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2. SUMMARIES

2.1 English

One of the cardinal signs in people with myotonic dystrophy type 1 (PwDM1) is muscle weakness which,
among other things, affects physical function and balance. There is no cure for this disease, but to be prepared
for upcoming clinical trials, psychometric properties of outcome measures within muscle strength, balance and
functional mobility needs to be established. Moreover, it is likely that the muscle wasting in PwDM1 decreases
the physical activity level. Because of the well-known benefits of physical activity in the general population,
knowledge about the physical activity level and predictors of physical activity in these people is warranted.
Intra-rater reliability, criterion- and construct validity, responsiveness at 1-year follow-up and feasibility of
muscle strength-, balance-, and functional mobility measurements in non-congenital PwDM1 were
investigated. Lower limb muscle strength was evaluated by Hand-Held Dynamometry (HHD) and stationary
dynamometry. Balance was assessed by the dynamic balance tests: step test and Timed-Up-and-Go (TUG).
Static balance was evaluated by modified Clinical Test of Sensory Integration and Balance (m-CTSIB), feet-
together stance, tandem stance, and one-leg-stance eyes open and -closed. Functional mobility was measured
with Sit-To-Stand (STS) and 10-meter Walk Test (1L0mWT). The physical activity level in PwDM1 and
healthy controls were registered objectively by an accelerometer and subjectively by the International Physical
Activity Questionnaire (IPAQ).

The HHD is sufficiently valid for single individuals, reliable for flexor muscles and responsive for both some
of the distal and proximal muscle groups in a heterogeneous group of PwDM1. The dynamic balance tests are
valuable reliable and valid tools in PwDMZ1, and the dynamic TUG is also responsive. The static balance tests,
except the m-CTSIB, are not recommended in a heterogeneous cohort of PwDML1 due to ceiling- or floor
effects. The 10mWT and the STS are recommended for reliable and valid outcomes in PwDM1, but the
10mWT is most reliable and is also responsive based on a subjective anchor.

The physical activity level in PwDML1 is predicted by educational level and lower than in healthy people.
Promotion of physical activity is, therefore, warranted and especially in PwDM1 who possesses lower degrees

of education.

2.2 Dansk

Et af karakteristikaene hos personer med dystrophia myotonica type 1 (PmDM1) er muskelsvaghed, hvilket blandt
andet pavirker muskelfunktion og balance. Der findes ingen behandling til denne sygdom, men der er behov for at
kende de psykometriske egenskaber af malemetoder inden for muskelstyrke, balance og funktion som
forberedelse til kommende kliniske studier. Desuden er det sandsynligt, at muskelsvaekkelsen hos PmDM1
mindsker det fysiske aktivitetsniveau. Grundet de velkendte gavnlige effekter af fysisk aktivitet i den generelle
befolkning, er det relevant at fa kortlagt det fysiske aktivitetsniveau og praediktorer for fysisk aktivitet hos
PmDML.



Intra-tester reliabilitet, kriterie- og konstruktionsvaliditet, sensitivitet efter 1 ar og gennemfgrlighed af
malemetoder inden for muskelstyrke, balance og funktion hos ikke-kongenite PmDM1 blev undersggt.
Muskelstyrken i underekstremiteten blev undersggt ved hjalp af et handholdt dynamometer (HHD) og et
stationaert dynamometer. Balancen blev undersggt med en trin-test, rejse-sig-op-0g-ga test (TUG), modificeret
klinisk test af sensorisk integration og balance (m-CTSIB), samlede fgdder, tandem stand og et-ben-stand med
gjnene abne og lukkede. Funktionsevnen blev malt ved hjalp af en rejse-sette-sig test (STS) og en 10-meter
gangtest (10mWT). Det fysiske aktivitetsniveau hos PmDM1 og raske kontroller blev malt objektivt med en
accelerationsmaler og subjektivt med det internationale spargeskema vedrarende fysiske aktivitet.

HHD er tilstreekkeligt validt for enkelte individer, palideligt for fleksormuskler og sensitiv for bade distale og
proksimale muskelgrupper hos PmDM1. De dynamiske balancetests er verdifulde palidelige og valide
testmetoder hos PmDM1, og den dynamiske TUG er ogsa sensitiv. De statistiske balancetests, undtagen m-
CTSIB, anbefales ikke til en heterogen gruppe af PmDM1 grundet loft- og gulveffekter. 10mWT og STS
anbefales som palidelige og valide malemetoder til PmDM1, men 10mWT var mest palidelig og tillige sensitiv
baseret pa et subjektivt anker. PmDM1 er mindre fysiske aktive sammenlignet med raske personer og i forhold til
WHO’s anbefalinger for fysisk aktivitet. Uddannelse er den eneste pradiktor for fysisk aktivitet hos PmDML1.
Derfor ber PMDM1 blive adresseret, og sarligt de lavest uddannede, med henblik pa at gge det fysiske

aktivitetsniveau hos denne malgruppe.
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5. OBJECTIVES

5.1 Overall objective

The overall objective of this thesis was to study the psychometric properties of a broad spectrum of clinically
relevant outcome measures in people with DM1 (PwDM1), and to investigate the physical activity level and
predictors of physical activity level in PwDMZ1. The outcome measure scope is in preparation for
interventional trials to evaluate disease-modifying drugs and symptomatic therapies in PwDM1. The physical
activity scope serves as a guideline of the actual physical activity level and predictors for this, which helps the
clinician to enhance the physical activity level in PwDML1. All, in order to help improve and sustain physical
function in PwDML1.

5.2 Specific objectives

To study criterion- and construct validity of muscle strength, balance and functional

Study I: mobility measurements in PwDM1

To study intra-rater reliability of muscle strength, balance and functional mobility
measurements in PwDM1

To study responsiveness of muscle strength, balance and functional mobility measurements

Study I1: in PWDM1

Study I11: To study physical activity level and predictors of physical activity level in PwDM1




6. INTRODUCTION

6.1 Myotonic Dystrophy type 1

Myotonic Dystrophy type 1 (DM1) is an autosomal, dominantly inherited neuromuscular disease caused by an
unstable expansion of the cytosine thymine guanine (CTG) repeat in the dystrophia myotonica protein kinase
(DMPK) gene on chromosome 19q13.3 (1).

DML1 is the most common myopathy in adults (2) with a prevalence of 10:100,000 in Europe (3). Itis a
heterogeneous disease with a phenotypical variability ranging from almost asymptomatic to severely affected
(4). In general, the DM1 disease evolves slowly and encompasses muscle affection with myotonia and
weakness most pronounced distally in the limbs (5), but the disease also shows extra-muscular, multi-organic
dysfunctions in the central nervous system, endocrine systems, respiratory function, eyes (cataract) and heart
(6) (Figure 1). Cognitive impairment (7), disease unawareness (8), apathy (9) and fatigue (10) are features of
DM1 and should be considered for outcome measures and interventional trials.

Figure 1: Clinical manifestations of muscle weakness in PwDM1
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6.2 Studies | + II: Outcome measures

There are currently no curative treatments available for DM1 (11,12), but as disease-modifying clinical trials

are in the planning (13), there is a need for valid, reliable and responsive endpoints and biomarkers for disease

progression in PwDML1. The establishment of evidence-based outcome measures before execution of

interventional trials helps prevent inadequate experimental design and unreliable conclusions, which postpones

human application and increases the costs. The target of Studies I-11 in this thesis in relation to the overall

research process is visualized in Figure 2.

Figure 2: Path from research to clinical practice

Basic
CEE

EVIDENCE-
BASED
OUTCOME
MEASURES

The scope
of Studies
I

Interven- Patient
tional MEGE[E
trials ment

Figure 3: Evidence-based components

Feasibility

Validity

EVIDENCE-
BASED
OUTCOME
MEASURES

Reliability

Respon-
siveness

Evidence of outcome measures is established by the following psychometric properties of measurements: (1)

reliability (11) validity (111) responsiveness to detect change, and (1V) feasibility (Figure 3). Reliability refers to

a tool’s quality of measuring consistently and faultlessly (14), which is illustrated in Figure 4 (column T2).
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Figure 4: Illustration of validity, reliability and responsiveness
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A high degree of reliability is important to have confidence in retest results and to capture real changes. In

Figure 5, it is simplified how interventional effects can be masked using unreliable outcome measures in



contrast to the application of reliable outcome measures.

Figure 5: llustration of reliability as to capturing interventional effects
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An observed score consists of true variance and error variance (15), and the error component is partitioned into
systematic- and random error (15):
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2 2 2
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R = reliability coefficient, 7 = true variance, o2, = systematic error variance, o2, = random error variance.
Statistical significance testing addresses the systematic error component by investigating the presence of
systematic bias in repeated measurements, but is unable to detect random variation (16). Thus, a non-
statistically significant difference between repeated measurements rule out systematic measurement error with
95% confidence within a tool, but it does not signify that random error does not exist because individual
changes above the mean change is still possible (16). Furthermore, reliability is not considered a dichotomous
phenomenon, but rather a continuum (17). Random error is captured by relative reliability statistics and
absolute reliability statistics. Intraclass Correlation Coefficient (ICC) is a relative reliability statistical analysis,
which states the degree of a tool’s reliability, but it has no unit (15). Interpretation and application of relative
reliability should be made with caution due to its difficult interpretation, limited practical implications and
sensibility towards sample variation bias where ICC is increased with sample heterogeneity (16). Since relative
reliability analyzes if the rank of individuals’ scores in a group changes from test to retest (15), scores may
have changed between repeated measurements within subjects, suggesting measurement error, but still not
impair the ICC value as long as the change/measurement error is too small to shift the position of each subject
in the group. Because of this potential risk of undiscovered genuine measurement errors, relative reliability
statistic is considered legitimate only as a supplemental reliability analysis (16). Random error is detected
more accurately with absolute reliability statistic. This statistic addresses the consistency of subjects’ scores
between repeated tests (15,18), thus accounts for any change/measurement error regardless of the position
within the group. Absolute reliability can be calculated for a group using Standard Error of Measurement
(SEM) or for a single individual utilizing Minimal Detectable Difference (MDD). The difference between

relative- and absolute reliability is exemplified in Figure 6. Figure 6 illustrates measurement error because the

9



subjects muscle strength has changed from T1 to T2 within a short timeframe where true change is unlikely.
The measurement error is not captured by relative reliability statistics with an excellent ICC score (ICC =
1.00) because the rank of subjects (ID 1 to ID 4) is unchanged at T2, despite different muscle strength-values
at T2. In contrast, absolute reliability (SEM or MDD) captures the difference in muscle strength values
between T1 and T2. Thus, it is exemplified that relative reliability measures the consistency of rank of
subjects, whereas absolute reliability measures the consistency of values (15). Moreover, absolute reliability
expresses measurement error in absolute values (e.g. seconds), which makes it easily understandable and

feasible for practical implications.

Figure 6: Illustration of the difference between relative- and absolute reliability
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Undetected T1-T2
difference
/ Absolute reliability:
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v Detected T1-T2
difference
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—ID]1 —=ID2 —=ID3 —=ID4

Muscle strength (Nm)

Validity is defined as a tool’s quality of accuracy and measuring what it is supposed to measure (19) (Figure 4,
column T1). Different approaches of validity exist. Criterion-related validity is the degree of agreement
between methods (target test and criterion/gold standard) that measure the same variable in the same units, and
it is the most objective tool to define validity (19). However, a direct comparable tool does often not exist for a
specific method, thus validity is obliged to be illustrated by construct validity. Construct validity establishes a
method’s ability to measure a construct or concept (19), in practice by a method’s ability to predict results in
another method that assesses the same theoretical concept.

Responsiveness is based on the quality of a method to capture genuine altered conditions (19) (Figure 4,
column T3). Various statistical indices exist to measure this concept. The distribution-based approach for
responsiveness expresses the magnitude of change in a group at follow-up, and one of the tools for this
purpose is statistical significance testing (20). The anchor-based approach investigates the degree of change
according to a criterion/anchor, and for this purpose, global rating of change is often applied (20). Global
rating of change is the individual’s perception of whether a certain clinical condition has improved,
deteriorated or is unchanged at follow-up (20). In general, the anchor-based approach is preferred over the
distribution-based approach, because the anchor-based approach encompasses a criterion of what is considered
important and it assesses the validity of change and not only significance of change. However, if the applied
criterion in the anchor-based approach is a poor measurement, conclusions are problematic. In addition to the
psychometric concepts, the measurements’ feasibility should also be considered (Figure 3). Feasibility

encompasses a method’s time-efficiency, easiness to conduct and inexpensiveness (3).

There is consensus that psychometric properties of a wide spectrum of outcome measures in PwDM1 should
10



be established prior to interventional trials, thus methodological studies in larger DM1 samples from a larger
research project in Quebec Canada (21-23) and other samples (3,24) have progressed during recent years.
However, the evidence of several outcome measures is still not thoroughly established.

With the above methodological knowledge, the existing literature on validity, reliability and responsiveness for
muscle strength, balance and functional mobility measurements in PwDM1 will be summarized below. This
thesis will address the absent knowledge within this area and enhance the credibility of the currently available

methodological studies. A continuum of published methodological studies is shown in Figure 7.

Figure 7: Timeline of studies of outcome measures and physical activity in PwDM1
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6.2.1 Muscle strength measurements

Even though stationary dynamometry is considered gold standard within muscle strength measurement and
muscle weakness is a cardinal symptom in PwDM1, the psychometric evidence of stationary dynamometry in
PwDM1 is weak. This is due to only a small study of high methodological quality regarding validity (25) and
reliability (25) in PwDM1, and unspecified DM types in the responsiveness studies (26,27). Moreover, only
the knee muscles of the lower limbs have been investigated and documentation of responsiveness is limited to
isokinetic muscle strength in PwDM1. For more details, see Supplementals (Supplementals, Table 1).

The easier to use Hand-Held Dynamometry (HHD) device has been the subject of more investigations (see
Supplementals, Table 1), which probably is due to its easier application in clinical practice. The psychometric
evidence of this device in PwDM1 ranges from weak for validity due to a small study of high methodological
quality (25), moderate evidence for intra-rater reliability based on a moderate sample size of high quality (28)
to strong evidence for responsiveness due to large cohorts (22,23) (Supplementals, Table 1). The high
methodological quality of validity and reliability is restricted to few muscle groups of the lower limbs in

PwDM1 and responsiveness has yet to be investigated for a 1-year follow-up period which is the typically

11



duration of clinical trials.

6.2.2 Balance measurements

Methodological specifications on previously published studies of balance are presented in Supplementals,
Table 1. In recent years, focus on balance in PwDM1 has emerged, predominantly concerning dynamic
balance. Hammarén et al. (2,29,30) have provided psychometric data on step test in PwDMZ1 ranging from
weak intra-rater reliability evidence to moderate validity and responsiveness evidence based on sample sizes.
Responsiveness of step test in PwDM1 has not been reported for a shorter follow-up period. The psychometric
evidence of the widely applied Timed-Up-and-Go test (TUG) in PwDML is weak for intra-rater reliability and
strong for validity and responsiveness based on sample sizes and certainty of statistical approaches
(Supplementals, Table 1). Short-term follow-up is still lacking for TUG in PwDML.

For static balance, only one small study (29) has been conducted in PwDML1. Thus, the psychometric evidence
of feet-together stance in this patient group is weak for validity and intra-rater reliability and absent for
responsiveness. For tandem stance and one-leg stance, only weak evidence of intra-rater reliability exists, and
the evidence of validity and responsiveness in PwDM1 is unknown. The above-mentioned balance
measurements are feasible, but they lack information on the quality of balance (e.g. unsteady stand). The
information on small postural sway changes can instead be captured by a balance platform. However, no
methodological studies on modified Clinical Test of Sensory and Integration and Balance (m-CTSIB) on a

balance platform has been conducted in PwDML1.

6.2.3 Functional mobility measurements

Methodological studies of 10-meter Walk Test (10mWT) (3,21,24,29-31) have provided weak intra-rater
reliability evidence and strong evidence of construct validity and responsiveness. Thus, this thesis will provide
stronger intra-rater reliability and strengthen the credibility of responsiveness and validity. The psychometric
evidence of Sit-To-Stand test (STS) is absent for 10-times STS concerning validity, intra-rater reliability and
responsiveness, and the evidence of 30-second STS is weak for validity based on statistical analysis and strong
for responsiveness. For more details on the existing literature within functional mobility see Supplementals

(Supplementals, Table 1).

6.3 Study Ill: Physical activity

Physical activity is defined as all movements (32), including everyday activities such as house-cleaning and
bicycle transportation, and is not restricted to structured exercise in the gym. There is strong evidence of
benefits of regular physical activity in the general population (32). This includes weight maintenance and
prevention of lifestyle diseases (32). Not only does a sedentary lifestyle affect the individual, it also has
economic consequences for the society (33).

It has been shown in healthy persons that physical inactivity causes loss of muscle strength (34), and a study in
PwDML1 (35) found a positive relationship (but not causality) between physical activity and muscle strength.
Furthermore, it is likely that muscle wasting caused by physical inactivity further decreases the physical

activity level and a vicious cycle may be created (Figure 8). Since one of the cardinal features of DML1 is
12



muscular atrophy, the impact of disuse atrophy may be even more pronounced in PwDM1 (34) leading to
additional physical impairment in these people.
Figure 8: Vicious cycle of physical inactivity

Physical impairments

C?.

Physical inactivity

B -

The WHO recommendations on physical activity in 18-64 year old adults can also serve as guideline for
persons with disabilities (32). Albeit high level evidence of exercise in PwDML is lacking (25,36-39) and has
proven problematic to achieve due to the rarity of the disease, the currently available literature on exercise
therapies seems promising as they do not seem to generate harmful effects (26,40-46) and some benefits of
exercise has been suggested (30,37,42-51). Given the WHO recommendations and the encouraging literature
on exercise in PwDM1, physical activity is also important in the DM1 population.

Physical inactivity has been reported in PwDM1 (52-54). These results (52-54), however, are based on
subjective questionnaires, which may overestimate the actual physical activity level due to inherent social
desirability- and recall bias. The decreased physical activity level in PwDM1 has been supported by objective
measurements in a combined cohort of 40 individuals with muscle diseases (including 4 DM patients, type
unspecified) (55) and in 13 PwDML (56). Yet, objective measurement of physical activity level in a large
cohort of PwDML1 is lacking. A timeline of the existing studies of physical activity is shown in Figure 7. To
improve physical activity level in PwDMZ1, identification of risk factors is needed. At present, no studies have

investigated predictors of physical activity level in PwDML1.
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7. MATERIALS

For Studies I-111 in the present thesis, a large DM1 cohort (MyDOM) was enrolled through November 2017 to
September 2019. Out of necessity, the MyDOM cohort was selected from the area of Copenhagen via
Rigshospitalet and from the area of Aarhus via Aarhus University Hospital in Denmark. The healthy controls
for the physical activity study (Study I11) were sampled from the area of Copenhagen, Denmark. The healthy
controls were enrolled from public newspaper and Facebook advertisements but due to enrolment difficulties,
secondary recruitment was conducted from the hospital staff. Eighty-four PwDM1 agreed to participate in
Studies I-111. Seventy-eight PwDM1 completed visit 1 (Study I: validity), 73 PwDM1 completed visit 2 (Study
I: intra-rater reliability), 63 PwDM1 completed visit 3 (Study II: responsiveness), and 67 PwDM1 and 39
healthy controls completed the physical activity study (Study I11). Enrolment of participants is visualized in
Figure 9 (PwDM1) and Figure 10 (healthy controls) (57-59).

Figure 9: Flowchart of sampling process of PwDML1 (Studies I-111)

PWDM1 Excluded

Assessed for eligibility (Do)

1 (n=208) » Not meeting inclusion criteria
(n=50)

+ Meeting exclusion criteria
(n=8)

« Declined to participate (n=37)
Other reasons (n=3)

Agreed to participate

iiiid (n=84) » No answer (h=26)

Dropouts
(n=8) Stupy III
« Lack of time (n=4)

« Absent =1 * Lack of time (n=4)
. s.ars;:seﬁ.gzss 2n=1) Participated in visit 1 Participated in visit 1 Absentee (n=1)

= Due to tiredness (n=2) 22 2 ;f:js)] = Serious illness (n=1)
uay
Lack of physical Dropouts
activity monitors (n=4)
(s Participated in subjective = Tiredness (n=4)

Participated in objective measurement (IPAQ) Participated in visit 2
measurement (n=76) (n=73) Other reasons

(accelerometry) Lack of IPAQ
(n=75) (n=7)
Did not fulfill wear « IPAQ was missing (n=3) STupy I
time criteria + IPAQ not filled in (n=3) Dro?outs
+ IPAQ not returned (n=1) (n=10)
Completed and returned Participatedin visit 3 Lack of energy (n=4)

= No reply (n=4)
IPAQ (1-yearfo|[ow-up) » Impossible to attend in
.o (n=69) .o (n=63)

timeframe (n=2
M  studym M  stdyn (n=2)

Dropouts
(n=6)

Study I (n=1)

* Eye operation (n=1)
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Figure 10: Flowchart of sampling process of healthy controls (Study I11)

HEALTHY CONTROLS
Agreed to participate
(n=78)

Declined to wear STUDY III

accelerometry
(GEEY]

Participated in objective Participatedin subjective

measurement measurement (IPAQ)
(accelerometry) (n=78)

Excluded GELD)]
(n=7) Lack of IPAQ
Did not fulfill wear (n=11)
time criteria (n=3) - IPAQ not filled in (n=4)
Accelelrornetry data + IPAQ was missing (n=6)
was missing (n=1) + IPAQ not returned (n=1)
Accelerometry not
returned (n=2) Fulfilled wear time Completed and returned
Different cut points criteria IPAQ
for PA (n=1) (QEER)] (n=67)
Study III Study III

In- and exclusion criteria are described in Figure 11 for PwDMZ1 (Studies I-111) and in Figure 12 for healthy
controls (Study 11) (57-59).

Figure 11: In- and exclusion criteria for PwDML1 (Studies I-111)

Target population
(n=730)

Exclusion criteria

g+ Outside the area of Copenhagen
or Aarhus, Denmark

Accessible population
(n=208)

Inclusion criteria Exclusion criteria

Genetically verified DM1 with Onset of disease before 1 year
CTG repeats >80 of age

Age of 18 to 60 years Inability to understand

Ability to rise from a chair instructions

without using arms Other disorders or medicine
Ability to perform 10-m walk that could confound

with or without walking aids interpretation of outcome
Living in the area of measures

Copenhagen or Aarhus Drug or alcohol abuse within 3
months

Pregnancy

Agreed to participate
(n=84)
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Figure 12: In- and exclusion criteria for healthy controls (Study I11)

Public advertisement in
Copenhagen, Denmark

Inclusion criteria Exclusion criteria

Pregnancy

Alcohol or drug abuse

Recent illness

Physical disability

lliness or medication interfering
with balance

« 1860 years of age
« Living in Copenhagen
= Being healthy in general

Agreed to participate
(n=78)
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8. METHODS

A continuum of the studies in this thesis is shown in Figure 13.

Figure 13: A continuum of studies in this thesis

T1 T2 L]
Week 0 Week 1-2 1 year

Measurement

Study I Validity

Study II: Responsiveness

PSYCHOMETRIC
PROPERTIES

Evidence-based outcome measures >

8.1 Studies | + II: Outcome measures

The 3 visits at T1 (Study I: validity), T2 (Study I: intra-rater reliability) and T3 (Study I1l: responsiveness)
were performed at Rigshospitalet and Aarhus University Hospital. Two raters collected the data. The time
difference was 1-2 weeks between T1 and T2 to avoid true change, and 1 year between T2 and T3 to make true
change possible but still within the timeframe of clinical trials. For all 3 visits, assessment biases were limited
by: (I) same time of day measurements to avoid circadian variation, (11) same rater for each patient to avoid
variation between raters, (111) same test order for all visits to avoid a shift in motivation- or fatigue for each
measurement, (1) same procedures to avoid variation in performance due to different instructions, (V) same
assistive devices to minimize different prerequisites (unless safety required otherwise), (V1) validation of
equipment calibration with 2 weeks interval, and (V1) no checking of previous scores before execution of
assessments to avoid confounding of the participant’s motivation and the rater’s scoring (57). The patients
were prior to assessments requested to: (1) wear comfortable, flat, closed shoes to avoid influence of
inappropriate footwear and (1) restrain from exhausting or uncommon physical activities 24 hours before
assessments to cancel out exercise-induced muscle soreness or fatigue. Due to the possibility of cognitive
impairment in PwDM1, verbal instructions were short and accompanied by nonverbal illustrations. Potential
questions were answered before test execution. The measurement categories were performed in the following

order to reduce the risk of falls due to fatigue:
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Functional Muscle
Dynamic
balance
Static
balance

Block-randomization (excel) was conducted of the measurements within the 3 measurement categories

(balance, functional mobility and muscle strength) to eliminate systematic bias; that is fatigue and
demotivation are more plausible in the measurements at the end of the test battery. For unilateral
measurements, the dominant leg was assessed (the leg used for kicking a ball). The measurement protocol

specific to each measurement category is described below.

8.1.1 Muscle strength measurements

Maximal voluntary isometric muscle strength was tested in the lower limb flexor- and extensor muscle groups
using HHD (microFET2; Hoggan Scientific, LLC, Salt Lake City, UT) and stationary dynamometry (Biodex
System 3 and 4 PRO; Biodex Medical Systems, Upton, NY) (57). Test positions, instructions, encouragement,
number of trials, contraction- and relaxation time and muscle strength unit were similar for both devices to ensure
comparability of the two muscle strength devices (57). Muscle strength was registered as torque (Newton-meter,
Nm), which is automatically generated by the stationary dynamometry. To convert the Newton (N) output from

the HHD to torque, the lever arm was measured and the following equation of torque was calculated (57):

Nm = N xm

For both muscle strength devices, three trials (100% of maximum strength) were conducted after two practice
trials (50% of maximum strength). Standardized, verbal encouragement was conducted for the three maximum
trials (“push, push, push”). The protocol is detailly described in Figure 14, the test positions are provided in

Figure 15+16, and the test positions are visualized in Figure 17 (57).
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MUSCLE STRENGTH
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DYNAMOMETRY
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Stationary
dynamometry

HDD

INSTRUCTION

Perform 3 maximal isometric muscle
contractions by pushing against the
dynamometer's lever arm after a “ready-
set-push”-countdown:

+ Ankle plantar flexion: push the
forefoot and toes away from the face
Ankle dorsal flexion: push the forefoot
and toes toward the face
Knee extension: stretch the leg

+ Knee flexion: bend the leg
Hip flexion: press the knee towards
the face
Hip extension: press the knee away
from the face

Perform 3 maximal isometric muscle
contractions by pushing against the
assessor after a “ready-set-push”-
countdown:
= Ankle plantar flexion: push the
forefoot and toes away from the face
Ankle dorsal flexion: push the forefoot
and toes toward the face
Knee extension: stretch the leg
Knee flexion: bend the leg
Hip flexion: press the knee towards
the face
Hip extension: press the knee away
from the face

MUSCLE GROUP

Hip flexors

Hip extensors
Knee flexors

situ
Knee extensors

Ankle plantar flexors

Ankle dorsal flexors

MusCLE GROUP

Hip flexors

Hip extensors

Knee flexors

Knee extensors

Ankle plantar flexors

Ankle dorsal flexors

The degrees were visually estimated.

