12 Deletion exon 3-13 18 mo - - - -

13 Deletion exon 49-52 20 mo 6.8y - 10 d on/off -

14 Deletion exon 5-17 13 mo 6.5-13y - 10 d on/off -

15 Deletion exon 49-52 15 mo 75y - 10 d on/off -

16 Deletion exon 52 24 mo 5y - 10 d on/off -

17 Nonsense mutation 14 mo 55y - 10 d on/off 6y
c.3544G >T, p.Glu1182*

18 Nonsense mutation 13-14 mo 525y - 10 d on/off 5y
€.3544G >T, p.Glu1182*

19 Nonsense mutation 24 mo 575y - 10 d on/off 5y
c.3544G > T, p.Glu1182*

20 Deletion exon 49-50 24 mo 6y - 10 d on/off -

21 Deletion exon 45 18 mo 6y - 10 d on/off -
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Patient no. Genetic findings Age walking Treatment with Treatment Steroid Treatment
independently prednisolone with treatment with
deflazacort scheme ataluren
22 Deletion exon 13-43 30 mo - - - -
23 Nonsense mutation 12 mo 8-10.75y - 10 d on/off 8.34-9.75y
c453T>G
24 DMD gene: no evidence 24 mo 10-13y - 10 d on/off -
of mutation. Complete lack
of dystrophin
in muscle biopsy.
25 Nonsense mutation 36 mo - - - 115y
c.3242C>A
26 Deletion exon 51 19 mo 6.25-7.25y - 7 d on/off -
27 c.101411C>T 24 mo 8.5y - 10 d on/off -
28 Deletion exon 48-52 18-24 mo 5.25-6 y and 10.25y 10 d on/off -
7-10.25y
29 c.del559del G 15 mo 6.25-9y 9-9.5y 10 d on/off -
30 €.7661-?_7872 + ?del 18 mo 55y - 10 d on/off -
31 Deletion exon 46-47 14 mo - 9-95y 10 d on/off -
32 c.4016_4019dupTAAT 16 mo - - - -
33 Nonsense mutation 22 mo 5y - 10 d on/off 5y
c.5131C>T
34 c.10033C>T 24 mo 6-9.5y - 10 d on/off -
35 Deletion exon 49-50 21 mo 5y (took break - 10 d on/off -
because of
chemotherapy)
36 Nonsense mutation 16 mo 9-13y - 10 d on/off 11-13y
c433C>T
37 c.(6438 +1_6439-1)_ 14 mo 55y - 10 d on/off -
(7200 +1_7201-1) del
38 Deletion exon 49-50 21 mo - - - -
39 Deletion exon 44 ? 55-11y - 10 d on/off -
40 c.6557delG 18 mo 525y - 10 d on/off -
41 Nonsense mutation 18 mo 6.5-11.5y - 10 d on/off -
€.5026 G >T (Glu16767)
42 Deletion exon 48-50 19 mo 75y 5.5-7.5y daily -
43 Deletion exon 45-50 14 mo 55y - 10 d on/off -
44 Deletion exon 53-55 17 mo 51y - - -
45 Duplikation (n.a.) 12 mo 6.2y - 10 d on/off -
46 Deletion exon 53-55 15 mo 533y - 10 d on/off -
47 Deletion exon 3-30 15 mo 5y - 10 d on/off -
48 Deletion exon 48-50 18 mo S5y - 10 d on/off -
49 Deletion exon 8-9 19 mo 11-11.5y - 10 d on/off -
50 Deletion exon 46-51 17 mo 58y - 10 d on/off -
51 Deletion exon 45-50 20 mo - 5y 10 d on/off -
52 Deletion exon 49-54 14 mo 5y - 10 d on/off -
53 c.6762+1G>T 18 mo 5.5-6y 6y 10 d on/off -
54 Nonsense mutation 18 mo 6.8y - 10d on/off 6.5y
c.7630C>T
55 Deletion exon 45-50 18 mo 8y - 10 d on/off -
“Indicates “Stop” or “Ter”.
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Participating patients absolved the testing in those inter-
vals between one and eleven times (mean 4.4 times). Tests
without sufficient cooperation or with falls were not included
in the calculation. Outliers were checked for plausibility and if
necessary eliminated (n=2). The testing was performed as
part of the standard follow-up program in our center for
neuromuscular diseases in childhood. The testing followed
standardized procedures according to the American Thoracic
Society recommendations for 6MWT without pulse oxime-
try."” As developed in other studies with DMD patients,'? a
physiotherapist walked behind the patient to provide encour-
agement and to assist in the event of falling. The walking
distance was assessed in meters. Distance was measured at 1-
minute intervals. The walking distance and the walking speed
were calculated for every single minute.