PARTICIPANT

POSITION

Supine, hip 85° flexed from in
situ, knee flexed

—

Sitting, knee 85° flexed from in

M

Sitting, knee angle 120°, ankle
24° dorsal flexed from maximal
plantar flexion

—

Figure 16: Test positions for Hand-Held Dynamometry

The flexor and extensor muscles were
tested alternately in the following order
with shoes:

1. Ankle

2. Knee

3. Hip

The flexor and extensor muscles were
tested alternately in the following order
with shoes:

1. Ankle

2. Knee

3. Hip

condyles

dorsum pedis

PARTICIPANT POSITION

Supine, arms crossed, calf supported on a
pillow, hip 85° flexed fromin situ, knee
flexed

Sitting, arms crossed, knee 85° flexed from
in situ

Supine, arms crossed, calf supported on a
pillow, knee angle 120°, ankle 24° dorsal
flexed from maximal plantar flexion
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Just proximal to femoral

Just proximal to malleoli

Proximal and distal straps on

Figure 14: Protocol specifications for muscle strength measurements

RECORDING

The contraction time was 5 seconds and
rest time 17 seconds between agonist
and antagonist muscle groups
(approximately 40 seconds rest for a
single muscle group)

The contraction time was 5 seconds with
17 seconds rest (measured with a
stopwatch with a precision of 1/100 s)
between opposite muscle groups

Figure 15: Test positions for stationary dynamometry

DYNAMOMETER
POSITION

STABILIZATION

Straps placed across the trunk,
waist and distal thigh, hands
around trunk straps

Straps placed across the trunk,
waist, distal thigh and distal
crus, hands around handgrips

Straps placed across the trunk,
waist, distal thigh and proximal

and distal foot, hands around
handgrips

DYNAMOMETER POSITION

Just proximal to femoral condyles anterior

Just proximal to femoral condyles posterior

Just proximal to mallecli posterior

Just proximal to malleoli anterior

Just proximal to metatarsophalangeal joints
plantaris

Just proximal to metatarsophalangeal joints
dorsalis



Figure 17: Visualization of test positions for stationary dynamometry and Hand-Held Dynamometry

STATIONARY HAND-HELD
DYNAMOMETRY DYNAMOMETRY

Hip flexors

Hip extensors

Knee flexors

Knee extensors

Ankle plantar
flexors

Ankle dorsal
flexors

The images are from Knak et al. (57).

8.1.2 Balance measurements

Both dynamic and static balance were assessed. The dynamic balance measurements consisted of TUG and
step test, and habitual walking aids were allowed for the TUG. The static balance measurements included feet-
together stance, tandem stance, one-leg-stance (eyes open and eyes closed), and m-CTSIB on a balance
platform (Biosway Portable Balance System 950-460, Biodex Medical Systems, NY). Stance of > 30 seconds
in one-leg-stance eyes open test was required to qualify for the one-leg-stance eyes closed test (29). The
Biosway balance platform is a platform on top of four strain gauges mounted to a frame (60). The m-CTSIB
measures sway angle in degrees derived from the center of pressure (COP) and the center of mass (COM) with
a sampling rate of 20 Hz (60). The COP is defined as the projection of the individual’s COM on the platform,
and the COM is calculated by the following equation (60):

COM = 0.55 * patient height (inches)
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The output of the m-CTSIB test is reported as sway index, which is defined as the standard deviation of the

mean sway angle (60). The higher sway index score, the more unsteady stance during testing (60). Ankle-Foot

Orthosis (AFO) and insoles were permitted for the static balance measurements. For all balance measurements,

two trials were performed without practice and encouragement. Methodological specifications are presented in

Figure 18 and visual demonstration in Figure 19 (57).

INSTRUCTION

Stand up from a chair, walk three meters,
turn around the taped mark, walk back and
sit down on the chair in a comfortable, safe
pace

TUG

Stand unsupported with feet parallel and
place the foot of the dominant leg on the
step bench and down on the floor as many
times as possible in 15 seconds

Step test

= Stand as quiet as possible with feet hip

width apart, arms alongside the body,
and look straight ahead in four
different conditions:

1. Firm surface, eyes open

2. Firm surface, eyes closed

3. Foam surface, eyes open

4. Foam surface, eyes closed

The subject was informed of each
condition before execution

m-CTSIB

Each condition was initiated by “3-2-1-
go”

L
O
2
<
—
<L
(o'a]

Stand as long as possible with feet

eyes open

Feet-
together
stance

Stand as long as possible with the
dominant foot in front of the non-
dominant foot so the toes of the rear foot
touched the heel of the front foot. Arms
alongside the body and eyes open

Tandem
stance

Stand as long as possible on the dominant
leg with eyes open. Raise the non-
dominant leg from the floor without
touching the standing leg. Arms alongside
the body

One-leg stance
eyes open and
eyes closed

together and arms alongside the body with

Figure 18: Protocol specifications for balance measurements

Chair height: 45 cm

The starting position was with the back
against the backrest and both arms on
armrests

Step bench height: 10 cm

Stand position approximately 5 cm from
the step bench

Definition of one step: foot moving from
the floor, on to the step bench, and back
down on the floor

Stand on a balance platform
+ Cursor off

« If the subject maintained balance for at
least 30 seconds with eyes open, the
same test position was repeated with
eyes closed
Each trial was separated by a 15-seconds
rest to avoid muscle fatigue
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RECORDING

The stopwatch (recording 100th of a
second) was started when the subject
initiated movement and stopped when the
subject’s rear touched the chair

The stopwatch (recording 100th of a
second) was started when the foot began
to lift from the floor and stopped after 15
seconds or if the subject needed support
or the foot on the standing leg moved

Duration of each condition was 20
seconds with a 10 seconds rest between
each condition

The stopwatch (recording 100th of a
second) was started when the subject was
ready and stood unsupported in the
correct position and stopped after 60
seconds or if the subject lost balance
(defined as a step or arm elevation above
approximately 45 degrees)

The stopwatch (recording 100th of a
second) was started when the subject
was ready and stood unsupported in the
correct position and stopped after 40
seconds or if the subject lost balance
(defined as a step or arm elevation above
approximately 45 degrees)



Figure 19: Visualization of balance and functional mobility measurements
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The images are from Knak et al. (57).

8.1.3 Functional mobility measurements

Functional mobility was assessed by the 10mWT (fast pace) and the 10-times STS (see Figure 19+20) (57).
Habitual walking aids were allowed for the 20mWT. All functional mobility measurements were tested twice.
Neither practice trials nor encouragement were offered.

Figure 20: Protocol specifications for functional mobility measurements
INSTRUCTION RECORDING

The 10mWT was performed on a 13- The stopwatch (recording 100th of a
meters walkway with 1.5-meters for second) was started when the subject’s
acceleration and 1.5-meters for trunk passed the 1.5-meters mark and
deceleration. The start- and finish lines stopped when the subject’s trunk passed
were marked with tape and cones the 11.5-meters mark

Walk as fast as possible, yet safely, on a
13-meter walkway on “ready-set-go”

10mWT

Stand up from the chairin a fully upright
stance and sit down on the chair 10 times

Chair height: 45 cm The stopwatch (precision of 100th of a
second) was started when the subject’s
back left the backrest and stopped when
the rear touched the chair

as fast as possible with arms crossed in
front of the chest

10-times
STS

S
=
=
o
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=
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P
=
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=
L
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8.1.4 Study Il: Questionnaires

At 1-year follow-up, the PwDML1 filled in a subjective Global Rating Scale (GRS) questionnaire, which
reflected their own perception of whether their physical condition was stable, worse or better compared to
baseline in relation to the objective measurements of muscle strength, balance and functional mobility (see

Figure 21) (23). The short-version International Physical Activity Questionnaire (IPAQ) was administered at

baseline and follow-up. This was done to register their self-reported physical activity level and to account for a

potential shift in physical activity level at follow-up.

Figure 21: Global Rating Scale

QUESTIONS ANSWERS ANALYSIS

Has your muscle strength in the lower limb/crus changed
since the last visit, e.g., more difficulties standing on
toes, tendency to stumble, slapping foot, walking longer
distances?

Ankle

Has your muscle strength in the thigh and buttock
changed since the last visit, e.g., more difficulties with
rising from a chair (use of arms), climbing stairs (use of
arms), walking longer distances?

Muscle strength

Hip + Knee

I. Much deterioration

Q — Worse
% Has your balance during movement changed since the I Some deterioration
g g‘ last visit, e.g., tendency to fall, need to lean on objects?
s | m Stable
a8 ) Has your balance when you are standing still changed
fol  since the last visit, e.g., tendency to fall, need to lean on IV. Some improvement | » Stable / Better

objects?

V. Much improvement

Has your ability to rise from a chair changed since the
last visit, e.g., more difficulties with rising from a chair
(use of arms)?

STS

Functional
mobility

Has your ability to walk shorter distances changed since
the last visit, e.g., slower walking at home?

10mWT

8.2 Study IlI: Physical activity

The design to study physical activity level in PwDM1 and in a healthy control group is illustrated in Figure 22.
Figure 22: Design of the physical activity study (Study I11)

Day 0 Day 7

Demographic

measurements A

HEALTHY e t. - :
CONTROLS onsecutive etrospective

Information was recorded about age, marital status (cohabitant or not), education (none, elementary school,
high school, college with three different education lengths, postgraduate), apathy (Apathy Evaluation Scale-
Self-rated, AES-S), fatigue (Fatigue Severity Scale-7 items, FSS-7), and ankle dorsal flexor muscle strength,
because these variables are recognized as possible contributors to physical activity (59). Stationary
dynamometry (Biodex System 3 and 4 PRO; Biodex Medical Systems, Upton, NY) was applied to assess

isometric ankle dorsal flexor muscle strength, because our validity findings demonstrated a superior validity of
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the stationary dynamometry compared to the HHD (although the validity was equal for the ankle dorsal
flexors). An accelerometer (WGT3X-BT, Timik Medical, Herlev, Denmark) worn at the hips was applied to
record physical activity level objectively in the PwDM1 and the healthy controls (59). To obtain a
representative picture of the physical activity level across weekdays, the accelerometer was worn for 7
consecutive days 24 hours a day. Removal was only instructed for contact with water. The accelerometer
device monitors 3-axis motion of the hips (up-down, left-right, forward-back) as to intensity and duration of
movements (Figure 23 [2]) (59). Figure 22 [1] visualizes the applied predefined intensity categories (61). Zero
acceleration of > 1 hour was recorded as non-wear time (62), and a minimum of at least 4 days daytime
wearing was required to be included in analyses (59). The short-version IPAQ was administered on the last
day (day 7) of accelerometer monitoring to study the participants subjective perception of their physical
activity level for the retrospective 7 days (59).

Figure 23: Accelerometry specifications on intensity [1] and motion [2]

Very vigorous
29499 CPM

Vigorous
5725 - 9498
CPM

A. 3-axis monitoring B. Examples of hip
movements

e 8%

Rising from chair Walking

8.3 Statistics

Statistical analyses for Study | was performed using IBM SPSS Statistics 25, and analyses in Studies I1+111
were conducted with SAS Enterprise Guide 7.1. Statistical significance of p <0.05 was determined a priori. If
model assumptions for analyses were violated, model assumptions were checked on log-transformed data.
Analyses were conducted on the data that fulfilled the model assumptions most properly (raw data or log-
transformed data). When log-arithmetic transformation was needed, raw data were log-transformed, analysed
and then back-transformed with the equivalent anti-log to interpret the results converted into ratios
(percentages). In the presence of genuine outliers, sensitivity analysis was conducted both including and
excluding the outliers. Genuine outliers were included because the scores were real and not due to error, but
results are also presented without outliers since the influence on the results of few outlier patients is

remarkable compared to most of the patients.

8.3.1 Study |

An overview of the statistical analyses related to each psychometric property is presented in Figure 24.
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Figure 24: Overview of the statistical analyses for the psychometric properties in studies I-11

INTRA-RATER
RELIABILITY
STUDY I

RESPONSIVENESS
STUDY II

Systematic Distribution

error

Absolute
reliability

Relative
reliability

ROC + AUC
GRS

Significance
testing

Significance
testing

Interpretability for clinical application Objectivity Objectivity

"True" change

First, intra-rater reliability statistics will be addressed. Systematic measurement error was tested with a
parametric two-tailed paired-samples t-test (57). Random error was analysed using relative- and absolute
statistics. Intraclass Correlation Coefficient, ICC (2,1) (two-way random-effects, absolute agreement, 95% ClI,

single measurement) was used to assess relative reliability (63):

MSR - MSE

MSg + (k — 1)MSg + %(MSC — MSg)

MSr = mean square for rows, MSg = mean square for error, k = number of measurements, n = number of
subjects, MSc = mean square for columns. The ICC represents a continuum ranging from 0.00 to 1.00, and the
following ICC guideline (64) was applied with proviso in the present study:

< 0.75 = poor to moderate

> 0.75 = good

Absolute reliability was analysed by different statistical approaches. Agreement was tested by Bland-Altman
plots (17,65):
S + S

S = (B2, 5, -5,)
S1 = visit 1, S = visit 2. The closer the difference scores between visit 1 and visit 2 are to zero, the lower
absolute measurement error between repeated measurements, which indicates higher agreement and higher
degree of absolute reliability. Absolute measurement error on a group level was calculated by Standard Error
of Measurement (SEM) (15,66):

SDyi
SEM = \/‘;ff SEM% = SEM /mean * 100

SDgirr = standard deviation of visit 1 — visit 2, mean = [(visit 1 + visit 2)/2]. SEM is the value that should be

exceeded at retest in a group to indicate a genuine change. The previously applied cut-off of SEMy, < 15%,
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that has been suggested acceptable in a group, (67) was used as guidance in the present study. Minimal
Detectable Difference (MDD) with 95% CI was conducted to estimate absolute measurement error on an
individual level (15,66):

MDDys = SEM * 1.96 * V2 MDDosy, = o
m

* 100
ean

Mean = [(visit 1 + visit 2)/2]. MDD is the value that should be exceeded at retest for a single individual to
indicate a genuine change. Measurement error of MDDgsy, < 30% has previously been considered reasonable
for individuals (68) and did, thus, serve as guidance in the present study. In addition, the Minimal Clinically
Important Difference (MCID) was estimated to evaluate the MDD scores based on the following guideline
(69):

MDD > MCID = troublesome

MCID is the minimal difference of patient importance (70), and the mathematically concept of this is as
follows (71):

MCID = SDbaseline MCIDY = M*
= 2 baseline

In contrast to the ICC, the SEM, MDD and Bland-Altman plot statistics are strengthened by being independent
of sample heterogeneity (16). These latter analyses were, therefore, prioritized as the primary reliability
analyses in the present study.

Second, validity statistics will be presented. Criterion-related concurrent validity was assessed for the HHD
and the stationary dynamometry by paired-samples t-test to determine systematic difference between the
devices and by the Bland-Altman plots to visualize both overall and individual agreement between the devices.
The equation for conducting the Bland-Altman plots is stated above in the reliability section. The Y-axis was
defined as stationary dynamometry - HHD. Construct validity was calculated for balance and functional
mobility measurements utilizing simple linear regression and adjusted coefficient of determination (R?) to test
the ability of one measurement to predict the output of another measurement which shares similar aspects (57).
Secondary, Pearson product-moment correlation coefficient (r) was conducted to assess the relationship
between the measurements that reflect the same underlying theoretical concept (57). The following correlation

coefficient guideline was applied with proviso (72):

0.00 - 0.25 = no or little
0.25- 0.50 = fair
0.50 - 0.75 = moderate to good
> 0.75 = good to excellent

Ceiling- and floor effects were investigated to evaluate whether the measurements were unable to capture

performances outside the eligible performance range. The previously used definition of more than 15% of all
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participants with highest possible scores (ceiling effect) or lowest possible scores (floor effect) (73) was
applied as guideline in the present thesis.

It was investigated if there were differences between patients who completed visit 1 and visit 2 versus dropouts
by conducting unpaired t-tests for the variables age and body mass index, Mann-Whitney test for Muscular
Impairment Rating Scale (MIRS), and by X2-test of homogeneity for the variable sex (57).

8.3.2 Study I

The statistical analyses are visualized in Figure 24. To measure responsiveness, we used a distribution-based
and anchor-based approach. The distribution-based analysis with statistical significance testing was the
primary responsiveness analysis in this study. Statistically significant change at follow-up was calculated by
linear mixed model with family as a random effect, visit as a covariate and with unstructured covariance (58).
This was done to adjust for family members in the cohort, repeated measurements in the same individuals and
missing values/dropouts. The results are presented as mean = SE. Wherever model assumptions were violated,
log-arithmetic transformation and back-transformation were applied (58). As in study I, the cut-off of either
ceiling- or floor effects was >15% of the patients with either maximum or minimum performance scores.
Anchor-based analyses with the subjective GRS as anchor were used secondary to describe responsiveness.
Because of unavailable objective anchors and the recognition of the limitations of utilizing subjective anchors,
especially in PwDM1 where self-awareness can be limited, the anchor-based approach was used
supplementary in this study, although, in theory this approach is superior. Receiver Operating Characteristic
(ROC) curve and Area Under the Curve (AUC) were conducted to estimate the target tests’ (muscle strength,
balance, and functional mobility measurements) ability to correctly register change or no change at follow-up
in accordance with the anchor (GRS) (20). The discrimination ability was evaluated from the following
guideline (74):

0.50 = no
0.50 — 0.70 = poor
0.70 — 0.80 = acceptable
0.80 — 0.90 = excellent
0.90 — 1.00 = outstanding

Both the target tests (muscle strength, balance, and functional mobility measurements) and the anchor (GRS)
were dichotomized into worse and stable/better for the ROC and AUC analyses (see Figure 21). The
continuous output from the target tests were dichotomized according to the MDD-values established in Study
I

For clinical trials relevance regarding inclusion criteria, sub-analyses of statistical significance testing, ROC
and AUC for ankle dorsal muscle strength with stationary dynamometry were done in the PwDM1, excluding
those patients who were unable to activate the stationary dynamometry threshold (21% of the PwDM1) (58).
For generalizability, it was analyzed whether there was a divergence between the patients who completed the
study from the patients who declined to be enrolled in the study and the dropouts by unpaired t-test for

continuous data, Mann-Whitney test for ordinal data and Fisher’s exact test for dichotomous data (58). To
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explore a difference in cognition and apathy between the two groups of patients with either agreement or
disagreement between the subjective GRS scores and the objective scores, Mann-Whitney tests was conducted
for the six GRS questions (58). These six Mann-Whitney tests were not Bonferroni-corrected, because the tests
were only secondary and exploratory (58). The HHD was chosen as the objective outcome of muscle strength
for these analyses, because the HHD was more reliable than the stationary dynamometry based on the previous
reliability findings.

8.3.3 Study lll

In Figure 25, the statistical analyses to investigate physical activity are illustrated.

Figure 25: Overview of the statistical analyses in the physical activity study 111 of PwDM1 and healthy
controls (HC)
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A difference in physical activity level (min/week) between PwDM1 and healthy controls was analysed by
linear mixed models. The family variable was inserted as random effect to adjust for family members in the
DM1 group (59). The variables sex, age, BMI, marital status and education was inserted as covariates to adjust
for possible differences on these aspects between the DM1 and healthy control groups (59). The primary
confirmatory linear mixed model analyses were conducted on the mean physical activity level ([light intensity
+ moderate intensity + vigorous intensity + very vigorous intensity] / 4) for accelerometry, and for the total
activity level (walking + moderate intensity + very vigorous intensity) for IPAQ. These two primary outcomes
were Bonferroni-corrected (p 0.05 / 2 = pgonferroni 0.025) (59). Secondary linear mixed model analyses were
tested on each physical activity level for both accelerometry and IPAQ but were not Bonferroni-corrected due
to the exploratory nature, as this would be too conservative (59).

Predictors of physical activity in PwDM1 were analysed by linear mixed model with family as a random effect
(correction for family members) and age, marital status, education, apathy, fatigue and ankle dorsal flexor
strength as covariates/predictors (59). To analyze predictors of physical activity in healthy controls, multiple
linear regression was conducted with age, marital status and education as covariates (there were no family
members in this group). To avoid mass significance, the number of predictors/levels for PwDM1 and healthy

controls did not exceed the following guideline (recommendation from statistical support) (59):
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Sample size / 10

A continuous variable counts only as one predictor/level, but each score of ordinal data and nominal data
counts as one level. Hence, ordinal and nominal data types count as several levels, which are troublesome
statistically. Age, BMI and ankle dorsal muscle strength are naturally continuous variables, but to avoid mass
predictors/levels, the variables education, apathy and fatigue were considered “continuous” since a rank order
exists, and this is a common statistical maneuver. However, marital status cannot be considered as ranked data
and, therefore, this variable counts as several levels. To reduce the number of levels, marital status was
dichotomized into cohabitant or not cohabitant.

It was investigated whether demographic data on subjects who adhered to wear time of accelerometry differed
from the subjects who did not adhere using unpaired t-test (continuous variables), Mann-Whitney test (ordinal

variables) and Fisher’s exact test (dichotomous variables) (59).

8.4 Ethics

Studies I-111 are approved by the Regional Committee on Health Research Ethics in Denmark (H-17017556),
and informed written consent was obtained from all participants (PwDML1 and healthy controls) (57-59).
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9. RESULTS

9.1 Participants

Demographic data for PwDM1 and healthy controls are provided in Table 1 and missing values for

demographic data are available in Supplementals (Supplementals, Table 2) for Studies I-111 (57-59).

Table 1: Demographic data for PwDM1 and healthy controls (Studies I-111)

STUDY I STUDY II STuDY III
HEALTHY
VALIDITY RELIABILITY RESPONSIVENESS
CONTROLS
Sex (no.) 78 73 63 67 39
Women 39 36 30 32 21
Men 39 37 33 35 18
Age (years), mean 40 (10) 40 (10) 41 (10) 41 (10) 39 (11)
(SD)
BMI%, median (IQR) 24 (21-28) 24 (21-27) 24 (21-27) 24.3 (5.1)2 23.5 (2.6)2
MIRS: (no.) NA NA
Grade 1 0 0 0
Grade 2 17 17 13
Grade 3 3 2 2
Grade 4 51 47 42
Grade 5 7 7 6
Walking aid (no.) NA NA
Insoles 1 1 1
AFO* 8 8 8
Cane 1 1 1
Walker 1 1 1
Three-wheeled 1 1 1
scooter
AES-S®, median 12 (9-17) 12 (9-17) 12 (8-16) 12 (9-17) NA
(IQR)
Apathy (no.) 0 0 0 0
STROOPS (T-
Scores), median
(IQR)
Word score 32 (27-39) 32 (27-39) 32 (27-37) 32 (27-39) NA
Cognitive 21 21 24 20
Impairment (no.)
Colour score 34 (31-40) 34 (31-40) 34 (31-40) 34 (31-40) NA
Cognitive 13 14 11 11
Impairment (no.)
Colour-Word 38 (35-46) 38 (35-46) 37 (34-45) 38 (35-45) NA
score
Cognitive 2 3 3 1
impairment (no.)
Interference 50 (50-51) 50 (50-51) 50 (50-51) 50 (50-51) NA
score 0 0 0 0
Cognitive
Impairment (no.)
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FSS-77, median NA NA NA 4 (3-5) NA

(IQR)

Abnormal fatigue 39

(no.)

Ankle dorsal NA NA NA 17 (8-26) NA

flexor muscle
strength (Nm),

median (IQR) 13
Too weak to
activate the test,
no.
Marital status (no.) NA NA NA
Cohabitant 50 31
No cohabitant 17 8
Accomplished NA NA NA
education (no.)
None 1 0
Elementary 10
school
Youth education 9
Short-cycle 17 6

higher education
(2-2Y%2 yrs)
Medium-cycle 16 13
higher education
(3-4Y%2 yrs)

Long-cycle 11 15
higher education

(5-6 yrs)

Postgraduate 3 1
education

Study III: The demographic data are presented for the participants (PwDM1 and HC) who wore accelerometry (objective data) and
fulfilled wear time criteria because the objective accelerometry data were applied to calculate predictors of PA for both groups.
Age (mean +SD, 40 * 8 years for PwDM1 and 38 + 10 years for HC) and BMI (24.4 + 4.2 for PwDM1 and 23.2 + 1.96 for HC)) were
similar for the groups of PwDM1 (n=69) and HC (n=67) that completed and returned IPAQ (subjective data).

1BMI (Body Mass Index) (kg/m?), %, BMI <18.5=underweight; BMI 18.5-24.9=normal weight; BMI 25.0-29.5=overweight;
BMI 30.0-34.9=0besity.

’mean (SD)

3MIRS=Muscular Impairment Rating Scale. Grade 1=no muscular impairment; grade 2=minimal signs; grade 3=distal weakness;
grade 4=mild to moderate proximal weakness; grade 5=severe proximal weakness.

*AFO=Ankle-Foot Orthosis
SAES-S=Apathy Evaluation Scale (Self-rated). Score >34=apathy

%Verbal STROOP Colour and Word Test (Adult version). 95% CI for STROOP normative data: 30.4 to 69.91. For all STROOP scores,
higher scores reflect better performance.

’FSS-7=Fatigue Severity Scale (7 items)
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Figure 26 shows percentage of PwDM1-dropouts in Studies I-111.
Figure 26: Withdrawal of PwDML1 (Studies I-111)
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9.1.1 Studies | + II: Outcome measures

Both samples from the validity study (Study I) and the intra-rater reliability study (Study I) adhered to the
methodological sample size recommendation of 50 participants (75,76). There was no difference between
PwDM1-dropouts and the PwDM1 who completed visit 2 (Study I: Reliability) nor between PwDMZ1-dropouts
and the PwDM1 who completed visit 3 (Study Il: Responsiveness) regarding age (p = 0.08 for visit 2 and p =
0.15 for visit 3), sex (p = 0.61 for visit 2 and p = 0.52 for visit 3), muscle affection (MIRS) (p = 0.48 for visit 2
and p = 0.36 for visit 3) and BMI for the PwDM1 who completed visit 3 (p = 0.74). However, the PwDM1
who completed visit 2 showed lower BMI (median, IQR; 23.6 kg/m?, 20.7 to 27.5 kg/m?) compared to the
PwDM1-dropouts at visit 2 (32.8 kg/m?, 28.7 to 36.9 kg/m?) (p = 0.004) (Study I: Reliability). There was no
difference in sex between the PwDM1 who declined to participate in visits 1-3 (Studies I-11) and the PwDM1
who completed visit 2 (Study I: Reliability) (p = 1.00) and visit 3 (Study Il: Responsiveness) (p = 0.49).
However, the PwDM1 who declined to participate in visits 1-3 (Studies I-11) were older (mean + SD, 47 + 9
years) than the PwDM1 who completed visit 2 (40 £ 10 years, p = 0.004) and visit 3 (41 + 10 years, p =
0.008).

9.2 Outcomes

9.2.1 Studies | + II: Outcome measures

Analyses of all outcome measures were conducted on the best value to obtain the best achieved performance
by the participants. Figure 27 provides an overview of the outcome measures that qualified for inference
statistics, and a flowchart of PwDML1 included in data analyses is provided in Supplementals (Supplementals,
Figure 1) (57,58).
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Figure 27: Outcome measures included in inference statistics (Studies I-11)
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Missing values for outcome measures are available in Supplementals (Supplementals, Table 3) (57,58) and

test-retest consistency between visits (T1-T3) is shown in Figure 28.

Figure 28: Test-retest consistency between visits (Studies I-11)
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Visualization of results has been prioritized in this thesis, but the exact values and absolute values for SEM,
MDD and MCID are available in the published articles attached for Studies I-11 (57,58). The physical activity
level was unchanged from visit 2 (median, IQR; 375, 200 to 620 total PA-intensities min/week) to follow-up
(372.5, 180.0 to 810.0 total PA-intensities min/week) (p = 0.32) (58).

A simplification of the overall psychometric evidence of outcome measures in PwDML1 is shown in Figure 29.

The rationale behind the evaluation is elaborated on in the following sections.

33



Figure 29: The psychometric evidence of the outcome measures in PwDM1 (Studies I-11)
A. Muscle strength B. Balance C. Functional mobility

Highest Highest Highest
evidence level evidence level evidence level

Stationary
dynamometry

"Equal” responsiveness *Based on ceiling- and floor effects “Equal” validity and responsiveness
(AUC 95% CI)

Muscle strength measurements
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HHD was more reliable than stationary dynamometry because the HHD showed a lower or similar degree of
measurement error compared to the stationary dynamometry both on (1) a group level as to systematic error
(difference between visit 1 and visit 2) (Figure 30+31) and absolute measurement error (SEM) (Figure 32), and
on (I1) a single individual level as to absolute measurement error (MDD) (Figure 33) (57). Measurement error
for single individuals is visualized in Figure 34. The MDD for single individuals exceeded the MCID for both
HHD and stationary dynamometry (Figure 33).

Figure 30: Reliability (T1-T2) and responsiveness (T2-T3) of muscle strength measurements in PwDM1 based
on statistically significant changes between visits (Studies I-11)
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HHD *Statistically significant. HHD (ankle plantar
Hip flexors flexors): median (IQR) because mean — (1.96*SD)
resulted in a negative value which is meaningless.
Stationary dynamometry (knee extensors and
-flexors) and HHD (flexors in knee and hip):
mean (95% Cl). Graphs are only provided for
the outcome measures that showed no change
at 72 but a change at T3. Graphs for the remaining
outcome measures are available in Supplementals
(Supplementals, Figure 2).
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Figure 31: Matrix of simplified reliability (T1-T2) and responsiveness (T2-T3) of outcome measures in
PwDML1 based on statistically significant changes between visits (Studies I-11)
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Figure 32: Absolute reliability on a group level (SEM) of outcome measures in PwDM1 (Study 1)
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Figure 33: Absolute reliability on an individual level (MDD, MCID) and responsiveness (percent of PwDM1
with change values >MCID) of outcome measures in PwDM1 (Studies I-11)
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Figure 34: Bland-Altman plots of reliability on an individual level of muscle strength measurements in
PwDML1 (Study I)
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HHD = Hand-Held Dynamometry,; SD = Stationary Dynamometry.

X-axis: (visit 1 + visit 2)/2; Y-axis: visit 1 - visit 2. Difference (percent) is calculated on original data. Difference (ratio) is

calculated on logl0-arithmetic transformed data and back-transformed into ratio. A circle represents 1 participant. A

black dot represents >1 participant. The dotted lines indicate no difference of the repeated measurements. The three

full lines indicate mean difference +1.96 SD. The closer the circles/black dots (participants) are to O for untransformed

difference (percent) and to 1 for log10-arithmetic back-transformed difference (ratio), the higher agreement between

visits 1 and 2, which indicates less absolute measurement error. This figure is from Knak et al. (57).

The secondary relative reliability results showed good to excellent relative reliability for all muscle groups for

both HHD and stationary dynamometry, except ankle plantar flexors with stationary dynamometry (Figure 35).
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Figure 35: Relative reliability (ICC) of outcome measures in PwDM1 (Study 1)
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Criterion validity

On a group level, a higher torque was captured by the stationary dynamometry for the ankle plantar flexors
(mean, 95% CI; 12.53 Nm, 8.65 to 16.41 Nm, p < 0.0005), knee extensors (32.93 Nm, 25.04 to 40.82 Nm, p <
0.0005), and hip extensors (63.05 Nm, 51.12 to 74.98 Nm, p < 0.0005) compared to the HHD (57). A lower
torque was registered by the stationary dynamometry for the knee flexors (-8.71 Nm, -11.81 to -5.53 Nm, p <
0.0005) compared to the HHD (57). Muscle strength of the remaining lower limb flexor muscles did not differ
between the two muscle strength devices (p > 0.22). On an individual level, the registered muscle strength was
inconsistent between the HHD and the stationary dynamometry for all muscle groups (especially for the hip
extensors and ankle plantar flexors), but none of the devices were favored with 95% confidence (Figure 36)
(57).
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Figure 36: Bland-Altman plots of valldlty of muscle strength measurements in PwDM1 (Study 1)
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data and back-transformed into ratio. A circle represents 1 particjpant. A black dot represents >1 participant. The
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arithmetic back-transformed difference (ratio), the higher agreement between stationary dynamometry and HHD,
which indlicates stronger validity. This figure is from Knak et al. (57).

Responsiveness

At follow-up, stationary dynamometry detected an alteration in muscle strength in the flexor- and extensor
muscles of the hip and knee (p < 0.02), and HHD registered a change in the hip- and knee flexors (without 2
outliers for the knee flexors) and in the ankle plantar flexors (p < 0.03) (Figure 30+31) (58). The lack of
change in the ankle dorsal flexors using stationary dynamometry persisted when the participants who were
unable to generate sufficient muscle strength to activate the device (21% of the participants) were excluded
from the analysis. The subjective perception of change in muscle strength at follow-up compared to “baseline”
(T2) is visualized in Figure 37. The proportion of PwDM1 who demonstrated clinically important change from

visit 2 to visit 3 (change value > MCID) is shown in Figure 33.
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Figure 37: Global Rating Scale (GRS) reported by PwDM1 at follow-up (Study 1)
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Ankle plantar flexor strength using stationary dynamometry was the only objective muscle strength outcome
that agreed with the subjective GRS perception of change in muscle strength at follow-up based on the best
estimate (men AUC > 0.70), but agreement is possible when the 95% CI is accounted for, primarily for the

extensor muscles using stationary dynamometry and for nearly all muscle groups using HHD (Figure 38) (58).
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Figure 38: Agreement between the objective outcome measures and the subjective GRS in PwDM1 (Study 1)
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AUC is presented for both absolute values (Nm, s, no., deg.) and relative values (%) with 95% CI (positive error bars
are shown). This figure is from Knak et al. (58). Please notice that I have made a correction to the Figure in Knak et al.
(58) which has displayed the AUC 95% confidence intervals erroneously, but not the mean AUC. The correct 95%
confidence intervals are shown in this thesis.

The PwDM1 with disagreement between change in objective ankle muscle strength measurement (HHD) and
change in subjective ankle muscle strength measurement (GRS) showed a lower degree of apathy (median,
IQR; 9, 6-12 AES-score) than the PwDM1 with agreement between the HHD and the GRS (13, 10-17 AES-
score) (p = 0.048) (Figure 39). Otherwise, there was no difference in apathy or cognition between the two

groups as to change in proximal muscle strength (knee and hip) (p > 0.24).
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Figure 39: Difference in cognition and apathy in PwDM1 (Study I1)
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Feasibility
The HHD was more feasible than the stationary dynamometry regarding easiness of application, execution
time and economics.

Balance measurements

Intra-rater reliability

The dynamic TUG and step test showed lower absolute measurement error in groups (SEM) (Figure 32) and
single individuals (MDD) (Figure 33) compared to the static m-CTSIB and especially the one-leg-stance eyes
closed test. However, only the dynamic balance tests were associated with learning effects (p < 0.001) (Figure
31+40).

Figure 40: Reliability (T1-T2) and responsiveness (T2-T3) of balance measurements in PwDM1 based on
statistically significant changes between visits (Studies I-11)
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m-CTSIB One-leg-stance eyes closed
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*Statistically significant. One-leg-stance eyes closed: median (IQR) because mean — (1.96*SD) resulted in a negative
value which is meaningless. TUG, step test and m-CTSIB: mean (95% Ci). Graphs for feet-together stance, tandem
stance and one-leg-stance eyes open with no true variation are provided in Supplementals (Supplementals, Figure 3).

Measurement error for single individuals is visualized in Figure 41. MDD exceeded the MCID for both the

dynamic- and static balance tests (Figure 33).

Figure 41: Bland-Altman plots of reliability on an individual level of balance measurements in PwDM1 (Study

1)
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TUG = Timed-Up-and-Go test: mCTSIB = modlified Clinical Test of Sensory Integration and Balance; EC = Eyes

Closed.

X-axis: (visit 1 + visit 2)/2; Y-axis: visit 1 - visit 2. Difference (percent) is calculated on original data. Difference (ratio) is
calculated on log10-arithmetic transformed data and back-transformed into ratio. A thick circle represents >1
participant. The dotted lines indicate no difference of the repeated measurements. The three undotted lines indicate
mean difference +1.96 SD. The closer the circles (participants) are to O for untransformed difference (percent) and to 1
for log10-arithmetic back-transformed difference (ratio), the higher agreement between visits 1 and 2, which indicates
less absolute measurement error. This figure is from Knak et al. (57).

The secondary relative reliability results showed good to excellent reliability for the step test, moderate to
good reliability for the m-CTSIB and the TUG, and fair to good reliability of the one-leg-stance eyes closed
(Figure 35).

Construct validity

Ceiling effects were present in the static balance tests feet-together stance, tandem stance and one-leg-stance
eyes open. Floor effects were detected in the remaining static balance tests m-CTSIB and one-leg-stance eyes
closed (e.g. 42% of the PwDM1 did not qualify for one-leg-stance eyes closed because of < 30 s stance in one-

leg-stance test eyes open (29), thus a surrogate measure was applied) (Figure 42 [T1]) (57).
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Figure 42: Ceiling- and floor effects in balance measurements regarding validity (T1) and responsiveness (T2-
T3) in PwDM1 (Studies I-11)
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This figure is from Knak et al. (58) (with minor modifications).

Since the one-leg-stance eyes closed test demonstrated very poor reliability, validity analysis was not
conducted because validity is automatically compromised (75). A poorer balance performance of 1-second
increase in TUG predicted a poorer balance performance with a reduction of 1.66 steps (95% ClI, -2.35 to -0.98
steps) in the step test and explained 22.6% of the step test performance (Table 2) (57). A poorer balance
performance of doubling in TUG time predicted a poorer muscle strength performance in lower limbs with a
muscle strength reduction of -37.9% (-58.8 to -6.4%) and explained 7.0% of the lower limb muscle strength
performance (Table 2) (57). A better balance performance of 1 step increase in step test predicted a better
ankle muscle strength performance with an ankle muscle strength improvement of 5.5% (3.2 to 7.7%) and

explained 28.6% of the ankle muscle strength performance (Table 2) (57).
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Table 2: Regression and adjusted coefficient of determination (R?) of balance and functional mobility
measurements in PwDM1 (Study |

INDEPENDENT P-VALUE
DEPENDENT SLOPE OF o

VARIABLE, 95% CI P-VALUE ADJUSTED FOR
VARIABLE, REGRESSION

PREDICTOR FOR 8 FOR B R2 ADJUSTED
OUTCOME (Y) LINE (f3) .

(X) R

TUG Step Test -1.664 -2.352 to <0.0005* 0.226 <0.0005*

-0.997

TUG Muscle strength 0.621! 0412 to 0.023* 0.070 0.023*

(hip extensors, 0.936!

knee extensors
and ankle dorsal

flexors)

Step Test Muscle strength 1.0551 1.032' to <0.0005* 0.286 <0.0005*
(ankle plantar- 1.077}
and dorsal
flexors)

STS 10mWT 0.168 0.127 to <0.0005* 0.465 <0.0005*

0.209

STS Muscle strength 0.9751 0.9599! 0.003* 0.103 0.003*
(hip- and knee to 0.992!
extensors)

10mWT Muscle strength 0.861! 0.802! to <0.0005* 0.224 <0.0005*
(hip extensors, 0.925!

knee extensors,
ankle plantar-
and dorsal
flexors)

The muscle strength data are from stationary dynamometry (torque, mean of the muscle groups’ best values). The
data are original data unless otherwise stated. *Statistically significant. !Antilogy: ratio. This table is from Knak et al.

(57).

The balance tests correlated little (zp=-0.220 to 7,=-0.251), fairly (r=-0.313 to r=-0.486) and moderately
(r=0.546) with tests assessing similar components (Table 3). The dynamic balance tests showed higher
correlations (r=-0.313 to r=-0.486) than the static balance test (z,=-0.220 to =-0.251) (Table 3).
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Table 3: Correlation of balance and functional mobility measurements in PwDMZ1 (Study 1)
OUTCOME MEASURES PEARSON'S 95% CI
CORRELATION

COEFFICIENT

TUG correlation with:

Step test -0.486 <0.0005* -0.687 to -0.286
STS 0.439 <0.0005* 0.292 to 0.695
Muscle strength (hip -0.3132 0.015* NA

extensors, knee extensors
and ankle dorsal flexors)

Step test correlation with:
Muscle strength (ankle 0.546 <0.0005* 0.327 to 0.764
plantar- and dorsal flexors)

m-CTSIB (composite score)
correlation with:
Step test -0.2512 0.008* NA
Muscle strength (ankle -0.220? 0.022* NA
plantar- and dorsal flexors)

STS correlation with:
10mWT 0.687 <0.0005* 0.519 to 0.855
Muscle strength (hip- and -0.340 0.003* -0.563 to -0.117
knee extensors)

10mWT correlation with:
Muscle strength (hip -0.488 <0.0005* -0.719 to -0.256
extensors, knee extensors
and ankle plantar- and
dorsal flexors)

NA = Not Applicable because 95% Cl is not provided for the non-parametric Kendall's tau-b test.

The muscle strength measures are based on values from stationary dynamometry (torque, mean of the
muscle groups’ best values).

*Statistically significant

IAdjustment for multiple testing:

* Since TUG was correlated with three variables independently, the statistically significance level has been
Bonferroni-corrected at a = 0.05/3 = 0.017.

« Since step test was correlated with three variables independently, the statistically significance level has been
Bonferroni-corrected at a = 0.05/3 = 0.017.

* Since STS was correlated with three variables independently, the statistically significance level has been
Bonferroni-corrected at a = 0.05/3 = 0.017.

+ Since m-CTSIB (composite score) was correlated with two variables independently, the statistically significance
level has been Bonferroni-corrected at a = 0.05/2 = 0.025.

+ Since 10mWT was correlated with two variables independently, the statistically significance level has been
Bonferroni-corrected at o = 0.05/2 = 0.025.

2Kendall's tau-b
This table is from Knak et al. (57).

Responsiveness

Ceiling- or floor effects were found in all static balance tests at visit 2 (T2) and follow-up (T3), except for m-
CTSIB (Figure 42 [T2, T3]). TUG and m-CTSIB captured a change in balance at follow-up (p < 0.035) in
contrast to the other balance tests (p > 0.37) (Figure 31+40) (58). The proportion of PwDM1 with clinically
relevant T2-T3 change values is shown in Figure 33. For the subjective perception of change/no change in

balance ability, see Figure 37. The change in objective static- and dynamic balance tests did not agree
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acceptably with the subjective perception of change in dynamic and static balance at follow-up based on the
best estimate (mean AUC < 0.70) but considering the 95% CI, agreement is possible for almost all the balance
tests (Figure 38). There was no difference in apathy or cognition between the PwDM1 for whom the objective
balance test (step test) agreed with the subjective balance GRS and the PwDM1 for whom the step test
disagreed with subjective balance GRS at follow-up (p > 0.078).

Feasibility

The m-CTSIB was less feasible than the other balance tests as to easiness of application, execution time,
economics and interpretation of results. The dynamic balance tests were feasible but a little less feasible than
the static balance tests (except for m-CTSIB), because TUG required walking space and step test required a
step bench.

Functional mobility measurements

Intra-rater reliability

Both functional mobility tests were acceptably reliable on a group- (SEM) (Figure 32) and individual level
(MDD) (MDD of 27% for STS with exclusion of outliers, not shown) (Figure 33). The 10mWT showed the
lowest absolute measurement errors (Figure 32+33), an MDD < MCID (Figure 33) and was not associated
with learning effects (p = 0.38) in contrast to the STS (p < 0.0005) (Figures 31+43).

Figure 43: Reliability (T1-T2) and responsiveness (T2-T3) of functional mobility measurements in PwDM1
based on statistically significant changes between visits (Studies I-11)
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Measurement error for single individuals are visualized in Figure 44.

Figure 44: Bland-Altman plots of reliability on an individual level of functional mobility measurements in
PwDML1 (Study I)
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10mWT = 10-meter Walk Test: STS = Sit-To-Stand test.

X-axis: (visit 1 + visit 2)/2; Y-axis: visit 1 - visit 2. Difference (percent) is calculated on original data. Difference (ratio) is
calculated on log10-arithmetic transformed data and back-transformed into ratio. A thick circle represents >1
participant. The dotted lines indicate no difference of the repeated measurements. The three undotted lines indicate
mean difference +1.96 SD. The closer the circles (participants) are to O for untransformed difference (percent) and to 1
for log10-arithmetic back-transformed difference (ratio), the higher agreement between visits 1 and 2, which indlicates
less absolute measurement error. This figure is from Knak et al. (57).

The secondary relative reliability results showed moderate to excellent reliability for the STS and excellent
reliability for the 10mWT (Figure 35).

Construct validity

A poorer functional mobility performance of 1-second increase in STS predicted (1) a poorer functional
mobility performance with an increase of 0.168 s (95% CI, 0.127 to 0.209 s) in 10mWT and explained 46.5%
of the 10mWT performance (I1) a poorer proximal lower limb muscle strength performance with a reduction in
muscle strength of 2.5% (-4.1 to -0.8%) and explained 10.3% of the muscle strength performance (Table 2)
(57). A poorer functional mobility performance of a 1-second slower 10mWT predicted a poorer lower limb
muscle strength performance with a muscle strength reduction of 13.9% (-19.8 to -7.5%) and explained 22.4%
of the lower limb muscle strength performance (Table 2) (57). Fair (r=-0.340 to r=-0.488) to good (r=0.687)
correlations were found between the functional mobility tests and tests within the same aspect (Table 3) (57).
Responsiveness

The 10mWT and STS did not register a change in functional mobility at follow-up (p > 0.88) (Figures 31+43),
but acceptable agreement with functional mobility GRS was reached with the 20mWT (mean and 95% ClI
AUC > 0.70) and was possible for the STS (95% CI AUC > 0.70) (Figure 38) (58). The percent of PwDM1
who demonstrated clinically important change from visit 2 to visit 3 is shown in Figure 33. The subjective
perception of change/no change in functional mobility from “baseline” (T2) to follow-up (T3) is shown in
Figure 37. The PwDM1 with disagreement between change in the objective 10mWT and change in the
subjective functional mobility GRS showed better cognition (median, IQR; 43.00, 39.25 to 48.00 STROOP
mean score) than the PwDM1 with agreement between the 10mWT and the GRS (38.25, 35.50 to 41.13
STROOP mean score) (p = 0.02), but apathy did not differ between the two groups (p = 0.37) (Figure 39) (58).
Feasibility

Both the 10mWT and STS were feasible, but the 10mWT was minorly less feasible than the STS because of

walking space requirement.

9.2.2 Study llI: Physical activity

Flowcharts of number of participants included in data analyses are provided for PwDM1 (Figure 45) and
healthy controls (Figure 46).
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Figure 45: Flowchart of number of PwDM1 included in data analyses (Study I1)

PwWDM1

Study I

Data analysis

Accelerometry

Light PA
» Included in data analysis (n=67)
* Excluded in data analysis (n=0)

Moderate PA
* Included in data analysis (n=67)
* Excluded in data analysis (n=0)

Vigorous PA

* Included in data analysis (n=67)

* Excluded in data analysis (n=0)

PA = Physical Activity.

Very vigorous PA
» Included in data analysis (n=67)
+ Excluded in data analysis (n=0)

Mean PA
« Included in data analysis (n=67)
* Excluded in data analysis (n=0)

Very vigorous PA
* Included in data analysis (n=67)
* Excluded in data analysis (n=2)
+ Item answer: “Do not know"
(n=1)
+ Item unreadable (n=1)

Walking PA

* Included in data analysis (n=59)
» Excluded in data analysis (n=10)

+ Item answer: “Do not know"
(n=7)
= Item not answered (n=3)

Moderate PA
* Included in data analysis (n=67)
+ Excluded in data analysis (n=2)
= Item answer: “Do not know"
(h=1)
+ Invalid answer (n=1)

Total PA
» Included in data analysis (n=57)
* Excluded in data analysis (n=12)
+ Item answer: “Do not know"
(n=8)
+ [tem not answered (n=3)
+ Invalid answers (n=1)

Figure 46: Flowchart of number of healthy controls included in data analyses (Study I11)

HEALTHY CONTROLS
Study III

Data analysis

Accelerometry

Light PA
* Included in data analysis (n=39)
* Excluded in data analysis (n=0)

Moderate PA
« Included in data analysis (n=39)
» Excluded in data analysis (n=0)

Vigorous PA
+ Included in data analysis
(n=38)
» Excluded in data analysis (n=1)
* Missing data (n=1)

Very vigorous PA
* Included in data analysis (n=38)
* Excluded in data analysis (n=1)
+ Missing data (n=1)

Mean PA
+ Included in data analysis (n=38)
* Excluded in data analysis (n=1)
* Missing data (n=1)

Very vigorous PA

« Included in data analysis (n=64)
* Excluded in data analysis (n=3)

« [tem answer: “Do not know"
(n=1)
+ [tem not answered (n=2)

Walking PA

Included in data analysis
(n=58)
Excluded in data analysis (n=9)
« Item answer: “Do not know"

(n=7)
= Invalid answer (n=1)
= Item not answered (n=1)

Moderate PA
Included in data analysis (n=66)
Excluded in data analysis (n=1)
* Item answer: “Do not know"

(n=1)

Total PA
Included in data analysis (n=56)
Excluded in data analysis (n=11)
= Item answer: “Do not know"
(n=8)
+ Item not answered (n=2)
« Invalid answers (n=1)

PA = Physical Activity.

The physical activity level (mean PA of all intensities/week), monitored objectively by accelerometry, was -
187 min/week (95% CI, -248 to -127 min/week, p < 0.00001) lower in PwDM1 (mean + SD, 485 + 144
min/week) compared to healthy controls (695 + 138 min/week) (59). The physical activity level (total PA of all
intensities/week), measured subjectively by IPAQ, was -48%/week (95% Cl, -65 to -23%/week, p = 0.001)
lower in PwDM1 (median IQR, 380, 215 to 720 min/week) compared to healthy controls (550, 368 to 983
min/week) (59). In addition, secondary analyses showed that the PwDM21 demonstrated a lower objective
physical activity level than healthy controls for light intensity (p < 0.00001), moderate intensity (p < 0.00001)
and vigorous intensity (p = 0.00005), but not for very vigorous intensity (p = 0.08) (Figure 47 [A]). The
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PwDM1 were less physically active subjectively compared to healthy controls for moderate intensity (p =

0.04), but not for walking (p = 0.13) and very vigorous intensity (p = 0.37) (Figure 47 [B]).

Figure 47: The objective and subjective physical activity intensities in PwDM1 and healthy controls (Study I11)
A) Objective PA
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*Statistically significant. Box = 25-75% percentiles. Cross = mean. Horizontal line = median/50% percentile. Whisker =
minimum and maximum values that are not outliers. Dot = outlier, defined as data points > 1.5 box-length from the
edge of their box. This figure is from Knak et al. (59).

Likewise, did the PwDM1 adhere less to the WHO recommendations on physical activity, both objectively and
subjectively, compared to healthy controls (Figure 48+49). Overall, the adherence to the WHO’s physical

activity recommendations was poor in PwDM1 and moderate to good in healthy controls (Figures 48+49).

50



Figure 48: The percent of PwDM1 and healthy controls fulfilling the WHO'’s physical activity
recommendations objectively and subjectively (Study I11)

A) Percent of PwDML1 fulfilling WHO's physical activity
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This figure is from Knak et al. (59).

Figure 49: Hierarchy of physical activity levels in PwDM1 and healthy controls (Study I11)

The objective physical activity level in PwDM1 was only predicted by the level of education with one higher

level of education predicting an increase of mean physical intensities per week by 29 min/week (95% CI, 5 to
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53 min/week, p = 0.02) (Table 4) (59). The objective physical activity level in healthy controls was not
statistical significantly predicted by age, marital status or education (p > 0.20) (59).
Table 4: Predictors of physical activity in PwDM1

PREDICTOR VARIABLE B SEﬁ 95% CIﬂ P-VALUE
Age -3.05 1.68 -6.34; 0.25 0.07
Marital status

Cohabitant 59.03 42.39 -24.05; 142.11 0.16

No cohabitant
Education 28.93 12.24 4.95; 5291 0.02*
AES-S -4.36 311 -10.46; 1.73 0.16
FSS-7 -24.55 12.87 -49.78; 0.68 0.06
Ankle dorsal flexor -047 1.40 -3.21; 2.27 0.74

muscle strength
(stationary dynamometry)

*Statistically significant. AES-S=Apathy Evaluation Scale (Self-rated). FSS-7=Fatigue Severity Scale (7 items). This
figure is from Knak et al. (59).

The compliance for wearing the accelerometer for at least 4 days was deemed acceptable for both PwDM1 and
healthy controls (Figure 50). Only marital status for PwDM1 (p = 0.009) and age for healthy controls (p =
0.014) differed statistically significant between the participants who adhered to wear time criteria and the
participants who did not adhere to wear time criteria (Figure 50) (59). Age (p = 0.053), BMI (p = 0.53),
education (p =0.08), apathy (p = 0.49), fatigue (p = 0.31) and ankle dorsal flexor muscle strength (p = 0.91) did
not differ between the two groups for PwDML1. There was no difference in BMI (p = 0.70), marital status (p =
0.47) and education (p = 0.25) between the two groups for healthy controls.

Figure 50: Compliance barometer of percentage of PwDM1 and healthy controls fulfilling the wear time

criteria for accelerometery (Study 1)

Healthy
controls
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10. DISCUSSION

10.1 Studies I-lll: Main findings

In this thesis, a main finding was that HHD is an adequate alternative to stationary dynamometry for muscle
strength testing in a non-congenital cohort of PwDM1. The HHD was more reliable, equally valid (except for
the extensor muscles on a group level), and similarly responsive compared to the stationary dynamometry.
Considering the assessment of balance, the main finding was that the dynamic balance measurements, in
general, demonstrated superior reliability, validity and responsiveness compared to the static balance
measurements in PwDM1. All static balance tests were flawed by ceiling- or floor effects. For functional
mobility assessments, both the STS and the 10mWT were adequately valid and reliable, but unable to detect
change in PwDML in the present time frame. The 10mWT was, however, most reliable. A simplified
evaluation of all psychometric properties for each outcome measure is provided in Table 5.