Since a previous study'® of ours showed that—due to reasons
of motivation—the speed during the first minute of the 6GMWT
was constantly higher than in the following minutes, we
selected the ratio between the second and the sixth minute
of the BMWT for the assessment of fatigue due to neuromus-
cular problems. A ratio of (distance min 2)/(distance min 6) >1
was used as an indicator of exercise-induced fatigue. Levels of
significance were calculated using a double sided t-test.

All patients were examined by trained physiotherapists
with a vast experience in trials with neuromuscular disor-
ders. Statistical analysis was performed by using Microsoft
Excel 2010 (Microsoft Corporation, Redmond, Washighton,
United States). The study was approved by the local ethics
committee of the Ludwig Maximilians University of Munich
(internal N: UE 141-14).

Results

In total 241 tests were analyzed. Analysis of all tests revealed
an average fatigue ratio of exactly 1.0 (mean 1.01; median
1.00, standard deviation 0.19; variance 0.04) indicating that
there was no loss of speed within 6 minutes. To get an idea
whether fatigue occurs only in certain stages of the disease,
the fatigue ratio was compared with the age of the patients
(=Fig. 1€) and to the neuromuscular functioning as shown
by the Vignos scale of the lower extremities (~Fig. 1A). There
was no increase in fatigue with age and with increase of
disability.

While the overall distance which could be achieved during
the 6MWT declined in the course of the disease, there
appeared no increased fatigue during the worsening of DMD.

When fatigue was plotted according to the Vignos scale for
lower extremity—higher scale grades indicate higher disabil-
ity—there was, again, no significant increase in fatigue.
Neither the distance which could be achieved during
2 minutes nor the one which could be achieved in 6 minutes
correlated to fatigue (~Fig. 1B, D). The slight decline in the
trend line in the 6-m walk distance (6MWD)/fatigue graph in
contrast to the 2MWD/fatigue graph is caused by a handful of
single outliers with fluctuating speed, due to distraction,
during the individual minute sections.

Six patients who did not receive steroid therapy absolved
in total several 25 walks and nine patients who did receive
ataluren therapy absolved in total several 48 walks. The
analysis of these two subgroups yielded identical results to
the analysis of the entire cohort, displaying fatigue values
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Fig. 1 Plotting of the fatigue quotients with different disease stages defined by the Vignos scale for lower extremity (A) and age (C), 2-minute

walk distance (B) and 6-minute walk distance (D).
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Fig.2 (A)Intraindividual course of the 6-minute walk distance (MWD) of all 55 patients and (B) intraindividual course of fatigue quotients. While
the 6MWD clearly declines over time, fatigue does not increase with higher disability. (C) indicates the patient’s graphs.

with a mean quotient of 1.01 and a median of 0.99 in the
nonsteroid-group and a mean quotient of 0.98 and a median
of 1.01 in the ataluren-group.

To get an idea of the development of the 6MWT and of
fatigue in individual patients, the values were plotted over
time (=~Fig. 2A). As expected the decline in the distance can
be observed, while the fatigue quotients did not follow the
same pattern and did not show any significant decrease in
walking distance with increasing disability (~Fig. 2B). In
four patients there were some intermittent outliers which
returned to the previous values at the next visits, indicating
that cooperation provides sometimes a problem in individ-
ual patients. This underlines why sufficient time and an
adequate number of patients are necessary to draw valid
conclusions.

22

Discussion

6MWT is the most established outcome measure in children
with neuromuscular diseases in a variety of diseases. It is
used as a primary outcome measure in many pediatric
neuromuscular studies,'®=?? especially in DMD. A multicen-
ter study from 2013, including 116 DMD boys?> showed that
amongst various clinical scales the 6MWT was the most
reliable test.?*

One of the biggest problems designing DMD trials is the
lack of standardized tests before the age of 6 years. The
widely used 6MWT is mainly suitable to boys from age 6 to
9 years. There is a big inter- and intraindividual variability,
which makes outcome measures based on a physiothera-
peutic testing extremely challenging, especially in younger

Neuropediatrics
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boys. Commonly observed mental retardation and behavior-
al problems in DMD?? reduce the number of children being
able to perform the 6MWT in a reproducible manner. For this
reason we showed in another study that a 2MWT might be
a variant avoiding the necessity to motivate these boys for a
6-minute task. The only information that would be missed in
such a setting is about fatigue during prolonged activity as
seen in other neuromuscular conditions.

The purpose of this study was consequently to evaluate
whether prolonged activity has an impact on speed during a
6MWT at different stages of the disease.