This prospective, large study of objective and subjective physical activity monitoring in PwDM1 showed that
PwDM1 were less physically active compared to healthy controls. In addition, the present novel study of
physical activity predictors showed that the physical activity level was only predicted by educational level in
PwDM1.
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Table 5: Evaluation of the psychometric properties of muscle strength, balance, and functional mobility

RELIABILITY

Systematic
error

measurements in PwDM1 (Studies I-11)
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10.2 Studies I-ll: Outcome measures

10.2.1 Construct validity challenges

For the interpretation of the validity of the outcome measures (Study 1), it is important to understand that
validity is limited by the poorest test of the compared tests (75) and by the reliability of the test (17). For the

balance and functional mobility assessments where no direct comparable gold standard exists, the validity
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statistic is limited to construct validity, which is difficult to interpret. Even small to moderate regression- and
correlation coefficients may be reasonable for construct validity. This is reasoned by the comparison of tests,
which shares some common elements and, therefore, high correlation is less likely. Figure 51 visualizes the
challenge of reaching high construct correlations (good to excellent correlation) of muscle strength-, balance-
and functional mobility measurements in PwDM1 based on the present- (57) and previous studies (2,24).
Moreover, larger sample sizes reduce the correlation coefficients (72), and because the present sample of 78
participants is considered large, the correlation coefficients in the present study are reduced.

Figure 51: Construct validity challenges (Study I)
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10.2.2 Responsiveness challenges

The possible impaired mental functions in PwDMZ1 may compromise the findings of the psychometric
properties in Studies I-11. The mental impairments cover apathy, lack of insight, attention deficit, demotivation
and cognitive dysfunction. It may especially problematize the application of the patient-reported GRS as an
anchor to evaluate the responsiveness of the outcome measures within muscle strength, balance and functional
mobility. Kierkegaard et al. (23) has previously introduced the limitations of the use of GRS in PwDM1
presenting with mental deficits. Therefore, cognitive impairments and apathy were screened for in the present
studies. Depending on the specific cognitive ability, cognitive deficits were present in 5-38% of the PwDML.
Despite variation in apathy scores, clinical apathy according to the Apathy Evaluation Scale (77) was not
detected. However, apathy may be underestimated in the present study using the patient-rated version of the
AES in contrast to informant- or clinician-rated versions of AES as indicated by a previous study in PwDM1
(78). Unexpectedly, the responsiveness findings indicated that better cognition and lower apathy score were
associated with disagreements between the objective measurements of change versus the patient-reported
perception of change. Cognitive impairment may, thus, not violate measurements in PwDM1 as much as
expected. Moreover, deficits in the mental aspects are inherently associated with the DM1-disease and should
be acknowledged. It has previously been suggested that homogeneity improves the chance of a successful
response to changes in a variable over time (79). A more homogeneous sample in the present studies with
exclusion of PwDM1 who presented with dysfunction on the mental parameters would, therefore, probably

improve the psychometric properties of the outcome measures, especially responsiveness. However, such
55



exclusion would compromise the generalizability to the broader DM1-population. In addition to the mental-
dysfunction-shortcomings of the patient-reported GRS, other challenges concerning responsiveness are the
slow nature of the progression in DM1 disease and the non-DM1 specific challenges such as recall bias (the
memory differ from reality) and response-shift bias (adaptation to the new situation and adjustment of
expectations), which previously has been stressed (23). A paradox of response-shift has previously been
documented in PwDM1 (80) with findings of improved Quality of Life but deteriorated muscle strength at
follow-up. These shortcomings may partly account for the overall poor agreement between the objective
outcome measures and the corresponding subjective GRS perceptions after 1 year in Study Il, because the
objective outcomes are anchor-dependent and cannot be better than the anchor. Besides, the findings of
agreement between the objective and subjective outcomes should be viewed with caution due to the wide 95%
confidence intervals ranging from no agreement to different levels of agreement. Certain conclusions about the
anchor-based responsiveness is, therefore, not established. The subjective GRS was selected as the anchor to
evaluate responsiveness because of the unavailability of objective anchors to define true change. Nevertheless,
a clinician-rated GRS can be considered as a substitute to the patient-rated GRS to account for the above-
mentioned obstacles with patient-reporting in PwDM1. The patients” own perspectives should, however, still
be recognized (23). Moreover, the clinician-rated GRS may not necessarily differ from the patient-rated
version since a previous report in PwDM1 (81) stated that an apathy score was similar for the clinician and the
patient-rated versions. The AUC-values differed between relative and absolute changes in Study I1. In
accordance with Kierkegaard et al. (23), there was a tendency of higher AUC-values for the relative changes
compared to absolute changes. This supports the general use of relative changes for follow-up measurements.
Responsiveness has proven challenging after follow-up of 1 year in PwDM1 due to the unavailability of
objective anchors to define true change and due to the slow decline of the DM1 disease. The non-significant
changes after 1 year in the present study may either be caused by no genuine change within this short
timeframe or by the tools’ inability to detect subtle changes. The measurements may, however, still be
responsive to interventional effects within 1 year or to larger natural history changes, which often presupposes
a longer follow-up. The latter suggestion is supported by the finding of responsiveness of muscle strength,
balance and functional mobility measurements in long-term follow-up studies in PwDM1 (23,24,30,82,83).
However, as shown in Figure 52 outcome measures within muscle strength, balance and functional mobility

are not consistently more responsive over time (22-24,30,58,82,84).
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Figure 52: Mixed findings of distribution-based responsiveness over time (Study 1)
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10.2.3 Muscle strength measurements

The unforeseen, positive psychometric findings of the HHD, compared to the stationary dynamometry (Figure
53-55), is likely influenced by the assessors’ standardized, fixed position for the measurements with the HHD,
which reduced the assessor-dependency. This finding is in line with a previous report in PwDML1 (25), which
suggested that stronger muscle groups are not necessarily assessor-limited by larger measurement errors as
long as suitable fixation is applied for the HHD measurements. Hence, appropriate fixation when using HHD
is strongly recommended.

Figure 53: Comparison of reliability of HHD and stationary dynamometry (Study I)

Systematic error

Stationary
dynamometry

HHD
Random error: Group Random error: Individual
Absolute measurement error m Absolute measurement error '

Stationary Stationary
dynamometry dynamometry
HHD HHD

The heaviest weight scale = the best psychometric property.
Regarding absolute reliability, the measurement errors were acceptable for both the HHD and the stationary
dynamometry on a group level (SEMg, < 15%) and on an individual level (MDDgsy < 30%, with exclusion of
outliers). These findings are overall consistent with the previously established SEM-values for stationary
dynamometry and HHD in PwDM1 (25,28) and healthy individuals (69,85-88) and also for the MDD-values
for HHD in PwDM1 (85-91) and for stationary dynamometry in healthy individuals (69). For both muscle
strength devices, the hip- and ankle muscles were associated with larger individual measurement errors than
the knee muscles. This is likely attributed to the more unaccustomed positions with the hip- and ankle
assessments. In line with this, the MDD-values exceeded the MCID-values mostly for the hip muscles for both
muscle strength devices, and extremely for the ankle plantar flexors using stationary dynamometry. For the
remaining muscle groups, the difference between the MDD-values and the MCID-values were not remarkable
when outliers were excluded. Only the HHD ankle dorsal flexors demonstrated MDD-values equal to the
MCID-values. Hence, for both devices, individual clinical important alterations in muscle strength may overall
be hidden. Nevertheless, changes close to the MCID-values may be captured for the knee muscles and most of
the ankle muscles. Concerning reliability as to systematic bias, a statistically significant learning effect was
only demonstrated in the hip muscle groups using stationary dynamometry. The lack of systematic bias in the
knee extensors with both stationary dynamometry and HHD is consistent with a previous study of the knee

extensors using stationary dynamometry in PwDM1 (25).
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For criterion validity on an individual level, none of the muscle strength devices were superior to another.
Thus, muscle strength measurement in a single individual in the clinic can either be performed with the HHD
or the stationary dynamometry as long as the same muscle strength device is used for repeated measurements
(Figure 54). This finding is in accordance with a previous study in healthy people (86), which found that
neither the belt-stabilized HHD nor the stationary dynamometry was superior for single individuals.
Concerning criterion validity on a group level, the torque was only significantly higher for the extensor
muscles with the stationary dynamometry compared to the HHD (Figure 54). This finding is consistent with a
previous publication in PwDM1 (25), which showed that the stationary dynamometry captured a higher torque
than the HHD for the knee extensors. The lower torque captured by the HHD in the stronger extensor muscles
is possibly assigned to assessor-dependency. A study in healthy individuals (85) showed a higher muscle force
with an additional fixation device, which suggests that the assessor-dependency can be counteracted by
appropriate fixation. Fixation with straps may, therefore, improve the criterion validity of the HHD for the
extensor muscles in a group of PwDML1.

Figure 54: Comparison of validity of HHD and stationary dynamometry (Study 1)
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For distribution-based responsiveness, the stationary dynamometry detected significant changes in more
muscle groups than the HHD after 1 year (Figure 55). This difference was, however, minor considering the
exclusion of outliers in the knee flexors and the almost significant P-value of 0.065 in the hip extensors with
the HHD. Both muscle strength devices captured a change in the proximal muscles but not in the distal ankle
dorsal flexors. This is likely attributed to the large proportion (21%) of the participants with weak ankle dorsal
flexors unable to activate the stationary dynamometer, and, thus, were unresponsive to detect deteriorations.
This floor effect was not seen with the HHD, hence, the HHD is strengthened by the capability of monitoring
very weak muscle strength in PwDM1. Albeit proximal muscle affection is less pronounced than the distal
muscles in PwDM1, proximal weakness of MIRS > 4 was present in 76% of the PwDM!1 in the present
studies. Responsiveness of the dynamometers in the proximal muscles was therefore possible. Regarding the
stationary dynamometry, a significantly higher torque was registered in the hip flexors at 1-year follow-up.
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This improvement was unexpected but consistent with a previous study of PwDM1 (23), which demonstrated a
median increase in the hip flexor strength using HHD after 9 years. In contrast, a deterioration of the hip
flexors measured by HHD has been shown in both the present study and in a previous study of PwDM1 after 5
years (30). Considering this and the fact that the physical activity level was not increased at follow-up in the
present study, the detected increase in the hip flexors with stationary dynamometry may be false. The
stationary dynamometry registered a change in all hip- and knee muscles, which contrasts with a previous 1-
year follow-up study in PwDM1 (26), which did not detect a change in the knee flexors using stationary
dynamometry. The inconsistent findings may be attributed to different DM-types, isometric versus isokinetic
muscle work, but especially sample size. The smaller sample size in Lindeman et al. (26) increases the risk of a
false non-statistically significant finding.

Concerning the HHD, the HHD captured a change in muscle strength in the hip-, knee- (without outliers) and
ankle plantar flexors after 1 year. Previous and recent findings of responsiveness in the knee flexors using
HHD (22,23,30,82) are mixed with the longest follow-up studies (22,23,30) detecting a change and the shorter
3-years follow-up study (82) detecting no change. Thus, detection of change in the knee flexors using HHD is
possible at short-term follow-up but more likely at long-term follow-up. The previous and recent findings of
the hip flexors using HHD (22,23,30,82) are also mixed, but for this muscle group there was no change after 3-
(82) and 9 years (22,23) but a change in between this time interval of 5 years (30). Hence, no pattern for the
hip flexor strength is seen regarding follow-up time. Among the present study and previous/recent studies
(22,23,30,82), the sample sizes varied but likely only Roussel et al. (82) had a sample size that risks being
underpowered. Except for Roussel et al. (82), the non-responsive findings of the HHD hip flexors were
unexpectedly shown in the long-term Quebec cohort after 9 years (22,23) whereas the shorter follow-up
studies of 1 year in the present study and after 5 years in a previous study (30) demonstrated responsiveness in
this muscle group. This discrepancy may partly be explained by the different DM1 phenotypes and degree of
muscle impairment. The non-responsive outcomes (22,23) were found in PwDM1 with adult or late-onset
phenotypes and milder muscle impairments (42-44% of the participants presenting with mild MIRS 1-3). In
contrast, the responsive findings in the present and previous study (30) were shown in PwDM1 with non-
congenital phenotypes, including the juvenile onset, who demonstrated slightly more severe muscle
impairments (24-37% of the PwDM1 presenting with mild MIRS 1-3). Hence, responsiveness of the HHD hip
flexors, which are generally less affected than the more distal muscle groups, may be better in PwDM1 with
more severe muscle impairments due to progressed disease status or more affected phenotypes. Finally, the
unaccustomed position of the HHD hip flexors may be a factor for the mixed results. In the present study, the
HHD did not register a change in the hip- and knee extensors and in the ankle dorsal flexors after 1 year. These
nonsignificant findings in the knee extensors and ankle dorsal flexors after a relatively short time is
comparable with previous HHD-findings in a 1%-year follow-up study in PwDM1 (84). Long-term follow-up
studies in PwDM1 of 3-years (82), 5-years (30) and 9-years (22,23) have shown that the HHD responded to
change in these muscle groups. This suggests that the timeframe of follow-up is critical in PwDMZ1; 1-year of
follow-up is possibly too short to respond to change in the knee extensors and ankle dorsal flexors in PwDM1
using HHD, and a prolonged follow-up time is likely needed. Previous findings in PwDM1 (92) suggested that

MRI is responsive to muscle changes. However, it remains to be established whether MRI is more responsive
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than quantitative muscle testing to evaluate muscle changes in PwDM1. Moreover, MRl is less feasible and
does not measure muscle function in contrast to the quantitative muscle testing. Concerning the anchor-based
responsiveness, comparison of the HHD and the stationary dynamometry showed that only the ankle plantar
flexors using stationary dynamometry demonstrated a mean AUC > 0.7. However, the true AUC may exceed
the AUC threshold for both devices considering the 95% ClI, except the ankle dorsal flexors and hip flexors
with stationary dynamometry and the knee extensors with the HHD. The anchor-based responsiveness may be
significantly superior for the stationary dynamometry for the ankle plantar flexors, but there was no significant
difference between the stationary dynamometry and the HHD for the remaining muscle groups (Figure 55). A
guideline for comparison of AUC-values is visualized in Figure 56. Compared to previous findings of anchor-
based responsiveness of a HHD lower limb composite score after 9 years in PwDM1 (AUC mean, 95% ClI;
0.60, 0.50-.070 for % and 0.70, 0.60-0.80 for Nm) (23), there was no significant difference between the AUC-
values, except for the knee extensors which may be less responsiveness in the present study. Perception of
change is most likely easier for larger changes, which can be expected after longer periods such asin a
previous study (23). Anchor-based responsiveness may, hence, be improved in long-term follow-up studies,
although this has not been clearly demonstrated.

Figure 55: Comparison of responsiveness of HHD and stationary dynamometry (Study I1)
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Figure 56: Comparison of AUC-values (Study 1)
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Regarding choice of muscle group for muscle strength assessments, measurement of the hip muscles has
proven troublesome with both muscle strength devices. Overall, the hip muscles were associated with the
highest absolute measurement errors (both muscle strength devices), a learning effect (stationary
dynamometry), a spurious finding of increased hip flexor strength at follow-up (stationary dynamometry) and
inconsistent responsive findings in the literature with no clear pattern over time (HHD). Thus, muscle strength
assessment of the ankle- and knee muscles is recommended in preference to the hip muscles using either
muscle strength device.

The level of evidence and the certainty of the present psychometric findings are in summary overall
strengthened by the agreement with the literature regarding absolute reliability for both muscle strength
devices and criterion validity for the knee extensors. The mixed findings with no clear pattern of

responsiveness over time for the HHD knee flexors, and especially for the hip flexors, introduce uncertainty.

10.2.4 Balance measurements
First, the reliability findings will be discussed. The dynamic balance tests were more reliable, as to absolute
measurement error, than the static balance tests for both groups and single individuals (Figure 57). Although,
the discrepancy to the static m-CTSIB was less pronounced on a group level.

Figure 57: Comparison of reliability of dynamic- and static balance measurements (Study I)
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Despite that both the static and the dynamic balance assessments measure postural control, the different
degrees of absolute measurement error may partly be reasoned by the different requirements for the two
balance categories. The dynamic- and static balance assessments differ in the sense that the dynamic balance
tests represent more complex functions, whereas the static balance tests can be considered as more “pure”
balance outcomes. For static balance, imbalance is first corrected by an ankle strategy using the ankle dorsal-
and plantar flexor muscles (93). The impact of the predominantly distal muscle weakness in PwDM1 may,

therefore, be more pronounced in the static positions compared to the dynamic transitions where the step
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strategy is used to regain balance, which also relies on the proximal muscle groups in the lower limb. In
addition, the postural control requirements and the level of difficulty are different for the static- and dynamic
balance assessments. Vision-, vestibular- and somatosensory (proprioceptive, cutaneous and joint receptors)
inputs are available for the dynamic balance tests. In contrast, the visual cue is eliminated in the static balance
tests with eyes closed, and the somatosensory input is disturbed in the static stance on a foam surface as part of
the m-CTSIB (93). The challenging static one-leg-stance with eyes closed (no visual cue and a small base of
support) demonstrated an extreme amount of measurement error and was less reliable than the less demanding
dynamic balance tests. Likewise, the high balance requirements of the m-CTSIB subpart with standing on a
foam surface with eyes closed were possibly responsible for the less reliability of the overall m-CTSIB on a
balance platform compared to the dynamic balance tests. The described postural control theory and the present
findings are supported by a previous study in healthy, elderly individuals (94), which suggested that increased
task difficulty yields larger balance measurement errors. It is also possible that the high sensitivity of the
balance platform, which the m-CTSIB was conducted on, limits the ability to achieve a high degree of
reliability because even subtle changes are registered. However, this high sensitivity is advantageous to detect
minor balance impairments that is undetected with balance tests monitoring time standing in a position. Albeit
the m-CTSIB was less reliable than the dynamic TUG and step test, the measurement error on a group level
was low (SEMy, <15%) and close to reach the acceptable cut-off of MDDgsy < 30% on an individual level
when outliers were excluded. The m-CTSIB yielded SEMy-values and MDD-values in line with a previous
study in elderly (94). The coordinates of the foot position for the m-CTSIB on a balance platform was not
recorded in the present study, but the foot position instruction was similar for the repeated measurements.
Moreover, consensus on the influence of the foot position remains to be established (95,96). For the dynamic
balance measurements, the MDDgse-findings in the present study are overall consistent with previous TUG-
findings in PwDM1 (29) and non-PwDM1 (68,97,98) and with findings of the step test in PwDM1 (29) and
individuals with hip osteoarthritis (99). Despite the superiority of the dynamic balance tests as to absolute
measurement error compared to the static balance tests, the dynamic balance tests were the only balance tests
associated with systematic error by the detected learning effects (Figure 57). Hence, at visit 2 the participants
benefitted from the experience of the first visit as to the dynamic balance assessments. The systematic error
with learning effects may, however, be negligible by practice trials, whereas the random error with absolute
measurement error is less adjustable. The learning effect findings are consistent with previous findings for the
step test (left foot), but not with findings for the step test (right foot) nor the TUG in PwDM1 (29). Compared
to a previous study (29), the present study had a substantially larger sample, which means a larger power and a
higher chance of finding a significant difference between repeated measurements. The lack of systematic bias
in the static balance tests in the present study is in accordance with a previous study in PwDM1 (29) that
showed no statistically significant difference between visits for the feet-together stance, tandem stance and
one-leg-stance eyes open and -closed. The MDD exceeded the MCID in all balance measurements but was
only pronounced for the static balance tests (one-leg-stance eyes closed and m-CTSIB). Thus, minimal clinical

important changes in balance may be concealed, especially for the static balance tests.
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Second, the findings of construct validity will be discussed. The correlation coefficients were larger for the

dynamic balance tests compared to the static balance tests; thus, the dynamic balance tests are favoured

(Figure 58).
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The correlation-findings of the static balance tests are similar to previous findings in PwDM1 (2). However,
correlation does not allow a proper comparison across studies due to its sensitivity towards size and
heterogeneity of samples (72) and should, therefore, only be done with reservations. Regression has not been
reported for the balance tests in PwDML1 in the literature yet. Although the static balance tests covered a wide
spectrum of difficulty levels, all static balance tests were flawed by floor effects or predominantly ceiling
effects. According to the presented guideline for floor effects, the m-CTSIB showed only a floor effect for visit
1, but the m-CTSIB tended to demonstrate a floor effect for visits 2-3 as well with 13-14% of the PwDM1
being unable to complete the m-CTSIB. The ceiling effect in the feet-together stance and the one-leg-stance
eyes open has previously been reported in PwDML1 (29) and in individuals with hip osteoarthritis (99).
Finally, responsiveness will be addressed. Concerning distribution-based responsiveness, the dynamic TUG
and the static m-CTSIB monitored a change in balance after 1 year in the present study. Hence, responsiveness
was proven for both dynamic- and static balance tests (Figure 59). In accordance, a deterioration in TUG was
reported by Kierkegaard et al. (23) after 9 years and by Hammarén et al. (30) after 5 years, but not by Roussel
et al. (82) after 3 years. The latter study (82), however, was limited by a small sample. The step test did not
detect a change after 1 year as to distribution-based responsiveness, which contrasts with a previous 5-year
follow-up study (30) that demonstrated a deterioration in dynamic balance with this test. This suggests that 1
year may be too short to capture changes in dynamic balance by the step test. Regarding anchor-based
responsiveness, none of the balance tests were responsive based on the best estimate (AUC mean < 0.70) but

all tests, except the step test, may be responsive when the 95% Cl is accounted for (95% CI upper limit > 0.70
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AUC threshold). However, the 95% CI for the step test did almost reach the AUC threshold (AUC upper limit
= 0.69). It should be noticed that the 95% confidence interval is remarkably large for the one-leg-stance eyes
closed, which introduces high uncertainty for this measurement. There was no significant difference for
anchor-based responsiveness among the balance measurements (Figure 59). The anchor-based responsiveness
for the TUG (AUC mean, 95% CI; 0.65, 0.51-0.80) did not differ significantly from the TUG finding (0.80,
0.70-0.90) in a previous 9-years follow-up study in PwDM1 (23). However, a tendency of a more pronounced
anchor-based responsiveness for the TUG may occur after a longer period.

In summary, compared to the existing literature, the present studies showed consistent findings as to the m-
CTSIB (absolute reliability), TUG (absolute reliability), step test (absolute reliability), the static feet-together
stance, tandem stance and one-leg-stance eyes open and closed (no systematic measurement error, ceiling
effect and construct validity). Hence, certainty of these findings is enhanced, which improves the level of
evidence. Systematic measurement error for the TUG is associated with uncertainty due to divergent findings
in the literature.

10.2.5 Functional mobility measurements

Concerning reliability, the 10mWT was more reliable than the STS because the STS demonstrated systematic
error with a learning effect and showed a higher degree of random, absolute measurement error for both groups
and single individuals (Figure 60). Nevertheless, the measurement errors for the STS were low for both groups
(SEMuy, <15%) and single individuals (MDDgse, <30% with exclusion of outliers). In addition, familiarization
trials may eliminate the learning effect in the STS. The lack of systematic bias for the 10mWT is consistent
with a previous finding in PwDM1 (29). The finding of the very low measurement error for groups and single
individuals for the 10mWT is generally comparable to previous studies in PwDM1 (29) and non-PwDM1
(98,100). Only the 10mWT showed an MDD-value below the MCID-value and is, hence, able to capture
minimal clinical important alterations in functional mobility, which may be concealed by the STS.

Figure 60: Comparison of reliability of 10mWT and STS (Study 1)
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Regarding construct validity, the correlations were similar for the 10mWT and the STS (Figure 61). The
correlations for the functional mobility tests with other functional mobility measurements, muscle strength
measurements and balance measurements ranged from fair to good, which is considered reasonable. Even
though the STS correlated fairly (r = -0.34) with the proximal muscle strength, this correlation was lower than
expected. The fair correlation between these two features is, however, almost consistent with a previous report
on people with rheumatoid arthritis (101) and with a finding of the modified 30-second STS in PwDM1 (24).
Thus, the different types of muscle contractions and influencing variables for the STS and the isometric muscle
strength measurement may impact the correlation more than anticipated. The 10mWT-correlations with muscle
strength and STS are overall in accordance with previous studies in PwDM1 (2,24) and non-PwDM1 (102).
Nonetheless, precautions should be made for comparison of correlation across trials. No reference studies exist

for regression of functional mobility tests in PwDML.

Figure 61: Comparison of validity Figure 62: Comparison of responsiveness of 10mWT and STS
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Finally, responsiveness will be addressed. Distribution-based responsiveness was unmet and similar for both
the 10mWT and the STS after 1 year (Figure 62). These unresponsive findings contrast with previous findings
of distribution-based responsiveness in PwDM1 (24,30,83). Possible explanations are different methodology
compared to the previous studies (24,83), a larger sample size (24), which enhances the power and increases
the chance of detecting a change, lack of DM-type classification (83), and a longer follow-up period (30),
which yields larger changes that are more likely detected. However, a subsequent 3-years follow-up study in
PwDML (82) did similarly not monitor a change in the L0mWT. Concerning anchor-based responsiveness, the
10mWT was responsive (AUC mean, 95% ClI; 0.71, 0.52-0.89) based on the best estimate, but did not differ
significantly from the STS (0.60, 0.40-0.80) (Figure 62). Anchor-based responsiveness has not previously been
documented for these functional mobility tests.
Regarding level of evidence, the present findings concur with the previous findings concerning the 10mwWT
(no systematic error, absolute reliability, construct validity) and the STS (construct validity), which increases
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the credibility of these findings. The certainty for responsiveness of the 10mWT is compromised by divergent

findings with the same follow-up time.

10.3 Study lll: Physical activity

The finding of a lower physical activity level objectively and subjectively in PwDM1 compared to healthy
controls agrees with former objective findings in PwDML1 using a healthy control group as comparator (55,56).
Likewise, the findings support a previous finding of decreased subjective physical activity level in PwDM1
(52), although this study was not controlled by a healthy group as comparator. The discrepancy in physical
activity level between PwDM1 and healthy controls in the present study is not caused by any difference in
demographic data as we adjusted for this confounder in the statistical analyses. Instead, the difference is
probably attributed to the DML traits such as mental affection, fatigue and muscle wasting. However, apathy
did unanticipatedly not predict physical activity in PwDM1, but this result should be interpreted with caution
because, despite the range in apathy scores in the PwDML, clinical apathy (apathy score > 34 (77)) was not
present in these participants. In contrast, education (which may partly reflect cognition in some people) was a
significant predictor of the physical activity level in the PwDM1 of whom 42% presented with cognitive
deficits. This finding do not concur with the present findings in healthy controls but agrees with previous
findings in healthy people as to predictors of physical activity and factors associated with self-perception of
barriers to physical activity (103,104). Fatigue was present in 59% of the PwDM1 and tended to predict the
physical activity level in PwDM1 (P = 0.06). Seventy-eight percent of the PwDM1 suffered from muscle
impairments but the ankle dorsal flexors were not significant predictors of physical activity in PwDM1. This
result may, however, vary if more lower limb muscles are accounted for. The BMI of the PwDML in the
present study ranged from underweight, normal weight to overweight (IQR is only shown in the demographic
table, Table 1). The present study in PwDML1 and a previous study in healthy people (103) found consistently
that BMI is not a predictor of physical activity in these groups of people, but BMI has been shown to correlate
with physical activity in healthy individuals (105). Marital status did not predict physical activity in PwDM1 in
the present study, but marital status has been shown to be a predictor of perceived barriers to physical activity
in healthy people (104). Age tended to be a significant predictor of physical activity in the PwDM1 (P = 0.07)
in the present study. In terms of enhancing the physical activity level in PwDML1, the predictor(s) of physical
activity should be addressed. Educational level is not pragmatically changeable but an effort to promote the
physical activity level in the less-educated PwDML is stressed. Fatigue should likely also be addressed in
PwDM1 due to the tendency of fatigue predicting the physical activity level in PwDML. Paradoxically,
exercise has previously been shown effective in reducing fatigue in these people (51). Thus, fatigue and
physical activity seems to be circular interacted. Moreover, exercise has generally shown encouraging findings
with no harmful effects in PwDML1 (30,42,45,47,51), even though solid evidence remains to be established
(25,37,38). The engagement in physical activity by PwDM1 has, however, proven problematic with identified
obstacles such as fatigue and physical impairments (52). Cognitive behavioural therapy has been shown to

improve the capacity for activity and participation of daily and social activities in PwDM1 based on the DM1-
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Active-c questionnaire in a multi-centre RCT (48). Hence, it is plausible that cognitive behavioural therapy
may also promote physical activity in PwDML1, but this has not been investigated.

In addition to the lower physical activity level in PwDM1 compared to healthy controls, the PwDM1 adhered
poorly to the WHO recommendations on all physical activity intensities. The recommendation of physical
activity of > 150 min of moderate intensity per week (106) were overall only adhered to by 50% of the
PwDML1 and the proportion was lower for the vigorous intensities. These findings are problematic both from a
general- and a DM1-disease specific perspective. As to the first perspective, the physical inactivity finding is
troublesome because of the higher risk of life-style diseases with physical inactivity in the general non-specific
DM1 population (106). Concerning the latter perspective, physical inactivity is undesirable because it may
aggravate the muscle atrophy and further impair the physical functioning in PwDML. Due to the higher risk of
developing diabetes mellitus in PwDM21 compared to the background population (6), the importance of
physical activity is stressed.

The strengths of the present study are that physical activity was monitored objectively with duration and
intensity of hip movement and was not limited to steps only. Moreover, physical activity was monitored for a
representative period of 1 week. The limitations are the risk of misclassifications. First, the accelerometer
device did not tolerate water and, hence, swimming was not registered. Secondly, heart rate was not monitored
in the participants, which means that activities that did not involve hip movement was not recorded. Heart rate
collection was deselected because some PwDML1 suffer from heart arrhythmia, which would violate the heart
rate data. A more comprehensive data collection with heart rate monitoring in a subgroup of PwDM1 with
normal heart rhythm could be a subject for future investigation. Nevertheless, since the subjective IPAQ
addressed all movements and supported the objective findings, the conclusion of decreased physical activity in
PwDML1 is likely unaffected by these shortcomings. Thirdly, sedentary behaviour with no acceleration may
erroneously be registered as none-wear by the applied Troiano reference (62), but since small movements often
appear when being “sedentary”, the risk may be minor. There is a risk that the physical activity level is
overestimated in both the PwDM1 and the healthy controls in the present study, because the PwDM1 and the
healthy controls who were not compliant with the wear time criteria of the accelerometer may manifest a lower
physical activity level. Nonetheless, the impact may be minor because the proportion of non-compliant
participants was only up to 12% of the participants. Furthermore, the group who adhered to wear time criteria
versus the group who did not were similar as to the established predictors of physical activity in PwDML1 in the
present study. The physical activity level may also be overestimated by social desirability bias, but this bias is
less likely with the data collection period of 7 days. The social desirability bias is not considered to impact the
results of the difference between the PwDM1 and the healthy controls because this bias has most likely
influenced both groups equally. Wear time criteria were better fulfilled by the PwDM1 with cohabitants, and
the oldest PwDM1 tended to adhere better to wear time criteria. Thus, the objective physical activity data may
be less generalizable to younger PwDM1 and to PwDM1 without cohabitants. There was a tendency that
PwDM.1 were primarily tested during winter and the healthy controls during summer. Thus, it is possible that a

seasonal effect influences the results since people are generally less physically active during winter.
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10.4 Studies I-lll: Generalizability

The findings from Studies I-111 are overall considered generalizable to the majority of the non-congenital
PwDM1-population because of the large cohort, few dropouts (max. 14% of the participants), heterogenous
sample, and the recruitment from different geographic areas. The findings may, however, not be representative
for the PwDML1 closer to the age of 60 years, since the decliners were significantly older compared to the non-
decliners.

The present studies pooled the juvenile-, adult- and late-onset DM1 phenotypes into a non-congenital sample
of PwDML. This pooling was applied because no consensus seems to exist for the DM1-phenotype
classification (11,107-109), except that all agree on using age of onset for classification. Moreover, the
congenital phenotype is probably the only phenotype that differs markedly from the other phenotypes. The
non-congenital phenotypes may, thus, be difficult to discriminate correctly, which introduces a classification
bias. Based on these reflections, we defined our DM1 phenotype sample as non-congenital according to the
age of onset. Previous natural history studies (22,23,82) have separated the different non-congenital
phenotypes. Two of the studies (23,82) presented a different progression rate, whereas the third study (22)
presented an overall comparable progression rate between the DM1 non-congenital phenotypes. Hence, the
results are mixed, and we acknowledge that there is a risk that the different non-congenital phenotypes may
differ as to progression rate and, thus, impact the responsiveness outcome.

Concerning the psychometric properties of the present outcome measures, the findings offer valuable
guidelines for clinicians and researchers. Even though a mean score may be most reliable in theory (64), the
present studies evaluated the best score because it is a common clinically relevant outcome, which represents a
subject’s best performance. Because the assessments were conducted by two assessors, it is likely that the
findings are generalizable to other assessors. However, several assessors would improve the generalizability to
a broader assessor population. Based on the large, heterogeneous sample, more than one assessor and two
different clinical test locations in the present studies, the psychometric findings are overall considered
generalizable. Nevertheless, it is the clinician’s and researcher’s obligation to judge whether the present
findings are applicable to their specific individual, assessor and environment (14). For future interventional
trials we suggest establishing the psychometric properties in a pilot study prior to study initiation. Nonetheless,
the findings offer valuable guidelines for clinicians and researchers who do not have the opportunity to

investigate the psychometric properties of these outcome measures prior to application.
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11. CONCLUSION

11.1 Conclusions and Recommendations

11.1.1 Studies I-ll: Outcome measures

Muscle strength measurements

The feasible and low-cost HHD can be used as a substitute measure for the stationary
dynamometry in PwDMZ1 regarding intra-rater reliability for both groups and single
individuals and as to criterion validity for individuals and for the flexor muscles on a group

level to determine muscle strength. Moreover, both the stationary dynamometry and the
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HHD captured muscle strength changes in some muscle groups, almost similarly, after only 1

Intra-rater reliability
Study Il: Responsiveness

year despite the slowly declining nature of the disease and may be applicable outcomes for 1-

year clinical trials.

Balance measurements

The dynamic balance tests, TUG and step test, are construct valid, intra-rater reliable and
feasible tools in PwDML1, and the dynamic TUG was also short-term responsive to balance
changes. However, familiarization trials should be implemented for the dynamic balance
tests in PwDML to eliminate the learning effects. Concerning the static balance tests, only the

less feasible m-CTSIB was adequately reliable on a group level and responsive in PwDM1,

Study I:
Validity

but the m-CTSIB was associated with a floor effect and is, hence, not recommended in

Intra-rater reliability
Study Il: Responsiveness

severely affected PwDML1. The remaining static balance tests are not recommended in
PwDM1 due to the pronounced ceiling- or floor effects in the heterogeneous cohort of
PwDML1.

Functional mobility measurements

The 10mWT and STS are both recommended as satisfactorily construct valid and reliable
tools for groups and single individuals to measure functional mobility in PwDMZ1, but the
10mWT is superior for reliability. None of the functional mobility tests captured a significant

change after 1 year, but it is unknown whether these tests are responsive to (larger) changes

T2
@
& >

in functional mobility after an effective intervention in PwDM1. However, the 10mWT was

Intra-rater reliability
Study I1: Responsiveness

responsive according to the subjective anchor and may be a candidate endpoint for 1-year

trials.
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All outcome measures

— The established SEM-values yield a guideline of measurement error that should be exceeded to

represent true changes in a group for research purposes.

The established MDD-values provide a guideline of measurement error that should be

exceeded to represent true change for a single individual in the clinic.

reliability

The standard deviation of the difference between visit 1 and visit 2 is valuable for conducting a
priori sample size calculation for interventional trials (16).

reliability

The established MCID-values offer a guideline for researchers and clinicians as reference

values for the “average” PwWDMI1 when interpreting change for a single individual or for a

reliability

group (the proportion of “responders”) (110).

The reliability and responsiveness findings guide researchers and clinicians to select the most
reliable and responsive outcome measures so important changes are not concealed by

| measurement errors or lack of sensitivity. These methodological qualities enable smaller

Intrarater

étudy I
Responsivene

sample sizes.

The findings of reliability, validity and responsiveness are valuable for a priori selection of

the most adequate outcome measures for research and in the clinic. In addition, this

< non-significant finding is likely due to no effect or difference, but it can also be due to lack

Intra-rater reliability

of sufficient validity, reliability or responsiveness of the applied methods used for evaluation.

Although the highest possible level of psychometric evidence of outcome measures is
intended, the psychometric properties represent a continuum and the acceptable level of
reliability, validity and responsiveness may vary according to the context, e.g. primary-

versus secondary outcome, the only test versus part of a test battery, one measurement

Validity

(inclusion- or exclusion criteria, descriptive purposes) versus repeated measurements (pre-

post test, efficacy or natural history purposes), description versus decision-making, stable

Intra-rater reliability
Study I1: Responsiveness

versus unstable nature of the variable being investigated, and small changes in already

trained PwDML1 versus larger effects in sedentary PwDM1.
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11.1.2 Study lll: Physical activity

The PwDM1 demonstrate a physical activity level that is both lower than the WHO
recommendations on physical activity and significantly lower than the physical activity level in

healthy controls. Promotion of physical activity in PwDM1 is warranted, but assessment of

Study I11:
Physical Activity

exercise capacity is recommended to plan suitable prescriptions for physical activity in
PwWDML1.

The physical activity level in PwDML1 is only predicted by education, which suggests that
physical activity especially should be targeted PwDM1 with lower degrees of education.
Because fatigue tended to predict physical activity in PwDMZ1, fatigue should also be
addressed to enhance physical activity in these people. This information provides a better

Study I11:
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adapted and focussed approach towards a healthier lifestyle in PwDML1.

11.2 Perspectives

11.2.1 Studies I-ll: Outcome measures

The present comprehensive findings targeting all the psychometric properties of a broad spectrum of clinically
relevant outcome measures in PwDMZ1 provide the foundation for clinical trials with the aim of improving,
stabilizing or delaying the disease progression of the physical function in PwDML1. This will potentially benefit
the PwDM1 and the society as to lower economic costs. Additionally, trials failing due to failing psychometric
tools or because they are under-powered can be avoided.

To promote a uniform high-quality physical assessment of PwDM1 and to promote comparability of findings
worldwide, international consensus on outcome measures in PwDML1 is warranted. Hence, the international
OMMYD Initiative provides regular updates, recommendations and guidelines on the full spectrum of
outcome measures in PwDM1.

Intra-rater reliability has been documented for the present outcome measures but inter-rater reliability remains
to be investigated. Future studies should seek to apply the same set of outcome measures to ensure that
findings across studies can be compared. The methodological evidence of outcome measures in PwDM1 is
growing, but the entire spectrum of clinically relevant outcome measures in PwDML is not fully established.
Moreover, even where research exists, solid, large-scale studies or studies with consistent findings are still
relevant because it enhances the credibility and strengthens the level of evidence of the methodological
findings in PwDML.

11.2.2 Study lll: Physical activity

The present finding of decreased physical activity in PwDML1 is important because it suggests an effort to
promote physical activity in these people to improve their physical health, well-being and daily functioning,
which also benefits the socioeconomics.

The hurdle and inquiry for future studies are to identify facilitators of physical activity in PwDM1 to enhance

the documented lower physical activity level in these people. Moreover, to establish evidence-based exercise
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prescriptions as to type of physical activity, duration and intensity that succeed in high compliance and long-
term end-of-trial efficacy in PwDM1. Interventions with a social aspect may be subject for investigation.
Likewise, engagement of partners, family or a supportive person may also play an important role, since
compliance of wearing the physical activity monitor was significantly better for the PwDM1 with cohabitants.
Adequate near-contact support may, hence, facilitate a successful adherence to an exercise program or physical

activity in general.
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12. SUPPLEMENTALS

12.1 Tables

MUSCLE STRENGTH

MEASUREMENTS

Stationary + (knee extensors) + (knee muscles)
dynamometry
Roussel et al. 2019: Roussel et al. 2019:
* DM1 n=19 (males) * DM1 n=19 (males)
* Knee extensors * Knee extensors
+ Isometric strength « Isometric strength
+ Criterion validity * Absolute and relative reliability
Lindeman et al. 1998: Tiffreau et al. 2007:
* NMD n=82 (DM n=33, type * NMD n=15 (DM1 n=2)
unspecified) * Knee extensors and flexors
* Knee extensors « Isokinetic passive motion
» Isokinetic strength * Relative reliability
* Construct validity (regression, CI
unknown)
HHD + ++ (ankle dorsal flexors)
Roussel et al. 2019: Hébert et al. 2010:
* DM1 n=19 (males) * DM1 n=46

* Ankle dorsal flexors
* Isometric strength
* Absolute reliability

* Knee extensors
+ Isometric strength
+ Criterion validity

Petitclerc et al. 2018:
(part of a larger research
project Quebec Canada)
*« DM1 n=198
+ Knee extensors and flexors, hip
flexors, ankle dorsal flexors
+ Isometric strength
+ Construct validity (regression,
narrow CI)

Hammareén et al. 2014:
e DM1 n=51
* Knee extensors and flexors, hip
flexors, ankle dorsal flexors
+ Isometric strength
+ Construct validity (correlation)

Jimenez-Moreno et al. 2019:
e DM1 n=51
* Knee extensors, hip flexors,
ankle dorsal flexors
+ Isometric strength
+ Construct validity (correlation)
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Table 1: Methodological specifications of outcome measure studies in PwDM1

RESPONSIVENESS
+ (isokinetic strength)

Lindeman et al. 1995:

* DM n=25 (type unspecified)

» Knee extensors and flexors

« Isokinetic strength

* lyrFU

« Significance testing (mostly
broad CI)

Orndahl et al. 1994:

* DM n=27 (type unspecified)

* Knee extensors and flexors

« Isokinetic strength

e 2yrsFU

+ Significance testing (CI
unknown)

+++

Roussel et al. 2021:
* DM1 n=23
» Knee extensors and flexors, hip
flexors and extensors, ankle
dorsal flexors
« Isometric strength
* 3yrs FU
+ Significance testing (narrow to
broad CI)

Gagnon et al. 2018:
(part of a larger research
project, Quebec Canada)
« DM1 n=100
» Knee extensors and flexors, hip
flexors, ankle dorsal flexors
* Isometric strength
* 9yrs FU
« Significance testing (mostly
broad CI)

Kierkegaard et al. 2018:
(part of a larger research
project, Quebec Canada)
* DM1 n=113
» Knee extensors and flexors, hip
flexors, ankle dorsal flexors
* Isometric strength
* 9yrs FU
« Significance testing (narrow to
broad IQR) and anchor-based
approach




BALANCE

MEASUREMENTS

Sedehizadeh et al. 2016:

+ DM1 n=38

* Ankle dorsal flexors

* Isometric strength

* 1% yrFU

« Significance testing (CI
unknown)

Hammarén et al. 2015:

* DM1 n=43

» Knee extensors and flexors, hip
flexors, ankle dorsal flexors

* Isometric strength

* Syrs FU

« Significance testing (narrow CI)

RESPONSIVENESS

Step test

TUG

Feet-together
stance

Tandem stance

One-leg stance

VALIDITY RELIABILITY

++

Hammareén et al. 2014:
* DM1 n=51
* Construct validity (correlation)

+++

Petitclerc et al. 2018:
(part of a larger research
project, Quebec Canada)
+ DM1 n=198
+ Construct validity (regression,
narrow CI)

Hammareén et al. 2014:
e DM1 n=51
+ Construct validity (correlation)

+

Hammareén et al. 2012:
- DM1n=10
* Ceiling effect

+

Hammarén et al. 2012:

- DM1n=10

» Absolute and relative
reliability

+ (intra-rater)

Kierkegaard et al. 2017:
+ DM1 n=70
* Intra-session reliability

Hammarén et al. 2012:

« DM1 n=10

» Absolute and relative
reliability

+

Hammarén et al. 2012:

« DM1 n=10

* Absolute and relative
reliability

+

Hammarén et al. 2012:

« DM1 n=10

» Absolute and relative
reliability

+

Hammarén et al. 2012:

*« DM1 n=10

» Absolute and relative
reliability
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++

Hammareén et al. 2015:

* DM1 n=43

* 5yrsFU

+ Significance testing (broad CI)
+++

Roussel et al. 2021:
*« DM1 n=23
* 3yrs FU
+ Significance testing (narrow CI)

Kierkegaard et al. 2018:
(part of a larger research project,
Quebec Canada)
+ DM1 n=113
* 9yrs FU
+ Significance testing (moderate
IQR) and anchor-based approach

Hammareén et al. 2015:

* DM1 n=43

* 5yrs FU

+ Significance testing (broad CI)




m-CTSIB

Pucillo et al. 2018:
* DM1 n=22
* Limits of stability
* NeuroCom SMART Balance
Master
* Construct validity (correlation)

FUNCTIONAL MOBILITY

MEASUREMENTS

RESPONSIVENESS

10mWT

STS

VALIDITY RELIABILITY

+++

Jimenez-Moreno et al. 2019:
* DM1 n=113
* Construct validity (correlation)

Pucillo et al. 2018:
e DM1 n=22
+ Construct validity (correlation)

Petitclerc et al. 2018:
(part of a larger research
project, Quebec Canada)
+ DM1 n=198
+ Construct validity (regression,
narrow CI)

Hammarén et al. 2014:

* DM1 n=51

+ Construct validity (correlation)
+ (30-second STS)

Jimenez-Moreno et al. 2019:
* DM1 n=113
» 30-second STS
+ Construct validity (correlation)

+ (intra-rater)

Jimenez-Moreno et al.
2019:

* DM1n=113

* Intra-session reliability

Kierkegaard et al. 2017:
+ DM1 n=70
* Intra-session reliability

Hammarén et al. 2012:

- DM1n=10

» Absolute and relative
reliability

+ (intra-rater)

Jimenez-Moreno et al.
2019:

e DM1 n=113

* 30-second STS

* Intra-session reliability

Kierkegaard et al. 2017:
+ DM1 n=70

+ 10-times STS

* Intra-session reliability
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+++

Roussel et al. 2021:
* DM1 n=23
* 3yrsFU
+ Significance testing (narrow CI)

Jimenez-Moreno et al. 2019:
* DM1 n=98
* 1lyrFU
+ Significance testing (narrow CI)

Hammarén et al. 2015:

* DM1 n=43

* S5yrsFU

« Significance testing (broad CI)

+++ (30-second STS)

Jimenez-Moreno et al. 2019:
*+ DM1 n=98
+ 30-second STS
* lyrFU
+ Significance testing (narrow CI)

Nitz et al. 1999:

* DM n=36 (type unspecified)

+ 1-time STS

* lyrFU

+ Significance testing (CI unknown)




NMD = Neuromuscular diseases

FU = Follow-up

LEVELS OF EVIDENCE

1 study, n=moderate, high level
psychometric methods or

1 study, n=large, high level
psychometric methods (with
unknown/low certainty) or

>1 study of the exactly same
measurement/muscle group/FU
time, n=small, high level
psychometric methods

1 study, n=large, high level
psychometric methods (with high
certainty) or

>1 study of the exactly same
measurement/muscle group/FU time,
n=moderate to large, high level
psychometric methods

++ Moderate

1 study, n=small, high level psychometric
methods or

21 study of the exactly same
measurement/muscle group/FU time,
n=small-large, low level psychometric

methods

+ Unknown
No studies

DEFINITIONS OF LEVELS OF EVIDENCE

High level /

Best possible / Interpretable A

(ROC + AUC)

:ﬂ §' Criterion

= 2 If criterion is impossible: Correlation

o g regression

1T}

o.

o

&

v = Bland-Altman plot

— -g SEM + MDD

E = Statistical significance

[11] o<

=

g [ Anchor (objective)
g S

o I (ROC + AUC) Dsstr'lbytlon. B

> c 4 If obiecti hor i (statistical significance)
9 objective anchor is ks

& 2 c impossible: distribution Anchos Cubjective)
]
<

(statistical significance)
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AES-S?

Stroop
Word

Stroop
Colour

Stroop
Colour-
Word

Stroop
Interference

Table 2: Missing values for demographic data for PwDM1 (Studies I-111)
STUDY I

VALIDITY

n=15

* Test not
implemented (n=8)

* Incomplete test
(n=2)

» Drop out before test
(n=4)

* Test not conducted
(n=1)

n=17

* Test not
implemented (n=38)

 Colour blind (n=2)

¢ Invalid score (n=1)

* Reading disability
(n=1)

+ Drop out before test
(n=4)

* Test not conducted
(n=1)

n=16

* Test not
implemented (n=38)

¢ Colour blind (n=2)

* Reading disability
(n=1)

» Drop out before test
(n=4)

* Test not conducted
(n=1)

n=17

 Test not
implemented (n=38)

» Colour blind (n=2)

» Reading disability
(n=1)

+ Drop out before test
(n=4)

* Test not conducted
(n=1)

» Incomplete test
(n=1)

n=16

* Test not
implemented (n=38)

e Colour blind (n=2)

 Reading disability
(n=1)

* Drop out before test
(n=4)

RELIABILITY

n=10

* Test not implemented
(n=8)

* Incomplete test (n=2)

n=12

* Test not implemented
(n=8)

* Colour blind (n=2)

* Invalid score (n=1)

* Reading disability
(n=1)

n=11

* Test not implemented
(n=8)

* Colour blind (n=2)

* Reading disability
(n=1)

n=12

* Test not implemented
(n=8)

* Colour blind (n=2)

* Reading disability
(n=1)

+ Declined to finish test
(n=1)

n=11

* Test not implemented
(n=8)

* Colour blind (n=2)

* Reading disability
(n=1)
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STUuDY II

RESPONSIVENESS

n=8

* Test not implemented
(n=7)

* Incomplete test (n=1)

n=11

* Test not implemented
(n=7)

 Colour blind (n=2)

* Invalid score (n=1)

* Reading disability
(n=1)

n=10

* Test not implemented
(n=7)

e Colour blind (n=2)

+ Reading disability
(n=1)

n=10

* Test not implemented
(n=7)

 Colour blind (n=2)

* Reading disability
(n=1)

n=10

* Test not implemented
(n=7)

* Colour blind (n=2)

* Reading disability
(n=1)

STUDY III

PwDM1

n=11

* Test not
implemented (n=8)

* Incomplete test
(n=1)

+ Drop out before test
(n=1)

* Not possible to
attend test (n=1)

n=14

* Test not
implemented (n=_8)

* Colour blind (n=2)

* Invalid score (n=1)

* Reading disability
(n=1)

* Drop out before test
(n=1)

* Not possible to
attend test (n=1)

n=13

» Test not
implemented (n=38)

* Colour blind (n=2)

* Reading disability
(n=1)

* Drop out before test
(n=1)

* Not possible to
attend test (n=1)

n=14

* Test not
implemented (n=_8)

* Colour blind (n=2)

* Reading disability
(n=1)

* Declined to finish
test (n=1)

* Drop out before test
(n=1)

* Not possible to
attend test (n=1)

n=13

* Test not
implemented (n=_8)

* Colour blind (n=2)

* Reading disability
(n=1)

+ Drop out before test
(n=1)




* Test not conducted * Not possible to

(n=1) attend test (n=1)
FSS-72 NA NA NA n=1
* Incomplete test
(n=1)

LAES-S=Apathy Evaluation Scale (Self-rated)

2FSS-7=Fatigue Severity Scale (7 items)

Table 3: Missing values for outcome measures (Studies I-11

STuDY Il
VALIDITY RELIABILITY RESPONSIVENESS
Stationary dynamometry
Ankle plantar n=6 n=5 n=1
flexors + Inability to activate test « AFO at visit 1 (n=1) « Technical issue (n=1)
(n=4) * Missing value for first trial
« AFO (n=1) (n=1)
* Incomplete test (n=1) + Inability to activate test at
visit 1 but not visit 2 (n=4)
+ Inability to activate test at
visit 2 but not visit 1 (n=2)
+ Inability to activate test at
visits 1+2 (n=3)
(thus, the intersection is
5 missing values)
Ankle dorsal n=16 n=15 n=1
flexors

Knee extensors

Knee flexors

Hip extensors

Hip flexors

HHD

Ankle plantar
flexors

Ankle dorsal
flexors

+ Inability to activate test
(n=14)

e AFO (n=1)

* Incomplete test (n=1)

n=2

» Technical issue (n=1)

* Incomplete test (n=1)

n=2

* Technical issue (n=1)

* Incomplete test (n=1)

n=4

» Technical issue (n=2)

* Incomplete test (n=2)

n=4

 Technical issue (n=2)

* Incomplete test (n=2)

n=4

* MRC!<3 (n=3)

* Incomplete test (n=1)
n=9

+ MRC<3 (n=8)

* Incomplete test (n=1)

* Inability to activate test
(n=15)

n=1

* Technical issue (n=1)
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12.2 Figures
Figure 1: Number of PwDM1 included in data analyses (Studies I-11)
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Figure 2: Reliability (T1-T2) and responsiveness (T2-T3) of muscle strength measurements in PwDM1 based
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Figure 3: Reliability (T1-T2) and responsiveness (T2-T3) of balance measurements in PwDM1 based on

statistically significant changes between visits (Studies I-11)
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Abstract
Objective

To investigate intrarater reliability and concurrent and construct validity of muscle strength,
balance, and functional mobility measures in individuals with noncongenital myotonic dys-
trophy type 1 (DM1).

Methods

Seventy-eight adults with noncongenital DM1 participated in visit 1, and 73 of the them
participated in visit 2 separated by 1 to 2 weeks. The assessments consisted of muscle strength
tests with handheld dynamometry (HHD) and stationary dynamometry in the lower limb. The
balance tests consisted of the step test, Timed Up and Go test, feet-together stance, tandem
stance, 1-leg stance, and modified Clinical Test of Sensory Integration and Balance on a balance
platform. The functional mobility tests consisted of the 10-m walk test (10mWT) and 10-times
Sit-to-Stand test.

Results

The HHD and stationary dynamometry had sufficient intrarater reliability for most muscle
groups on a group (SEMy, <15%) and individual (minimal detectable difference [MDDygso;]
<30%) level, but the HHD was most reliable. Stationary dynamometry measured a higher
torque than HHD for all extensor muscles, but for single individuals, none of the devices were
favored. Overall, intrarater reliability and validity were sufficient only for the dynamic balance
tests, not the static balance tests. Both functional mobility tests were sufficiently reliable and
valid, but the 10mWT was most reliable.