Further literature in NMD and fatigue is rare. A study of
Montes et al from 2013 included 114 patients with various
neuromuscular diseases'® and most recently Whitherspoon
et al presented data from a population of RYR1-associated
myopathy patients.'®

The authors of the first study found that in the longitudinal
course the distance walked by patients declined in Duchenne/
Becker muscular dystrophy whereas fatigue did not. In con-
trast to that weakness in SMA did not change while fatigue
increased significantly. Analogue to these previous findings in
SMA, walking speed in our cohort of 55 DMD boys stayed stable
with an average exercise-induced fatigue quotient of exactly
1.0 (mean 1.01; median 1.00). Comparing second and
sixth minute quotients showed no significant decrease
(p>0.0001). The findings suggest different mechanisms
underlying weakness and fatigue. High frequency discharging
motoneurons in neurogenic diseases'® may be underlying
or, respectively, the change of the resting potential in
channelopathies.

Does Corticosteroid or Ataluren Therapy Have an
Influence on Fatigue in DMD?

As corticosteroids in DMD improve muscle strength and
function, the question is whether this treatment could
influence endurance. To address this, we performed a sub-
group analysis of the six patients (25 walks, age 4.6-13.4
years) without steroid therapy. Since the same results were
obtained with a median fatigue of 0.99 and a mean fatigue
quotient of 1.01, we do not assume that our observations and
conclusions are falsified by the steroid therapy. The same
applies to Ataluren; the analysis of 48 walks in the such
treated subgroup also showed no change in their results.

Do We See Progredient Fatigue in the Intraindividual
Course of the Disease with Longer Duration of the
Disease and Progredient Weakness?

Additional subanalyses did not show a relationship of fatigue
and age or disability (=~Fig. 1A, €) With the results of our recent
study we can hereby report that there is no significant exercise-
induced fatigue in neither one of the subanalyses. For double-
check of this statement, we analyzed if there is progredient
fatigue in the intraindividual course of the disease with longer
duration of the disease and progredient weakness. We analyzed
fatigue in the intraindividual course (~Fig. 2A, B) and came to
the same result. In contrast, a constant decrease in walking
speed was observed with increasing degree of disability:
Patients Level Vignos 1 walked on average 3.9/3.8 km/h
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(mean/median) in the second minute and 3.9/3.9 km/h in the
sixth minute, patients Level Vignos 3 walked 2.6/2.5 in
the second minute and 2.6/2.6 km/h in the sixth minute. Shortly
before the loss of walking ability (Vignos Level 5), the patients
showed an average walking speed of only 1.9/1.9 km/h in
the second minute and 1.9/1.8 km/h in the sixth minute.

Can Exercise-Induced Fatigue Therefore Be a
Parameter for Measuring Outcome in Clinical Trials?
According to our data fatigue cannot be used as a parameter
for more severely affected patients or younger children with
DMD. Our findings, however, represent a strong argument
that shortening the walking distance would not be associated
with a relevant loss of informative value.'8

Is Exercise-Induced Fatigue Therefore an Argument
against the Establishment of the 2MWT As a Primary
Outcome Parameter?

We propose to discuss the establishment of the 2MWT as a
primary outcome parameter in DMD. Yet little is known
about the usefulness of the 2MWT especially in pediatric
population, but recent studies support the ability of the
2MWD to predict the 6MWD, specifically in the pediatric
neuromuscular disease population.'®2® Our results give
further evidence, that a 2MWT might be a suitable alterna-
tive. Shortening the test would lower the risk of falling and
increase motivation, which is a severe problem especially in
patients with more advanced stages of DMD. Furthermore,
younger and less cooperative patients and patients with
lower motoric abilities might be included in clinical studies
by using the 2MWT instead of the 6MWT.

A couple of years ago, the reproducibility and correlation
of the 100MWT was published in patients with respiratory
diseases and the correlation of the time taken over the third
100 m was as the walking pace and proven to correlate highly
with a 12-minute walking distance.?” This work supports our
observation that a faster speed is chosen at the beginning of
the walk test. The third 100 meters in the 6MWT in our
collective, depending on the severity of disability, are ab-
solved between the third and sixth minute.

The combination of their statement that the walking
speed between 200 and 400 m correlates with a 12-minute
walking distance and our observation that the walking speed
is extremely constant from the 2nd minute onward, supports
our demand for a shortened test for DMD.

Study limitations: Our study was performed in patients,
mainly treated with steroids in a 10 days on/10 days off
scheme. Even if it seems very likely, it can be discussed
whether the results can be transferred automatically to DMD
patients undergoing other treatment schemes.

Conclusion

In our cohort of 55 DMD patients exercise-induced fatigue is
not a relevant finding. For this reason we believe that 2MWT
increases the number of patients being able to perform the
test and reduces the risk of inadvertent falls without losing
additional information.
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