Conclusion

Opverall, HHD is recommended as a reliable and valid tool for single individuals and for flexor
muscles on a group level. For balance assessments, the dynamic balance tests are recommended
as the most valid and reliable balance tests. Both functional mobility tests are recommended for
valid and reliable outcomes, but the 10mWT was superior for reliability.
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Glossary

CI = confidence interval; DM1 = myotonic dystrophy type 1; HHD = handheld dynamometry; MCID = minimal clinically
important difference; mCTSIB = modified Clinical Test of Sensory Integration and Balance; MDD = minimal detectable
difference; STS = Sit-to-Stand test; 10mWT = 10-m walk test; TUG = Timed Up and Go test.

Myotonic dystrophy type 1 (DM1) has a prevalence of 10 in
100,000 in Europe and affects primarily distal limb muscles."
There is no cure for DMI,” but disease-modifying drugs are
under development.” Reliable and valid outcome measures are
therefore needed to establish meaningful efficacy of these new
treatments. Intrarater reliability is the ability of a method to
measure a repeated variable consistently free from error with the
same rater at retest,’ and validity is the ability of a method to
measure what it is designed to measure.” Intrarater reliability in
DMI has been investigated for some balance tests,” functional
mobility tests,” and muscle strength tests.®”” However, a larger
cohort is needed to verify the findings of the small studies, and no
studies exist for the modified Clinical Test of Sensory Integration
and Balance (mCTSIB) on a balance platform, 10-times Sit-to-
Stand test (STS), and muscle strength dynamometry of isometric
torque in most of the muscle groups in the lower limb in DM1.
Studies of validity in DM1 are restricted to a few studies of
isometric knee muscle strength,” 10-m walk test (10mWT),® and
dynamic balance tests,” but studies of most muscle groups in the
lower limb, ST, and static balance tests are needed in DM1.

The objective was therefore to investigate intrarater reliability
and concurrent and construct validity of balance, functional
mobility, and muscle strength measures in a large cohort of
individuals with DM1.

Methods

Subjects

Seventy-eight adult patients with noncongenital DM1 were
recruited from November 2017 to September 2018 at Rig-
shospitalet and Aarhus University Hospital (a flowchart is
available from Dryad, appendix A, doi.org/10.5061/dryad.
h18931zfq). Thus, the general recommendation of a sample size
of at least 50 participants for comparison-’ and reliability
studies'® was fulfilled. The inclusion criteria were as follows: (1)
genetically verified DM1 with CTG repeats >80, (2) age of 18
to 60 years, (3) ability to rise from a chair without using arms,
(4) ability to perform 10-m walk with or without walking aids,
and ($) living around Copenhagen or Aarhus. Exclusion criteria
were (1) onset of disease before 1 year of age, (2) inability to
understand instructions, (3) other disorders or medicine that
could confound interpretation of outcome measures, (4) drug

or alcohol abuse within 3 months, and (S) pregnancy.

Study design

The cohort study was conducted at the 2 participating
Departments of Neurology. Two visits, separated by 1 to 2
weeks, were performed at the same time of the day to avoid

Neurology.org/N

circadian variation in performance. At retest, participants and
assessors were blinded to the test results at visit 1 to eliminate
motivational or tester bias. Assessments were divided into 4
ordered categories with assessments associated with the highest
fall risk executed first: (1) dynamic balance, (2) static balance,
(3) functional mobility, and (4) muscle strength. Excel soft-
ware block-randomized the tests within each category (balance,
functional mobility, and muscle strength) into 6 different
combinations of order to avoid systematic fatigue bias in some
of the tests. The same order and procedures were repeated at
retest. Calibration of equipment was validated every 2 weeks.
Two physiotherapists conducted the assessments, and the same
assessor retested each participant for intrarater reliability.
Subjects refrained from exhausting or unaccustomed physical
activities the day before testing and were instructed to wear
closed, flat, comfortable shoes. The participants received short
verbal and visual instructions to minimize influence of a possi-
ble cognitive impairment in DM1. The dominant leg, defined
as the preferred leg for kicking a ball, was tested. Subjects used
the same walking aids at both visits.

Clinical measurements

A detailed protocol is available from Dryad (appendix B, doi.
org/10.5061/ dryad.h1893lzfq). The dynamic balance meas-
urements included Timed Up and Go test (TUG) and step
test. The static balance measurements included mCTSIB on
a balance platform, feet-together stance, tandem stance, and
1-leg stance with eyes open and closed. Functional mobility
measurements consisted of 10mWT (maximum pace) and
10-times STS. For all balance and functional mobility meas-
urements, 2 trials were performed without practice trials.

Muscle strength was assessed with maximal voluntary iso-
metric contraction in the dominant leg (flexor and extensor
muscles at ankle, knee, and hip) with handheld dynamometry
(HHD) (microFET2; Hoggan Scientific, LLC, Salt Lake City,
UT) and stationary dynamometry (Biodex System 3 and 4
PRO; Biodex Medical Systems, Upton, NY). For all muscle
strength measurements, 2 practice trials and 3 recorded trials
were conducted with standardized encouragement. For
comparison of muscle strength across individuals, muscle
strength was measured in torque (Newton-meter). For HHD,
Newton-meter was calculated by multiplying the lever arm
(the distance from the joint center to point of HHD appli-
cation) by Newton. For psychometric comparability between
HHD and stationary dynamometry, muscle specific con-
ditions (velocity and muscle length) and methodologic con-
ditions (number of trials, strength unit, duration,
encouragement, etc) were similar for both devices.
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Statistical analysis

The statistical significance level was defined as p < 0.0S. If the
model assumptions for the analyses were improved with log-
arithmetic transformation, the analyses were conducted on
log-transformed data and afterward back-transformed into
ratio (percentage) with the equivalent antilog.

Intrarater reliability

Systematic error was analyzed with a parametric 2-tailed
paired-samples ¢ test. Intrarater reliability can be divided into
relative and absolute reliability. Relative reliability describes
relative percentage of reliability (range 0.00-1.00"") and was
analyzed with the intraclass correlation (2-way random-effects
model, absolute agreement, 95% confidence interval [CI],
single measures). The higher the intraclass correlation was,
the higher the relative reliability was. Absolute reliability
describes the agreement (Bland-Altman plots) between re-
peated measurements or the absolute value of measurement
error (e.g, Nm) (SEM and minimal detectable difference
[MDD]). The higher the agreement was between tests and
the lower the absolute measurement error was, the higher the
degree of absolute reliability was. Agreement between visits
was visualized by Bland-Altman plots using the following
equation12

S +S
st = (52515,

where S; = visit 1 and S, = visit 2. The smallest change beyond
measurement error that represents a real change was in-
vestigated by the SEM for a group and by MDD for a single
individual'® by applying the following equations'*"*:

SD i

V2

SEM =

SEM
SEM% = ——x 100
mean
MDDys = SEM x 1.96 x /2

MDD
MDDysy, =
mean

x 100

where SD g is the SD of the difference score (visit 1 — visit 2)
and mean = [ (visit 1 + visit 2)/2].

The SD of the difference between visits is useful for a priori
sample size calculation for efficacy trials,"® and the MDDy
is beneficial for clinicians to evaluate whether a change in an
individual’s condition is genuine. Low absolute measure-
ment error/high degree of intrarater reliability is especially
important in contexts in which change is of interest (e.g.,
follow-up in the clinic, before and after an intervention in
clinical trials), so genuine clinically meaningful changes can
be captured.

For a group, an SEMo, <15% has previously been accepted to
capture smaller changes in people with stroke,'” which was

Neurology | Volume 94, Number 24 | June 16,2020

also applied in this study. The measurement error is in-
herently larger for single individuals; therefore, the previously
applied guideline of an MDDgsy, <30% in people with Par-
kinson disease'® was applied for single individuals in the
present study.

Concurrent and construct validity

Concurrent criterion-related validity was used to in-
vestigate agreement between HHD and stationary dyna-
mometry using a paired-samples ¢ test and Bland-Altman
plots (stationary dynamometry — HHD). Construct val-
idity was used for balance and functional mobility tests to
investigate the ability of the tests to reflect the underlying
theoretical concept.* Thus, the ability of the tests to predict
other tests with similar aspects (e.g., balance) was calcu-
lated with simple linear regression and adjusted coeflicient
of determination (R?). The association between tests with
similar aspects was calculated with the Pearson product-
moment correlation coefficient (r). A ceiling and floor ef-
fect was defined as >15% of the participants achieving the
highest or lowest possible score, respectively.'” Because
values above or beyond the maximum or minimum score
cannot be detected, ceiling and floor effects introduce
measurement inaccuracy.

A higher degree of validity might especially be requested for
purposes of enrollment in clinical trials based on inclusion and
exclusion criteria, cross-sectional studies, and descriptive
studies in which performance from 1 visit is investigated.

Other analyses
Minimal clinically important difference (MCID) is the
smallest difference considered important to a patient.”’

MCID was calculated as both absolute and percentage
value™":

MCID = SDbaseline

MCID
MCID% =

baseline

A previous study has suggested that MDD < MCID is ac-
ceptable while MDD > MCID is troublesome.”* Therefore, an

existing arbitrary guideline was applied to estimate the
MCID.*!

Differences in age, body mass index, and Muscular Impair-
ment Rating Scale score between participants who completed
the study and dropouts and individuals who declined to
participate were investigated by unpaired f tests. Difference in
sex was investigated by x” test of homogeneity.

Standard protocol approvals, registrations,
and patient consents

Approval from the Regional Committee on Health Research
Ethics in Denmark (H-17017556) and written informed
consent were obtained.

Neurology.org/N
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Data availability
Data not published in the article are available from Dryad
(doi.org/lO.SOél/dryad.h1893lzfq).

Results

Table 1 provides demographic data. The results were for the
best value, including outliers, and based on the original, un-
transformed data unless otherwise stated. Inference statistic
was not calculated for feet-together stance, tandem stance,
and 1-leg stance eyes open due to null inflation (i.e., no true
variation between participants). Individual differences for
intrarater reliability are shown in figure 1. Relative reliability
and MCID are shown in tables 2 and 3.

The participants who completed the study (visits 1 + 2) were
similar in age to the dropouts (p = 0.081) but were younger
(40 + 10 years [mean * SD]) than individuals who declined to
participate (47 £ 9 years) (p = 0.004). There was no difference
regarding sex in dropouts (p = 0.613) and individuals who
declined to participate (p = 1.00). Body mass index was lower
for participants who completed the study (median 23.6 kg/
m?, interquartile range 20.7-27.5 kg/m®) compared to
dropouts (32.8 kg/m?, interquartile range 28.7-36.9 kg/m?),
but disease severity (Muscular Impairment Rating Scale
score) was similar between the groups (p = 0.48).

Muscle strength measurements

Group level

Compared to stationary dynamometry, HHD showed no
systematic errors and lower or similar absolute measurement
error for groups and therefore was more reliable (table 2).

Compared to HHD on a group level regarding validity, sta-
tionary dynamometry measured a statistically significantly
higher torque with a difference of 12.53 Nm (95% CI
8.65-16.41) in ankle plantar flexors, 32.93 Nm (95% CI
25.04-40.82) in knee extensors, and 63.05 Nm (95% CI
51.12-74.98 Nm) in hip extensors but a statistically signifi-
cantly lower torque with a difference of —-8.71 Nm (95% CI
—11.88 to —5.53) in knee flexors. There was no statistically
significant difference in ankle dorsal flexors and hip flexors.
Consequently, on a group level, stationary dynamometry
seemed to better capture force in the extensor muscles.

Individual level

HHD had higher absolute reliability than stationary dyna-
mometry because HHD showed lower absolute measurement
error for single individuals (table 2).

On an individual level regarding validity, muscle strength
differed noticeably between HHD and stationary dynamom-
etry, but none of the dynamometers were superior to the
other within the 95% expected normal range (figure 2). Thus,
to measure peak torque, both devices can be used but not
interchangeably.

Neurology.org/N

Balance measurements

Group level

The dynamic balance measures (TUG, step test) showed the
lowest absolute measurement error on a group level but
a highly statistically significant learning effect (table 3). This
contrasted with the static balance measures (mCTSIB, 1-leg
stance eyes closed) but especially with the 1-leg stance eyes
closed test, which showed very poor reliability (table 3).
Therefore, the dynamic balance measures showed the best
reliability.

Validity was not investigated for 1-leg stance eyes closed be-
cause of the very poor reliability because this will inherently
result in poor validity.” A ceiling effect was detected with 92%
of participants obtaining maximum score in the feet-together
stance, 55% on the tandem stance, and 30% on the 1-leg
stance eyes open, and a floor effect was detected in partic-
ipants obtaining a minimum score on the mCTSIB (37%) and
1-leg stance eyes closed (42%). For 1-leg stance eyes closed,
a surrogate measure was used because 42% were unable to
stand >30 seconds in 1-leg stance eyes open and therefore did
not qualify for the 1-leg stance eyes closed test.” Thus, poor
validity was shown for the static balance tests.

A poorer performance of balance (predictor variable) pre-
dicted a poorer performance of balance and muscle strength
(outcome variables), and a better performance of balance
predicted a better performance of muscle strength. A
1-second increase in TUG predicted a statistically significant
reduction of 1.66 steps (95% CI —2.35 to —0.98) in the step
test and accounted for 22.6% of the variation in the step test. A
doubling of time in TUG predicted a statistically significant
decrease of 37.9% (95% CI —-58.8% to —6.4%) in lower ex-
tremity muscle strength and accounted for 7.0% of the vari-
ation in lower extremity muscle strength. An increase of 1 step
in the step test predicted a statistically significant increase of
5.5% (95% CI 3.2%-7.7%) in ankle muscle strength and
accounted for 28.6% of the variation in ankle muscle strength.
Predictions are presented in table 4. The correlations between
balance tests and tests assessing similar aspects ranged from
little (1, = -0.220) to moderate (r = 0.546) (table S).
Therefore, the validity seemed reasonable for the dynamic
balance tests.

Individual level

The findings of absolute intrarater reliability and construct
validity for single individuals were similar to the findings on
a group level.

Functional mobility measurements

Group level
The 10mWT was more absolutely reliable than STS on
a group level (table 3).

For validity, a poorer performance of functional mobility
predicted a poorer performance of other tests of functional
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Table 1 Demographic data and intrarater consistency

Demographic data (visit 1, n = 78)

Sex, n 78
Women 39
Men 39
Age, mean (SD), y 40 (10)
BMI, median (2.5-97.5 percentile), kg/m2 24 (16-37)

MIRS score,® n

Grade 1 0
Grade 2 17
Grade 3 3
Grade 4 51
Grade 5 7
Walking aid, n
Insoles 1
AFO 8
3-Wheeled scooter 1
Cane 1
Walker 2
AES-S score,” median (2.5-97.5 percentile) 12 (2-26)
Apathy, n 0

Stroop score,® median (2.5-97.5 percentile)

Word score 32 (17-54)
Cognitive impairment, n 21

Color score 34 (12-61)
Cognitive impairment, n 13
Color-word score 38 (25-58)
Cognitive impairment, n 2
Interference score 50 (46-54)
Cognitive impairment, n 0

Intrarater consistency (visits 1+ 2, n =73)

Time between test and retest, median (2.5-97.5 percentile), d 7 (6-39)

Time of day difference between test and retest, median (2.5-97.5 percentile), h 0.5 (0-4)

Abbreviations: AES-S = Apathy Evaluation Scale; AFO = ankle-foot orthosis; BMI = body mass index; HHD = handheld dynamometry; MIRS = Muscular
Impairment Rating Scale.

The demographic data are presented for the individuals who participated in visit 1. The data did not change noticeably for those who continued to visit 2, and
the data are therefore not shown. Missing values for Stroop color and Stroop inferences (n = 16) were due to test not being implemented (n = 8), withdrawal
before the assessment (n =4), test not conducted (n = 1), participant was color blind (n = 2), and participant was unable to read (n = 1). Missing values for Stroop
color/word (n=17) were due to test not being implemented (n = 8), withdrawal before the assessment (n = 4), test not conducted (n = 1), incomplete test (n=1),
participant was color blind (n = 2), and participant was unable to read (n = 1).

2 Grade 1 = no muscular impairment, grade 2 = minimal signs, grade 3 = distal weakness, grade 4 = mild to moderate proximal weakness, grade 5 = severe
proximal weakness.*?

b AES-S is self-rated. A score >34 = apathy. Missing values (n = 15) due to test was not implemented (n = 8), withdrawal before the assessment (n = 4), test was
not conducted (n = 1), and incomplete tests (n = 2).

¢Verbal Stroop color and word test (adult version). Higher score means better cognitive performance. The 95% confidence interval for Stroop was 30.4 to
69.91. Missing values for Stroop word (n = 17) were due to test not being implemented (n = 8), withdrawal before the assessment (n = 4), test not conducted
(n =1), invalid score (n = 1), participant was color blind (n = 2), and participant was unable to read (n = 1).

Neurology | Volume 94, Number 24 | June 16,2020 Neurology.org/N

Copyright © 2020 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.


http://neurology.org/n

Figure 1 Bland-Altman plots of intrarater reliability of muscle strength, balance, and functional mobility measures
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closed; HHD = handheld dynamometry; mCTSIB = modified Clinical Test of Sensory Integration and Balance; SD = stationary dynamometry; STS = Sit-to-Stand
test; 10mWT = 10-m walk test; TUG = Timed Up and Go test.
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Table 2 Intrarater reliability and MCID of muscle strength measures

MDDgs (MDDosg)

No.f V1 mean (SD) V2 mean (SD) Difference, mean (SD) p Value SEM (SEMo,) [MDDogsos, without outliersl® ICC (95% Cl) MCID (MCIDs,)
Stationary dynamometry, Nm
Ankle plantar flexion 68 26.30 (5.69-90.08)* 27.45 (3.64-96.83)" 1.04 (0.95, 1.14); 4 (-5, 14)° 0.348 +1.30 (£30%)° +2.07 (£107%)° [+71%] 0.79° (0.67-0.86) 1.43 (43%)°
Ankle dorsal flexion 58 20.50 (5.05-49.50)* 20.75 (4.15-47.96)* 0.88 (4.81) 0.170 +3.40 (+15%) +9.43 (+41%) [+17%] 0.919 (0.86-0.95) 1.32 (32%)°
Knee extension 72 136.91 (59.93) 135.31 (62.65) 0.98 (0.94, 1.01); -2 (-6, 1)° 0.452 +1.10 (£10%)° +1.32 (£32%)° [+24%] 0.969 (0.93-0.97) 29.97 (22%)
Knee flexion 72 57.32(25.94) 59.66 (27.09) 2.33(11.12) 0.080 +7.87 (+13%) +21.80 (+37%) [+25%] 0.91%(0.86-0.94) 12.98 (23%)
Hip extension 71 128.51(58.12) 137.31 (65.48) 1.05 (1.01, 1.10); 5 (1, 10)° 0.003 +1.14 (£14%)° +1.45 (+45%)° [+38%] 0.92° (0.86-0.95) 29.06 (23%)
Hip flexion 71 63.11 (25.82) 67.18 (28.39) 4.07 (13.52) 0.013 +9.56 (+15%) +26.50 (+41%) [+25%] 0.879(0.79-0.92) 12.91 (20%)
HHD, Nm
Ankle plantar flexion 69 19.02 (9.31) 19.36 (9.10) 0.34 (3.60) 0.436 +2.55 (+13%) +7.06 (£37%) [+31%] 0.92¢ (0.88-0.95) 4.66 (25%)
Ankle dorsal flexion 64 19.48 (9.18) 19.88 (9.74) 0.40 (2.43) 0.198 +1.72 (£9%) +4.77 (+24%) [NA] 0.97%(0.95-0.98) 4.59 (24%)
Knee extension 71 102.81 (35.83) 102.73 (37.31) -0.08 (13.49) 0.962 +9.54 (+9%) +26.44 (+26%) [+22%] 0.93%(0.89-0.96) 17.92 (17%)
Knee flexion 72 66.01 (24.14) 67.22 (25.78) 1.21(7.28) 0.165 +5.15 (+8%) +14.27 (+21%) [NA] 0.96° (0.93-0.97) 12.06 (18%)
Hip extension 70 62.36 (24.36) 62.34 (23.84) -0.02 (11.84) 0.989 +8.37 (+13%) +23.21 (£37%) [NA] 0.889(0.82-0.92) 12.18 (20%)
Hip flexion 70 63.07 (22.95) 64.86 (24.62) 1.03 (0.99, 1.07); 3 (-1, 7)° 0.173 £1.11 (£11%)° +1.34 (£34%)° [+31%] 0.899 (0.84-0.93) 11.48 (18%)

Abbreviations: CI = confidence interval; HHD = handheld dynamometry; ICC = intraclass correlation; MCID = minimal clinically important difference; MDD = minimal detectable difference; V1 = visit 1; V2 = visit 2.

@ Median (2.5-97.5 percentiles) were presented because mean + SD crossed zero, which is nonsense for descriptive values for V1 + V2. It was not because of abnormal distribution.
° Antilogq: ratio geometric mean (95% Cl); percent geometric mean (95% Cl). Therefore, the geometric mean does not equal V2 - V1.
¢ Antilogqo: ratio SEM/MDD (95% Cl); percent SEM/MDD (95% Cl).

9p <0.05.

¢ Antilogso: ratio MCID; percent MCID.
fStationary dynamometry ankle plantar flexion: missing values (n = 5) due to inability to activate the test at V1 but not at V2 (n = 4), inability to activate the test at V2 but not at V1 (n = 2), inability to activate the testat V1 + V2 (n=3),
ankle-foot orthosis at V1 (n = 1), and missing first value (n = 1). Thus, the intersection was n = 68. HHD ankle plantar flexion: missing values (n = 4) due to Medical Research Council score <3 (n = 3) and participant stopped before
HHD assessment (n = 1). Stationary dynamometry ankle dorsal flexion: missing values (n = 15) due to inability to activate test (n = 15). HHD ankle dorsal flexion: missing values (n = 9) due to Medical Research Council score <3 (n=
8) and participant stopped before HHD (n = 1). Stationary dynamometry knee extension: missing value (n = 1) due to technical issues (n = 1). HHD ankle-knee extension: missing values (n = 2) due to tester unable to hold position
(n=1)and participant stopped before HHD (n = 1). Stationary dynamometry knee flexion: missing value (n = 1) due to technical issues (n = 1). HHD ankle-knee flexion: missing values (n = 1) due to participant stopped before HHD
(n=1). Stationary dynamometry hip flexion: missing values (n = 2) due to participant stopped before the test (n = 1) and technical issues (n = 1). HHD hip flexion: missing values (n = 2) due to tester unable to hold position (n = 1)
and participant stopped before HHD (n = 1). Stationary dynamometry hip extension: missing values (n = 2) due to participant stopped before the test (n = 1) and technical issues (n = 1). HHD hip extension: missing values (n = 2)

due to tester unable to hold position (n = 1) and participant stopped before HHD (n = 1).

& Outliers: stationary dynamometry: ankle plantar flexion (n = 4), ankle dorsal flexion (n = 5), knee extension (n = 6), knee flexion (n = 1), hip extension (n = 3), and hip flexion (n = 8). HHD: ankle plantar flexion (n = 2), ankle dorsal
flexion (n = 0), knee extension (n = 3), knee flexion (n = 0), hip extension (n = 0), and hip flexion (n = 3).
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Figure 2 Bland-Altman plots of validity of muscle strength measures

Ankle dorsal flexion Knee flexion Hip extension
800 - °
_ 600 A =
X
8 o
2 400 A ©
9 ° °
1.
[ o o
% 200 e ° e
O o
° L) T o
0 RS - 2 3 D‘o 9;’ ‘0% 3 g SESE-
6 a ‘50 oo 3
-2001— T T T T T T T T T T T T T T T
0 20 40 20 60 100 50 100 150 200
Mean (Nm) Mean (Nm) Mean (Nm)
Ankle plantar flexion Knee extension Hip flexion
5
o
o 4
‘(-U‘ o
= 9 o
g 3
qc) o o % o o o
lﬂj 2 ° oo o 8 © o o 5
.aE 00 °° 00 oc o e ° 9& o ] =
Ia) L Y d°°a " ?::.? :,.‘9,? °°° o00 o o o . o% o o
T4 SES e o L i s IS 0 11 4 L — ¢ Fandin o o025 Ba -
o Q - g@ppo L o
o 8 % @® oo o
o o
0 40 80 0 100 200 300 20 60 100
Mean (Nm) Mean (Nm) Mean (Nm)

x-axis: (stationary dynamometry + handheld dynamometry [HHD])/2; y-axis: stationary dynamometry - HHD; difference (percent): original data; and dif-
ference (ratio): log;o arithmetic transformed data. Dotted line indicates no difference between stationary dynamometry and HHD. Three undotted lines
indicate mean difference +2 SD. Each circle represents 1 participant. The closer the circles are to 0 for difference (percent) and to 1 for difference (ratio), the
higher the agreement is between stationary dynamometry and HHD, indicating higher validity.

mobility and muscle strength. A 1-second increase in STS
predicted a statistically significant increase of 0.168 seconds
(95% CI 0.127-0.209) in the 10mWT and accounted for
46.5% of the variation in the 10mWT. In addition, an in-
crease of 1 second in ST predicted a statistically significant
reduction of 2.5% (95% CI -4.1% to —0.8%) in proximal
lower extremity muscle strength and accounted for 10.3% of
the variation in proximal lower extremity muscle strength. A
I-second increase in 10mWT predicted a statistically sig-
nificant reduction of —13.9% (95% CI -19.8% to —7.5%) in
lower extremity muscle strength and accounted for 22.4% of
the variation in lower extremity muscle strength. Table S
provides the predictions. The correlations between func-
tional mobility tests and tests assessing similar aspects
ranged from fair (r = —0.340) to good (r = 0.687) (table S).
Overall, the validity seemed fair for the functional mobility
measurements.

Individual level
The absolute reliability and construct validity findings on
a group level also applied to single individual level.

Neurology.org/N

Discussion

The main findings were that HHD was more reliable than
stationary dynamometry for both groups and single individ-
uals, but for validity, stationary dynamometry was superior for
the extensor muscles on a group level but not on an individual
level. The dynamic balance tests were more reliable and valid
than the static balance tests, and both of the functional mo-
bility tests were valid, but the 10mWT was most reliable for
groups and single individuals.

Unexpectedly, HHD showed lower or similar measurement er-
ror on both group and individual levels in the lower limb com-
pared to stationary dynamometry, which is generally considered
to be the gold standard. This new finding can be explained partly
by the standardized, fixed position of the assessor for the HHD
assessment. In addition, participant cooperation is more easily
perceived by an assessor than by a machine.

The SEMe, was <15% and thus acceptable for all muscles with
both HHD and stationary dynamometry, except for ankle

Neurology | Volume 94, Number 24 | June 16, 2020
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Table 3 Intrarater reliability and MCID of balance and functional mobility measures

MDDgs (MDDgs0s)
Difference SEM [MDDosy, without 1CC (95% McCID
No." V1 mean (SD) V2 mean (SD) mean (SD) p Value (SEM,,) outliers]' Cl) (MCIDy,)
TUG, s 73 8.44 (1.84) 8.08 (1.65) 0.94 (0.91, <0.0005  +1.09 +1.26 (£26%)° 0.68° 0.92
0.96); (+9%)° [+19%)] (0.54-0.79)  (11%)
-6 (-9, -4
Step test, n 73 17.63 (5.73) 18.63 (5.72) 1.00 (2.40) 0.001 +1.70 +4.70 (+26%) 0.90° 2.87
(£9%) [£19%] (0.82-0.94)  (16%)
mCTSIB, 53 1.00 (0.27) 0.96 (0.26) 0.96 (0.91, 0.096 +1.13 +1.42 (£42%)° 0.81°¢ 0.14
degrees 1.01); (£13%)P° [+34%)] (0.70-0.89) (14%)
-4(-9, 1y
Feet- 73 60.00 60.00 e e e e e e
together (15.81-60.00)¢  (13.70-60.00)°
stance, s
Tandem 73 40.00 40.00 e e e e e e
stance, s (1.60-40.00)4 (3.14-40.00)¢
1-Leg stance 72 40.00 40.00 e e e e e e
eyes open, s (0.85-40.00)¢ (1.15-40.00)¢
1-Leg stance 42 5.78 5.75 -0.91(0.69, 0.50 +1.86 +5.58 0.62¢ 1.70
eyes closed, s (1.53-40.00)" (1.24-39.45)" 1.20); (+86%)° (£458%)P [+256%] (0.40-0.77)  (70%)?
-9 (-31,20)
STS, s 72 17.51 (5.58) 16.26 (4.86) 0.92 (0.89, <0.0005  +1.11 +1.34 (+34%)° 0.85°¢ 2.79
0.95); (+11%)° [£27%] (0.72-0.91)  (16%)
-8(-11,-5)
10mWT, s 73 5.52(1.37) 5.55 (1.34) 0.04 (0.37) 0.384 +0.26 +0.72 (£12%) 0.96° 0.69
(+4%) [+12%] (0.94-0.98)  (13%)

Abbreviations: Cl = confidence interval; ICC = intraclass correlation; MCID = minimal clinically important difference; mCTSIB = modified Clinical Test of Sensory
Integration and Balance; MDD = minimal detectable difference; STS = Sit-to-Stand test; 10mWT = 10-m walk test; TUG = Timed Up and Go test; V1 = visit 1; V2=

visit 2.

2 Antilog,: ratio geometric mean (95% Cl); percent geometric mean (95% Cl). Therefore, the geometric mean does not equal V2 - V1.

® Antilog: ratio MDD (95% Cl); percent MDD (95% Cl).
¢p <0.05.
9'Median (2.5-97.5 percentiles).

¢ Impossible to estimate due to null inflation (i.e., no true variation across participants).
fMedian (2.5-97.5 percentiles) were presented because mean + SD crossed zero, which is nonsense for descriptive values for V1 + V2. It was not because of

abnormal distribution.
& Antilogo: ratio MCID; percent MCID.

" TUG and ST: no missing values (n = 0). mCTSIB: missing values (n = 20) due to technical issues (n = 1), inability of participants to complete the mCTSIB test at V1
+V2(n=14),incomplete test at V1 but not V2 (n =4), and incomplete test at V2 but not V1 (n = 7). Thus, the intersection is 53. Feet-together stance and tandem
stance: no missing values (n = 0). One-leg stance eyes open: missing value (n = 1) due to inability to initiate the test (n = 1). One-leg stance eyes closed: missing
values (n =31) due to inability to initiate the 1-leg stance eyes open (n = 1) and inability to stand =230 seconds in 1-leg stance eyes open (n = 30), which qualified
for the 1-leg stance eyes closed according to Hammarén et al.” STS: missing value (n = 1) due to incomplete test (n = 1). 10mWT: no missing values (n = 0).

"Outliers: TUG (n = 3), ST (n = 6), mCTSIB (n = 2), 1-leg stance eyes closed (n = 4), STS (n = 3), and 1T0mMWT (n = 4).

plantar flexors with stationary dynamometry (SEM,, = 30%).
The findings of SEM for HHD and stationary dynamometry
were overall comparable to previous findings in patients with
DM1%7 and healthy controls.>~%¢

Concerning concurrent validity, stationary dynamometry
measured a higher torque than HHD only in the generally
stronger extensor muscles on a group level, which has been
shown before in DM1.” This might be attributed to the fixed,
optimal positioning of the assessor using HHD. A similar
tendency with higher muscle strength detected by devices
using more fixation has been shown in healthy individuals.>®
The lower torque assessed by HHD was likely attributed to
the lower strength of the assessor vs patient or because
patients performed concentric contractions when pushing
against the assessor.

Neurology | Volume 94, Number 24 | June 16,2020

When outliers were excluded, MDDgso, was <31% and ac-
ceptable for most of the muscles for both HHD and stationary
dynamometry (except ankle plantar flexors and hip extensors
with stationary dynamometry and hip extensors with HHD).
Possibly, the unfamiliar positioning of the ankle and hip
muscles led to more variable performances and larger mea-
surement error. The MDDy, in the present study was overall
comparable to HHD in populations without DM1%*~*°
stationary dynamometry in healthy individuals.”> For both
devices, the MDD values exceeded the MCID values for al-
most all muscle groups, but it was remarkable only in the hip
muscles. This suggests that the measurement error for both
devices in the hip muscles may conceal clinical important

and to

changes in single individuals. Few genuine outliers widened
the 95% CI for measurement error for single individuals on
the Bland-Altman plots for some of the distal muscle groups,

Neurology.org/N
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Table 4 Regression and adjusted coefficient of determination of balance and functional mobility measures

Independent Slope of

variable, predictor regression line p Value Adjusted p Value for

(x) Dependent variable, outcome (y) (B) 95% Cl for B for B R? adjusted R?

TUG Step test -1.664 -2.352 to <0.0005 0.226 <0.0005

-0.997

Step test Muscle strength (ankle plantar and dorsal 1.055% 1.032°-1.077% <0.0005  0.286 <0.0005
flexion)

TUG? Muscle strength (hip extension, knee 0.621° 0.412°-0.936% 0.023 0.070 0.023
extension, and ankle dorsal flexion)

STS 10mWT 0.168 0.127-0.209 <0.0005 0.465 <0.0005

STS Muscle strength (extension in hip and knee) 0.975° 0.9599%-0.992°  0.003 0.103 0.003

10mWT Muscle strength (hip extension, knee 0.8612 0.8022-0.9252 <0.0005 0.224 <0.0005

extension, ankle plantar and dorsal flexion)

Abbreviations: Cl = confidence interval; STS = Sit-to-Stand test; 10mWT = 10-m walk test; TUG = Timed Up and Go test.
The muscle strength measures are values from stationary dynamometry (torque, mean of the best value from each muscle group). The data are original data

unless otherwise stated.
2 Antilogy: ratio.

but 5% of the observations can be expected to exceed the
normal range due to the predefined 95% statistically proba-
bility level.

Despite the clinically relevant disagreements between HHD
and stationary dynamometry for single individuals regarding
validity, the highest torque did not favor any of the devices.
Thus, for single individuals, both devices can be applied to
measure maximal muscle strength, but they cannot be used
interchangeably. This is consistent with findings in healthy
individuals.*®

The finding that mCTSIB on a balance platform was less
reliable than the dynamic balance tests (TUG and step test)
on the group and individual levels was unanticipated. The
reason may be that the mCTSIB captures even subtle changes
in postural control. Despite a learning effect in the dynamic
balance tests only, the dynamic balance tests are favored be-
cause a learning effect is more fixable by adding familiarization
trials and thus less problematic than random error (MDD
and SEM).

Despite the lower reliability of mCTSIB compared to the
dynamic balance tests, all tests demonstrated acceptably low
measurement error for groups (SEMy, <15%). Possible rea-
sons for the higher measurement error with mCTSIB were
that static and not dynamic balance was tested and the chal-
lenges that accompanied the test when it was performed with
closed eyes on a foam surface. It has previously been shown
that measurement error increases with difficulty of tests.>
Foot position at retest was inconsistent, but the importance of
foot position on balance performance is controversial.>"*>
the present study, the SEMy, of mCTSIB agreed with previous
findings in the elderly.”® The static 1-leg stance eyes closed
test showed very high absolute measurement error on a group

In

Neurology.org/N

level. This may be due to the complexity of balance®® and the
difficulty of the test. This explanation is supported by previous
findings of higher MDD for more difficult tests in elderly
persons.*

For construct validity, it was surprising that all static balance
measurements demonstrated either ceiling or floor effects,
especially because the test battery covered easy, moderate,
and hard difficulty levels. The findings of the present study of
a ceiling effect in the feet-together stance and 1-leg stance test
eyes open were in concordance with findings in DM1° and hip
osteoarthritis.** The regression and correlation coefficients of
the balance tests were only small to moderate, but the con-
struct validity was considered sufficient because comparator
tests have only some aspects in common with balance and the
sample size was large, which potentially reduces the correla-
tion coefficients.* Compared to previous findings in DM1,®
the present study found similar statistically significant corre-
lations for step test vs muscle strength but smaller statistically
significant correlations for TUG vs muscle strength. Because
correlation coefficients are mathematically increased with
smaller sample size and larger heterogeneity,> correlation
coeflicients are difficult to compare across studies. No studies
of predictions by balance measurements have been published.

Similar to the group level, the mCTSIB was less reliable than
the dynamic balance test, and the 1-leg stance eyes closed
showed markedly high measurement error on an individual
level. The section on group level provides possible explan-
ations for the lower reliability. For the mCTSIB, however, the
measurement error was acceptably low without outliers
(MDDyso, <34%), and the MDD results were consistent with
findings in elderly persons.30 The MDDygso, of TUG in the
present study was approximately similar to findings in DM1°
and non-DM1 populations.lg"?’é’37 For the step test, the

Neurology | Volume 94, Number 24 | June 16, 2020
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Table 5 Correlation coefficients for balance and functional mobility measures

Pearson correlation

Outcome measures coefficient p Value*  95% Cl
TUG
Step test -0.486 <0.0005°  -0.687 to
-0.286
STS 0.439 <0.0005°  0.292-0.695
Muscle strength (hip extension, knee extension, and ankle dorsal flexion) -0.313¢ 0.015° NA
Step test
Muscle strength (ankle plantar and dorsal flexion) 0.546 <0.0005°  0.327-0.764
mCTSIB (composite score)
Step test -0.251¢ 0.008° NA
Muscle strength (ankle plantar and dorsal flexion) -0.220¢ 0.022° NA
STS
10mWT 0.687 <0.0005°  0.519to 0.855
Muscle strength (hip and knee extension) -0.340 0.003° -0.563 to
-0.117
10mWT
Muscle strength (hip extension, knee extension, and ankle plantar and dorsal -0.488 <0.0005°  -0.719 to
flexion) -0.256

Abbreviations: Cl = confidence interval; mCTSIB = modified Clinical Test of Sensory Integration and Balance; NA = not applicable; STS = Sit-to-Stand test;
10mWT = 10-m walk test; TUG = Timed Up and Go test.

NA because 95% Cl is not provided for the nonparametric Kendall 7, test. The muscle strength measures are values based on stationary dynamometry
(torque, mean of the best value for each muscle group).

2 Adjustment for multiple testing: because TUG was correlated with 3 variables independently, the statistically significant level has been Bonferroni corrected
ata=0.05/3=0.017. Because the step test was correlated with 3 variables independently, the statistically significant level has been Bonferroni corrected ata=
0.05/3 = 0.017. Because STS was correlated with 3 variables independently, the statistically significant level has been Bonferroni corrected at a = 0.05/3 =
0.017. Because mCTSIB (composite score) was correlated with 2 variables independently, the statistically significant level has been Bonferroni corrected ata =
0.05/2 =0.025. Because 10mWT was correlated with 2 variables independently, the statistically significant level has been Bonferroni corrected at a = 0.05/2 =

0.025.
b Statistically significant.
¢ Kendall .

present study showed an MDDysy, similar to findings in
DMI1° and hip osteoarthritis.** The MDD values were only
marginally larger than the MCID values for the dynamic
balance tests (TUG and step test) but larger for the static
balance tests. Thus, there is a risk that the smallest important
difference for a single individual might not be captured with
the mCTSIB. There was a discrepancy in the number of
participants performing the 1-leg stance with eyes open vs
eyes closed. The reason for the discrepancy was that all par-
ticipants attempted the 1-leg stance eyes open, while only the
participants who were able to hold this position for >30
seconds qualified for the 1-leg stance eyes closed test.

The section on group level provides a discussion of construct

validity.

The 10mWT and STS showed acceptably low measurement
error for groups (SEMy, <15%), but the measurement error
was lowest for the 10mWT. Our 10mWT results were overall
consistent with findings in DM1° and non-DM1.>”** No

Neurology | Volume 94, Number 24 | June 16,2020

studies of absolute reliability of STS have been published in
any population.

The construct validity was reasonable for both the 10mWT
and STS. However, the correlation between STS and muscle
strength in hip and knee extensors was only r = —0.34. This
could possibly be explained by the different types of muscle
contractions (concentric and eccentric contractions during
STS and isometric contraction during muscle strength test-
ing). The correlation was only slightly smaller than what was
found in rheumatoid arthritis.** The correlation findings for
10mWT vs muscle strength in DM1 were overall consistent
with previous findings in DM1.>** The statistically significant
correlations for 10mWT vs STS in the present study agreed
with findings in multiple sclerosis.*' No studies of predictions
by functional mobility measurements have been published.

The findings on a group level for 10mWT and ST'S were also

applicable on an individual level with sufficiently low absolute
measurement error (MDDygse, <30% without outliers). The

Neurology.org/N
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10mWT results were comparable with findings in DM1° and
non-DM1.*”** The MDD was equal to MCID for the
10mWT, but slightly larger for the STS. Thus, minimal
meaningful changes in a single individual might be captured,
especially with the 10mWT.

The section on group level provides a discussion of construct

validity.

For the majority of tests in our study, sufficient intrarater
reliability and concurrent or construct validity were found.
Cognitive impairment, but not apathy, was present in 29% of
the participants and may influence reliability and validity.
However, the reliability and validity results in the present
study were overall comparable with results in DM1 and non-
DM1 populations. Because of tiredness, 4 participants drop-
ped out between the 2 visits. However, this is not considered
to be an issue because it was only a low proportion of the
participants. Because of the broad spectrum of demographic
and disease characteristics and recruitment from 2 sites in
Denmark with 2 assessors, the present study is considered
generalizable to the DM1 population.

The nonperfect degree of validity in the present study might
be influenced by the nonperfect degree of reliability of the
measurements.*” In addition, validity can be deduced for only
1 of 2 comparator measures because validity can only be as
good as the poorest measurement.”

Data were missing primarily for the muscle strength and
balance measurements. Missing values for the muscle strength
measurements were due primarily to inability of the partic-
ipants to perform the test because of muscle weakness; for the
balance measurements, they were due mostly to the test
protocol (e.g., for mCTSIB, all subtests should be performed
to obtain the composite score, and to qualify for the 1-leg
stance eyes closed test, the 1-leg stance eyes open position
should be held for >30 seconds). The estimation of peak
torque for each trial by curve reading for stationary dyna-
mometry was associated with possible errors. Because re-
liability and validity are not inherent to the measurements, the
degree of reliability and validity might differ across patients,
assessors, and environments,3 but the present extensive study
provides useful guidelines for clinicians and researchers. Be-
cause only a few patients were tested outside the time win-
dow, this likely did not affect results considering that DM is
a slowly progressive disease. Another limitation was that only
2 assessors were used, which reduces the generalizability to
a wider pool of assessors with different skills.

For groups and single individuals, both HHD and stationary
dynamometry showed acceptable intrarater reliability for
most muscle groups, but HHD was superior and more feasi-
ble. Stationary dynamometry was more valid than HHD for
the extensor muscles on a group level, but for single indi-
viduals, both devices can be applied all though not
interchangeably.

Neurology.org/N

For groups, the dynamic balance tests (TUG and step test)
and the static mCTSIB were sufficiently reliable, but for single
individuals, the feasible dynamic balance tests are recom-
mended with familiarization trials. In addition, the dynamic
balance tests were more valid than the static balance tests.

Both the feasible 10mwt and STS had acceptable reliability
and were valid for groups and individuals, but the 10mWT
was most reliable. Responsiveness and intertester reliability
remain to be shown.
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Abstract

Objective: As myotonic dystrophy type 1(DM1) evolves slowly and interven-
tional trials often have a short duration, responsive outcomes in DM1 are needed.
The objective of this study was to determine the responsiveness of muscle
strength, balance, and functional mobility measurements after a 1-year follow-up
period in individuals with DM1. Methods: Sixty-three adults with noncongenital
DMI1 completed the following assessments at baseline and at 1-year follow-up:
Handheld dynamometry (lower limbs), stationary dynamometry (lower limbs),
step test, timed-up-and-go test (TUG), modified clinical test of sensory integra-
tion and balance (mCTSIB), feet-together stance, tandem stance, one-leg stance,
10-meter walk test, and sit-to-stand test. Results: Change was captured by sta-
tionary dynamometry (proximal flexor and extensor muscles), handheld
dynamometry (proximal flexor and distal extensor muscles), TUG, and mCTSIB
(P £ 0.04). Ceiling or floor effects were shown for most static balance tests.
Interpretation: Overall, adequate responsiveness was shown for both muscle
strength dynamometers, TUG and mCTSIB. These outcomes are therefore likely
candidate endpoints for clinical trials lasting 1 year. Most static balance tests are

not responsive and not recommended in a heterogeneous DM1 population.

Introduction

Myotonic dystrophy type 1 (DM1) is the most common
muscular dystrophy in adults,' characterized by distal limb,
facial and bulbar muscle weakness, myotonia and multisys-
temic affection involving cognitive impairment, cardiac
disease, metabolic abnormalities, and cataracts.” There is an
unmet need for evidence-based outcomes in individuals
with DM1>* as disease-modifying clinical trials are emerg-
ing.” Validity and reliability of muscle strength, balance,
and functional mobility outcomes have recently been estab-
lished in DML,° but knowledge about responsiveness is
lacking, which hampers the possibility to design and pick
appropriate endpoints for interventional trials. Responsive-
ness is a tool’s ability to detect change in a condition over
time.” Responsiveness of timed-up-and-go test (TUG) and
handheld dynamometry (HHD) in the lower limbs has pre-
viously been investigated in DM1,® but the follow-up per-
iod was 9 years. Because clinical trials often have a
maximum duration of 1 year, the challenge is to identify
responsive endpoints within 1 year despite the slowly pro-
gressive nature of DM1.* Only the 30-second sit-to-stand

test (STS) and 10-meter walk test (10mWT, walk/run max
pace) have been investigated after 1 year.” Responsiveness
of commonly used endpoints such as stationary dynamom-
etry, step test, feet-together stance, tandem stance, one-leg
stance, modified clinical test of sensory integration and bal-
ance (mCTSIB), 10mWT (walk, fast pace), and 10-times
STS in DMI is still unknown.

The objective of this study was to investigate respon-
siveness of muscle strength, balance, and functional
mobility measurements after 1 year in individuals with
noncongenital DM1.

Methods

Patients

From November 2017 to September 2019, 63 individuals
with DM1 were recruited from a DMI1 cohort® at the
Rigshospitalet (n = 60) and Aarhus University Hospital
(n = 3) in Denmark (see Fig. 1). The inclusion criteria
were genetically confirmed DM1 (CTG repeats> 80), 18-
60 years, able to stand up from a chair with no arm
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support, able to walk at least 10 meters (with or without
gait aids) and reside close to Copenhagen or Aarhus.
The exclusion criteria were congenital DM1 (defined as
disease onset before 1 year), cognitive impairment pre-
venting test adherence, non-DMIl-related disorders or
medicine consumption which confound muscle strength,
balance, or functional test results, abuse of drugs or
alcohol within 3 months, serious medical illness (e.g.,
symptomatic coronary artery disease and cancer), preg-
nancy, and clinically significant medical illness within
30 days.

Clinical assessments

Assessment of muscle strength, balance, and functional
mobility were done twice separated by 1 year. All assess-
ments have previously been described in detail.® The same
order of tests and procedures were repeated at follow-up
by the same assessor for each patient at the same time of
the day. Neither the patient nor the assessor were blinded
to the test results, but recall bias is limited after 1 year,
and therefore likely did not influence the results. The

Responsiveness of Outcome Measures in DM1

patients were asked to wear closed, flat comfortable shoes
and asked to refrain from exhausting or unusual physical
activity the day before each visit to eliminate bias from
muscle soreness or fatigue.

Muscle strength measurements

Maximal isometric muscle torque was tested with HHD
(microFET2, Hoggan Scientific, LLC, Salt Lake City, UT)
and stationary dynamometry (Biodex System 3 or 4 PRO,
Biodex Medical Systems, NY). Newton from HHD was
converted to Newton-meter: Newton-meter (Nm) = New-
ton (N) * meter (m). Muscle strength was tested over the
ankle, knee, and hip joints in the dominant leg. Two
practice trials followed by three recorded trials were per-
formed with standardized encouragement.

Balance measurements

The static balance measurements comprised of 60-second
feet-together stance, 40-second tandem stance, 40-second
one-leg-stance with eyes open and closed, and mCTSIB

Assessed for

eligibility
(n=208) Excluded
(n=122)
* Not meeting inclusion criteria (n=50)
* Meeting exclusion criteria (n=8)
* Declined to participate (n=37)
* Other reasons (n=3)
Agreed to » No answer (n=26)
participate
(n=86)
Dropout
(n=6)
Eye operation . . Lack of time (n=4)
(n=1) D "~ Absentee (n=1)
» Serious illness (n=1)
| * Tiredness (n=4)
4
Participated
in baseline
visit
(n=73) Dropout
(n=10)
» Lack of energy (n=4)
* No reply (n=4)
Participated * Impossible to attend in timeframe (n=2)
in 1-year
follow-up
(n=63)

Figure 1. Flowchart of recruitment of patients in this study.
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(eyes open and closed on a firm and foam surface) on a
balance platform (BioSway Portable Balance System 950-
460, Biodex Medical Systems, NY). The dynamic balance
measurements consisted of 15-second step test and TUG.
Two recorded trials were conducted with no encourage-
ment. All balance measurements were performed with
comfortable shoes and insoles and ankle—foot orthosis
(AFO) were allowed. Other habitual walking aids such as
a cane were only allowed for the TUG.

Functional mobility measurements

The functional mobility measurements included 10-times
STS and 10mWT (both at the fastest possible pace). Two
recorded trials were conducted with no encouragement.

Questionnaires

The International Physical Activity Questionnaire (short
version) was applied to investigate the physical activity
level.'® At follow-up, the patients completed a patient-re-
ported global rating scale (GRS) to investigate whether a
change had occurred or not from a subjective perspec-
tive, which the objective outcomes were compared to.
The GRS questions for the objective tests were as follows:
(I) Ankle muscle strength tests: Has your muscle strength
in the lower limb/crus changed since the last visit (more
difficulties standing on toes, tendency to stumble, slap-
ping foot, walking longer distances)? (II) Knee and hip
muscle strength tests: Has your muscle strength in the
thigh and buttock changed since the last visit (more dif-
ficulties with rising from a chair (use of arms), climbing
stairs (use of arms), walking longer distances? (III)
Dynamic balance tests: Has your balance during move-
ment changed since the last visit (tendency to fall, need
to lean on objects)? (IV) Static balance tests: Has your
balance when you are standing still changed since the last
visit (tendency to fall, need to lean on objects)? (V) STS
test: Has your ability to rise from a chair changed since
the last visit (more difficulties with rising from a chair
(use of arms))? (VI) 10mWT: Has your ability to walk
shorter distances changed since the last visit (e.g., slower
walking at home)? The possible answers were as follows:
(I) Much deterioration, (II) Some deterioration, (III)
Stability, (IV) Some improvement, or (V) Much
improvement. Each objective test was compared to the
GRS-question that addressed the investigated construct
of the objective test.

Statistical analysis

Linear mixed model was conducted to investigate statis-
tically significant change between baseline and follow-up

K. L. Knak et al.

(mean + SE) with family as a random effect, visit as a
covariate and with unstructured covariance to account
for repeated measurements over time in the same
patients. If the model assumptions were not fulfilled,
data were log,-arithmetic transformed for analyses and
antilog,-arithmetic back-transformed for interpretation.
In case of genuine outliers, sensitivity analysis of data
with and without outliers was conducted. Based on a
previous study,!' floor and ceiling effects were defined
as >15% of the patients scoring the lowest or highest
score, respectively.

Secondary analyses

Receiver operating characteristic curve and area under
the curve were conducted using GRS as anchor for
whether a change had occurred or not. The model
assumptions were checked, and the five GRS categories
were dichotomized into Worse versus Stable/Better. Area
under the curve estimates how good the measurements
are to correctly classify change or no change compared
to the anchor,”” and the following guideline was
applied”®:  0.50 = no discrimination; 0.50-0.70 = poor
discrimination;  0.70-0.80 = acceptable  discrimination;
0.80-0.90 = excellent  discrimination; 0.90-1.00 = out-
standing discrimination.

Subanalyses of patients able to perform ankle dorsal
flexion in the stationary dynamometry were done, because
a floor effect was found in 21% of patients. This is rele-
vant for clinical trials with an inclusion criterion of pre-
flexion strength to perform
dynamometry assessment. Subanalyses based on age, age
at onset of disease and CTG repeat size might also be rel-
evant, but was deselected to avoid the risk of mass-signifi-
cance with multiple testing.

A difference between patients who completed the study
versus patients who declined to participate or dropped
out was tested by unpaired t-test (continuous data),
Mann—Whitney test (ordinal data), and Fisher’s exact test
(dichotomous data) if the model assumptions were ful-
filled.

Mann-Whitney test was used to analyze if there was a
difference in cognition and apathy among patients with

served dorsal ankle

agreement and disagreement between the subjective GRS
ratings and the objective measurements, respectively.
Because these secondary analyses were only exploratory,
Bonferroni correction was not applied.

Ethics

The Regional Committee of Health Research Ethics in
Denmark approved the study (H-17017556) and informed
written consent was obtained.
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Table 1. Demographic data.

Sex, no.
Female 30
Male 33

Age (years), mean (SD) 41 (10)

BMI', median (IQR?) 24 (21-27)
MIRS?, no.
Grade 1 0
Grade 2 13
Grade 3 2
Grade 4 42
Grade 5 6
Walking aid, no.
Insoles 1
AFO* 8
Three-wheeled scooter 1
Cane 1
Walker 1
AES-S°, median (IQR?) 12 (8-16)
Apathy, no. 0
STROOP®, median (IQR?)
Word score 32 (27-37)
Cognitive impairment, no. 24
Color score 34 (31-40)
Cognitive impairment, no. 1
Color-Word score 37 (34-45)
Cognitive impairment, no. 3
Interference score 50 (50-51)
Cognitive impairment, no. 0

Missing values for STROOP word (n = 11) due to test was not imple-
mented (n = 7), invalid score (n = 1), patient was color blind (n = 2),
and patient was unable to read (n = 1).

Missing values for STROOP color, color/word and inferences (n = 10)
due to test was not implemented (n = 7), patient was color blind
(n = 2), and patient was unable to read (n = 1).

"BMI = Body mass index (kg/mz),hwsgﬂr((;?%.

2IQR = Interquartile range.

3MIRS = Muscular impairment rating scale. Grade 1 =no muscular
impairment, grade 2 = minimal weakness, grade 3 = distal weakness,
grade 4 = mild to moderate proximal weakness, grade 5 = severe
proximal weakness.??

4AFO = Ankle—foot orthosis.

SAES-S = Apathy evaluation scale (Self-rated). A score> 34=apathy.
Missing values (n = 8) due to test was not implemented (n = 7) and
incomplete test (n = 1).

Verbal STROOP color and word test (Adult version). A higher score
means better cognitive performance. The 95% Cl for normal cogni-
tion score measured by STROOP is 30.4 to 69.91.

Results

For demographic data, see Table 1. The follow-up visit
was performed after a median of 12 months (IQR
11.75-12.5 months), and the time of day between base-
line and follow-up varied with a median of 0.5 hours

Responsiveness of Outcome Measures in DM1

(IQR 0.25-2.00 hours). For feet-together stance, tandem
stance, and one-leg-stance eyes open, inference statistics
were not calculated because of null-inflation (i.e., no
true variation among patients) due to ceiling effects.

Muscle strength measurements

A change in muscle strength from baseline to follow-up
was captured by stationary dynamometry in the flexor
and extensor muscles over the knee and hip joints, and
by HHD in the ankle plantar flexors, knee flexors
(without 2 (P <£0.03)
(Table 2).

Twenty-one percent of the patients were unable to
overcome the threshold in the stationary dynamometry
for ankle dorsal flexors. Subanalysis without these patients
did not change the results regarding change.

outliers), and hip flexors

Balance measurements

All static balance tests, except mCTSIB, showed either a
ceiling effect (maximum score) or a floor effect (mini-
mum score) at both baseline and follow-up in many
patients (Fig. 2). The balance tests that were able to
detect changes at follow-up were the dynamic balance
test TUG and the static balance test mCTSIB
(P <£0.035) (Table 3).

Functional mobility measurements

None of the functional mobility tests (10mWT and STS)
captured a change at follow-up (P > 0.88) (Table 3).

Secondary analyses
Outcome measures against GRS

The objective outcome measure results were generally not
reflected in the subjective perceptions of change or no
change as measured by GRS, because only the 10mWT
and ankle plantar flexors with stationary dynamometry
reached acceptable agreement with the GRS (area under
the curve> 0.70, Fig. 3).

For the 10mWT, the cognition was better in the
patients with disagreement between 10mWT change and
GRS change (median, IQR; 43.00, 39.25-48.00) versus the
patients with agreement between the 10mWT and the
GRS (38.25, 35.50-41.13) (P = 0.02). For the ankle dorsal
flexors with HHD, apathy was less pronounced in
patients with disagreement between HHD change and
GRS change (median, IQR; 9, 6-12) compared to the
patients with agreement between the HHD and the GRS

© 2020 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association 1385
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Table 2. Baseline and follow-up muscle strength measures and their change.

K. L. Knak et al.

Change
Baseline FU Mean (95% Cl) for absolute and
Mean (SD) Mean (SD) percentage differences P-value
Stationary dynamometry’
(Nm)
Ankle plantar flexors 27.25 (14.80; 39.20)° 26.95 (14.60; 47.10)° 1.03 (0.94; 1.12); 0.52
3% (—6%; 12%)°
Ankle dorsal flexors 16.80 (7.70; 27.30) 17.15 (8.50; 27.80)° (0.97; 1.06); 0.50
1% (=3%; 6%)°
Knee extensors 139.78 (64.49) 133.50 (66.73) —6.02 (=11.06; —0.98); 0.02*]
—4.31% (-=7.91%; —0.70%)
Knee flexors 61.14 (27.22) 58.20 (26.37) —2.87 (-4.95; —0.79); 0.009%*],
-4.69% (—8.09%; —1.30%)
Hip extensors 128.40 (98.20; 176.70)? 106.75 (72.00; 143.60)? —28.65 (—37.88; —19.42); <0.0001*]
—20.16% (—26.66%; —13.67%)
Hip flexors 69.42 (28.42) 85.59 (30.45) 16.35 (12.41; 20.29); <0.0001*1
23.55% (17.88%; 29.23%)
HHD* (Nm)
Ankle plantar flexors 18.08 (10.37; 25.72)? 15.96 (10.36; 24.65)° —1.33 (=2.35; —0.31); 0.01*]
—7.17% (=12.66%; —1.68%)
Ankle dorsal flexors 18.21 (5.70; 25.74)? 18.14 (6.66; 27.54)? (0.93; 1.10); 0.79
1% (=7%; 10%)°
Knee extensors 105.30 (38.24) 108.58 (41.77) 3.61(=1.31; 8.53); 0.16
3.43% (—=1.24%; 8.10%)
Knee flexors 68.14 (26.41) 65.73 (25.60) —2.27 (=5.03; 0.49); 0.11
—3.33% (=7.39%; 0.72%)
Hip extensors 64.26 (22.63) 59.93 (19.98) —3.58 (=7.32; 0.16); 0.065
—5.57% (=11.40%, 0.25%)
Hip flexors 65.32 (20.43) 61.30 (22.36) —3.83 (=7.16; —0.50); 0.03*]

—5.86% (—10.96%; —0.76%)

Note. *P-value < 0.05. timprovement, |deterioration. The 95% ClI for difference is based on SE. FU = 1-year follow-up.
TStationary dynamometry: Ankle plantar flexors: missing values (n = 1) because of technical issues. Ankle dorsal flexors: missing values (n = 1)
because of technical issues. Knee extensors: missing values (n = 2) because of not conducted due to knee pain (n = 1) and technical issues
(n = 1). Knee flexors: missing values (n = 1) because of technical issues. Hip extensors: missing values (n = 1) because of technical issues. Hip flex-
ors: missing values (n = 1) because of technical issues.

’Median (IQR) because mean — (1.96*SD) resulted in a negative value which is meaningless.

3Ahtilogzz ratio geometric mean (95% Cl); percentage mean (95% Cl).
“HHD: Ankle plantar flexors: missing values (n = 0). Ankle dorsal flexors: missing values (n = 0). Knee extensors: missing values (n = 1) because of
knee pain. Knee flexors: missing values (n = 0). Hip extensors: missing values (n = 2) because of patient compensation (n = 1) and tester unable
to hold position (n = 1). Hip flexors: missing values (n = 1) because tester was unable to hold position (n = 1).

(13, 10-17) (P = 0.048). For the other outcomes, there
was no difference regarding cognition or apathy between
the two groups (P > 0.078).

Comparison with dropouts

There was no difference between patients who completed
the study versus dropouts regarding sex, age, BMI, and
level of muscle affection (Muscular Impairment Rating
Scale (MIRS)) (P > 0.15). The patients who completed
the study were younger (41 %+ 10 years) than the patients
who declined to participate (47 £ 9 years) (P = 0.008),
but there was no difference in sex (P = 0.49).

Physical activity level

There was no significant difference in physical activity
level from Dbaseline (median, IQR, 375.0, 200.0 to
620.0 min) to follow-up (median, IQR, 372.5, 180.0 to
810.0 min) (P = 0.32).

Discussion

The main findings of this study are that muscle strength
and the balance measurements TUG and mCTSIB are
responsive to change over a 1-year period in a cohort of
noncongenital DM1. In contrast, all other static balance

1386 © 2020 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association
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measurements than the mCTSIB are unresponsive because
of either ceiling or floor effects.

Muscle strength measurements

Both stationary and handheld dynamometers captured a
change in the proximal leg muscles. The study shows that
although distal muscles are well-known to be more
affected in DM1, proximal muscles capture change better
than distal, likely because distal muscles are very weak in
DMI1 and have reached an end-stage. Thus, 3-21% of the
patients were too weak to exceed the threshold of the
dynamometers, and therefore unresponsive to change.
Moreover, 76% of the patients demonstrated proximal
weakness (MIRS > 4). Although HDD and stationary
dynamometry agreed for most measures, there was some
discrepancy for a few tests. Thus, change in strength was
only recorded by HHD ankle plantar flexors, which could
relate to easier patient-tester cooperation and smaller
strength variation within the patients assessed by HHD,
whereas the change in knee extensors, which was only
captured by stationary dynamometry, could be due to tes-
ter-independency of stationary dynamometry. A signifi-
cant increase in hip flexor strength assessed by stationary
dynamometry was found in this study as well as in a pre-
vious DM1 study.® However, this is considered a spurious
type II error finding because of no change in physical
activity level in this study and the loss of hip flexor
strength recorded by HHD in the present- and a previous
DMI study." This study demonstrated loss of strength in
knee and hip flexors and ankle plantar flexors assessed by
HHD. Our study did not show change in knee extensors

© 2020 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association

and ankle dorsal flexors with HHD, but studies of longer
duration in DM1 have shown this.*'* It has previously
been shown that 1 year is too short to register progres-
sion in these muscles in DMI1."> Compared to previous
findings of significant decline in the knee extensors, but
not in the knee flexors using stationary dynamometry in
DM,'® this study found a reduction of strength in both
knee extensors and flexors. The discrepancy may be
because Lindemann et al.'® did not specify DM-type,
investigated isokinetic torque, and had a smaller sample
size, which reduces power.

The HHD has limitations when a subject is stronger
than the investigator, but in this study, this problem was
minimal as only one patient could overcome the assessor.
Reversely, HHD is superior to stationary dynamometry as
illustrated by 21% of the patients who could not exceed
the threshold in the stationary dynamometry, whereas this
number was only 13% for HHD.

Balance measurements

The TUG and mCTSIB captured change, but the step
test and one-leg-stance eyes closed test, measuring differ-
ent aspects of the same construct, failed to do so. The
failure of capturing a change in the one-leg-stance eyes
closed test was probably caused by a floor effect, missing
values, and heterogeneity of the patients’ performances.
After 5-9 years of observation, deterioration in DM1 has
been shown not only in the TUG™'* but also in the step
test."

The ceiling effects in the feet-together stance, tandem
stance, and one-leg-stance eyes open and the floor effect

1387



Responsiveness of Outcome Measures in DM1

Table 3. Baseline and follow-up balance and functional mobility measures and their change.

K. L. Knak et al.

Change
Baseline FU Mean (95% Cl) for absolute and
Mean (SD) Mean (SD) percentage differences P-value
Dynamic balance
TUG' (s) 8.11 (1.68) 8.45 (1.41) 0.35(0.17; 0.53); 0.0003*|
4.32% (2.14%; 6.49%)
Step Test? (no.) 18.53 (5.77) 18.77 (6.12) 0.24 (-0.27; 0.75); 0.37
1.30% (—1.45%; 4.05%)
Static balance
mCTSIB (deg.) 0.99 (0.25) 1.05 (0.25) 0.06 (0.001; 0.119); 0.035%|
6.06% (0.12%; 12.00%)
Feet-together stance® (s) 60 (60; 60)° 60 (60; 60)° NA® NA®
Tandem stance’ (s) 40 (40; 40)° 40 (40; 40)° NAS NA®
One-leg-stance eyes open? (s) 40.00 (11.87; 40.00) 38.59 (12.19; 40.00)° NAS® NAS®
One-leg-stance eyes closed® (s) 5.09 (3.70; 12.47)"° 7.83 (3.60; 17.56)"° 1.14 (0.84; 1.54); 0.42
14% (—16%; 54%)"
Functional mobility
10mWT'? (s) 5.588 (1.33) 5.582 (1.54) —0.009 (-0.15; 0.13); 0.90
—~0.16% (=2.62%; 2.29%)
STS™2 (s) 16.15 (4.32) 16.09 (5.02) —0.06 (—0.75; 0.63); 0.88

—0.37% (—4.62%; 3.88%)

Note. *P-value < 0.05. |deterioration. The 95% Cl for difference is based on SE. FU = 1-year follow-up.

TUG: missing values (n = 0).

2Step test: missing values (n = 1) because patient did not finish the test due to knee pain.
3mCTSIB: missing values (n = 14) because of technical issues (n = 2), inability to complete the test (n = 10), and inability to initiate the test

(n=2).
“Feet-together stance: missing values (n = 0).

>Median (IQR) because of null inflation (i.e., no true variation across patients).
CImpossible to estimate due to null inflation (i.e., no true variation across patients).

’Tandem stance: missing values (n = 0).
80ne-leg-stance eyes open: missing values (n = 0).

90ne-leg-stance eyes closed: missing values (n = 31) because of inability to initiate the one-leg-stance eyes open test (n = 1) and inability to
stand > 30 s in one-leg-stance eyes open test (n = 30) which qualified for the one-leg-stance eyes closed test.
"Median (IQR) because mean — (1.96*SD) resulted in a negative value which is meaningless.

HAntilogz: ratio geometric mean (95% Cl); percentage mean (95% Cl).

1210mWT: missing values (n = 0).
135TS: missing values (n = 1) because of incomplete test.

in the one-leg-stance eyes closed test suggests that these
tests are unresponsive outcomes in a heterogeneous DM1
cohort. A ceiling effect has also previously been shown in
the feet-together stance in DM1.'” The mCTSIB was close
to reaching the threshold for floor effects with 13-14% of
the patients being unable to complete the test. This indi-
cates that the subparts of mCTSIB with eyes closed and
standing on a foam surface may be too challenging for
patients with more severe balance impairments.

Functional mobility measurements

None of the functional mobility tests in this study showed
change in 1 year, which is at variance with other studies
in DM1 using these tests.”'® The discrepancies may be
due to differences in test methods,”'® unspecified DM-

type,'® and a larger sample size.” Changes in the 10mWT
after a longer period of time has previously been shown
in DM1."

General discussion
Outcome measures against GRS

The objective measurements were generally poorly
reflected by the subjective scoring of changes in muscle
strength, balance, and functional mobility using the GRS
after 1 year. This relationship was better matched when
the observation period was 9 years,® where larger changes
occur that can be more easily perceived. However, overall
the true agreement between the objective measurements
and subjective assessments in this study is somewhere

1388 © 2020 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association
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between no agreement to excellent agreement with 95%
confidence. This uncertainty suggests that GRS as an
anchor of change or no change is unsuitable in DMI.
Thus, defining responsive outcome measures using an
anchor for the slowly progressive DM1 disease within a
clinical trial duration of 1 year has proven problematic.
This may be caused by the several limitations of GRS
such as recall bias (inaccuracy of retrieving previous expe-
riences'®),® response-shift bias (a shift in internal percep-
tions®), difficulty to perceive slow, gradual decline,® well-
being at the day of rating, cognition,® and apathy. More-
over, the classification accuracy of change or no change
by the objective measurements can only be as good as the
anchor. Cognition was impaired in 5-38% of the patients
in this study, but none of the patients reached the thresh-
old for apathy (apathy score> 34?°). However, the
patients with disagreement between GRS and the objective
measurements did not show lower cognition, which sug-
gests that the impact of cognition may be less than antici-
pated.

© 2020 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association

Implications for clinical trials

For clinical trials it is important to select the most
responsive outcomes, so that small therapeutic effects are
not concealed, and larger study cohorts can be avoided.
Thus, based on this study, the best outcomes for clinical
trials within 1 year are the stationary dynamometry or
HHD with measurements of the proximal muscle groups
and the balance assessments TUG or mCTSIB, because
these tests capture subtle, but highly significant changes
after 1 year of no intervention. For functional mobility,
modified or other mobility tests, or novel outcomes such
as gait analyses could be investigated for responsiveness
to define additional responsive mobility outcomes for
clinical trials of 1 year. However, the outcome measures
that did not capture change after 1 year with no interven-
tion may still capture a change after a 1-year interven-
tional trial if the treatment is very effective, and therefore
can still be considered as outcome. Responsiveness may
be improved in a more homogeneous sample,®’ but the
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present sample was not large enough for a subgroup anal-
ysis.

The strength of the heterogeneous DM1 cohort investi-
gated in this study is that it is generalizable to the major-
ity of the noncongenital DM1 population.

Study limitations

The study was limited by dropouts, but since these con-
stituted only 14% of the sample and did not differ clini-
cally from the completers, this is not considered to
influence conclusions significantly. The patient-rated
GRS, in contrast to clinician-rated GRS, may be a limita-
tion in DM1 patients due to possible symptoms such as
lack of insight, apathy, and impaired cognition, but on
the other hand patient-rated GRS represents the patients’
own perceptions, which should be acknowledged. Efforts
should therefore be directed at developing more suitable
patient-reported-outcomes for DM1.

Conclusion

In conclusion, both muscle strength dynamometers and
the balance measurements TUG and mCTSIB showed rea-
sonable responsiveness by detecting subtle changes after
1 year in the slowly, progressive disease, DM1. All static
balance measurements are not recommended as respon-
sive outcomes due to either ceiling or floor effects, except
the mCTSIB.
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Abstract

Background Physical inactivity is associated with lifestyle diseases and exercise of moderate intensity seems beneficial in
DM1, but knowledge about physical activity and predictors of physical activity in individuals with myotonic dystrophy type
1 (DM1) is limited. The objective of this study is to assess physical activity and predictors of physical activity in individuals
with DM1.

Methods Sixty-seven adults with DM1 and 39 healthy adults were recruited. Physical activity was monitored by accelerom-
etry and assessed using the International Physical Activity Questionnaire. Age, marital status, education, apathy, cognition,
fatigue, and muscle strength were assessed as predictors of physical activity in DM1.

Results The individuals with DM1 were on average — 187 min (p <0.00001) objectively and — 48% (p =0.001) subjectively
less physically active per week compared to healthy controls. Education was the only predictor of physical activity in DM1
(»p=0.02).

Conclusions Individuals with DM1 are less physically active compared to healthy controls and only half of the patients
fulfilled minimum requirements for recommended physical activity. Education is the only predictor of physical activity in
DM1. Thus, enhancement of physical activity in individuals with DM1 might be suggested, and especially in the less edu-

cated individuals, but RCT studies are needed to guide exact recommendations.

Keywords Myotonic dystrophy - Physical activity - Accelerometry - IPAQ

Background

Myotonic dystrophy type 1 (DM1) is the most prevalent
adult-onset muscular dystrophy [1]. It is characterized by
distal muscle weakness in the extremities and multiorgan
manifestations [2]. Strength and aerobic exercise of moder-
ate intensity appear to be safe and beneficial in DM1, but the
body of evidence for this is limited [3]. It is well known that
physical activity has a preventive effect on lifestyle-related
diseases for the general population [4, 5]. Although there is
no direct evidence showing that physical inactivity causes
additional physical impairment in DM 1, muscle strength is
decreased with bed rest in healthy individuals and physical
activity seems to prevent disuse atrophy in muscle diseases
[6]. Thus, it seems likely that physical inactivity worsens
existing physical impairments in DM 1. Subjective reporting

> Kirsten Lykke Knak
kirsten.lykke.knak @regionh.dk

Department of Neurology, Rigshospitalet, Juliane Maries
Vej 28, 2100 Copenhagen, Denmark

[7-9] has demonstrated physical inactivity in DM1, but
these studies may be confounded by recall bias and social
desirability bias. Only two studies [10, 11] have objectively
investigated physical activity in few DM1 patients, but no
studies have documented physical activity objectively in a
larger cohort of individuals with DM1. To promote physical
activity in DM1, it is important to understand predictors of
physical activity, so the correct sub-group of patients can be
targeted, but such predictors are unknown for DM1.

The objective was to investigate physical activity and to
investigate the predictors of physical activity in individuals
with DM1 compared to healthy controls.

Methods
Participants
The DM participants (n=67) were recruited from the

MyDOM cohort from Copenhagen and Aarhus in Den-
mark between 2017 and 2018. Thirty-nine healthy controls

@ Springer
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were recruited from Copenhagen via advertisement in
newspapers and Facebook and via ads at the hospital for
staff. The inclusion criteria for individuals with DM1 were
18-60 years of age, living in Copenhagen or Aarhus, CTG
repeats > 80 (the cutoff criteria for diagnosing DM1 at the
Department of Genetics, Rigshospitalet), ability to rise
from a chair without using arms, and > 10 m walking
distance. The inclusion criteria for healthy controls were
18-60 years of age, living in Copenhagen, and in general
being healthy.

The exclusion criteria for individuals with DM1 were
pregnancy, alcohol or drug abuse, recent illness, onset of
DMI1 disease < 1 year of age, and diseases unrelated to
DM1 or medicine consumption that confounds interpreta-
tion of muscle strength, balance or function. The exclusion
criteria for healthy controls were pregnancy, alcohol or
drug abuse, recent illness, and physical disability, illness
or medication interfering with balance.

Protocol

This was an observational study with one visit. The fol-
lowing data were obtained: age, body mass index (BMI),
marital status (cohabitant or not), education (classified as
none, elementary school, high school, college with three
different education lengths, and postgraduate education),
apathy (Apathy Evaluation Scale self-rated [12]), cogni-
tion (STROOP [13]), fatigue (Fatigue Severity Scale-7
[14]), and isometric ankle dorsal flexor muscle strength
(Newton meter) measured by Stationary Dynamometry
(Biodex System 3 and 4 PRO, Biodex Medical Systems,
NY).

The participants were instructed to wear a hip-worn
accelerometer (wWGT3X-BT, Timik Medical, Herlev, Den-
mark) over 7 consecutive days for 24 h, removing it only
when showering or performing water activities. Accelera-
tion intensity and duration of hip motion (e.g., steps and
other movements such as rising from a chair) were moni-
tored in three axes (up—down, left-right, forward—back-
ward). Light, moderate, vigorous, and very vigorous inten-
sities were extracted, which were defined as: rest <99
counts per minute (CPM); light=100-1951 CPM; moder-
ate =1952-5724 CPM; vigorous =5725-9498 CPM; and
very vigorous >9499 CPM [15]. The number of counts
increases with the frequency and intensity of movement.
Wear time >4 days during daytime was accepted as the cut-
off compliance for inclusion. Non-wear time was defined
as > 60 min of continuous zero acceleration [16]. On the last
day of accelerometry monitoring, the subjects completed the
International Physical Activity Questionnaire (IPAQ) (short
version [17]) regarding walking, moderate, and very vigor-
ous physical activity intensity within the last 7 days.

@ Springer

Statistical analyses

SAS Enterprise Guide 7.1 was used for data analyses. To
investigate differences in physical activity between DM 1
and healthy controls, a linear mixed model was applied
with family as a random effect (correction for family
members in the cohort) and with group, sex, age, BMI,
marital status and education as covariates (correction
for possible differences on these parameters between the
groups). The primary confirmatory analysis was con-
ducted on the mean physical activity (min/week) regard-
ing accelerometry and IPAQ, respectively. The p =0.05 for
the two primary outcomes were Bonferroni corrected (p
valuegrerroni = 0-025). Because the different activity inten-
sities were only exploratory outcomes, Bonferroni correc-
tion was not applied to these outcomes since this would
be too conservative. To investigate predictors of physical
activity, a linear mixed model was conducted with family
as a random effect and with age, marital status, education,
apathy, fatigue, and ankle dorsal strength as covariates
(predictors) in DM1, and a multiple linear regression with
age, marital status, and education as covariates in healthy
controls. For linear mixed model, the following model
assumptions were checked and in case of violation, the
analyses were conducted on log10-transformed data: mul-
tivariate normal distribution and homogeneity of residuals,
and convergence criteria. For multiple linear regression,
the following model assumptions were checked: independ-
ency of observations, linearity of covariates, homogeneous
and normally distributed residuals. For both groups, the
number of predictors was limited to sample size divided by
ten to avoid mass significance. Non-collinearity between
predictors was checked. Difference in characteristics
among subjects who adhered to wear time and subjects
who did not was investigated by unpaired ¢ test for continu-
ous data, by Mann—Whitney test for ordinal data, and by
Fisher’s exact test for dichotomous data. The associated
model assumptions were checked.

Results

Recruitment of participants is shown in Fig. 1, and demo-
graphic data are shown in Table 1. There were miss-
ing values for: (I) AES-S (n=11) because AES-S was
not implemented in the beginning of the study (n=3),
drop out before AES-S assessment (z=1), not possible
to attend the AES-S assessment (n=1), and incomplete
AES-S (n=1); (II) STROOP Word (n=14) because the
test was not implemented (n = 8), withdrawal before the
assessment (n=1), not possible to attend the assessment
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Fig. 1 Flowchart of recruitment
of individuals with DM1 Assessed for
eligibility
(n=208) e Excluded 0

~
Not meeting

(n=122)
Not meeting inclusion criteria (n=48)
Meeting exclusion criteria (n=8)
Declined to participate (n=37)
Other reasons (n=3)

K No answer (n=26) /

A 4

Agreed to
participate

(n=86) Ve \

inclusion criteria
(0=2)

A

hYd

N
Lack of physical

(n=8)
Lack of time (n=4)
Absentee (n=1)

<

activity monitors

(n=1)

~
Did not fulfill

Serious illness (n=1)
Due to tiredness (n=2) /

Drop out
v .
Participated *
(n=75) -

A

wear time criteria
(n=8)

\

(n=1), subject was unable to read (n=1), subject was
color blind (n=2), and invalid score (n=1); (II[) STROOP
Color (n=13) because the test was not implemented
(n=38), withdrawal before the assessment (n= 1), not pos-
sible to attend the assessment (n = 1), subject was color
blind (n=2), and subject was unable to read (n=1); (IV)
STROOP Color/Word (n=14) because the test was not
implemented (n=38), withdrawal before the assessment
(n=1), not possible to attend the assessment (n=1), sub-
ject was unable to read (n=1), subject was color blind
(n=2), and subject did not want to complete the test
(n=1); (V) STROOP inferences (n=13) because the test
was not implemented (n =8), withdrawal before the assess-
ment (n=1), not possible to attend the assessment (n=1),
subject was unable to read (n=1), and subject was color
blind (n=2) and; (VI) FSS-7 (n=1) because of incomplete
FSS-7 (n=1).

The individuals with DM1 were on average less physi-
cally active objectively (mean =+ SD, 485 + 144 min) as
assessed by accelerometry compared to the healthy con-
trols (695 + 138 min), a difference of -187 min (— 248 to
— 127 min, p <0.00001). The individuals with DM1 were
also on average less physically active subjectively (median
and IQR; 380 min, 215-720 min) as assessed by the ques-
tionnaire compared to the healthy controls (550 min,
368-983 min), a mean difference of -48% (95% CI — 65
to — 23%, p=0.001). The different physical intensities are

Fulfilled wear

time criteria
(n=67)

visualized in Fig. 2. Moreover, the individuals with DM 1
fulfilled the WHO recommendations of physical activity
poorly and remarkably less than the healthy controls (Fig. 3).

Education was the only significant predictor of physi-
cal activity in DM1 showing that when educational level
is increased by one step (a higher degree of education), the
weekly mean activity level is increased by 29 min (5—53 min,
p=0.02) (Table 2). Age, marital status, and education were
not significant predictors of physical activity in healthy indi-
viduals (p > 0.20).

Twelve percent of the subjects with DM1 and 8% of
the healthy controls did not adhere to wearing the activity
monitor for at least 4 days. The only significant difference
between the subjects who adhered and the subjects who did
not was marital status in DM1 (p =0.009) with cohabitants
being more compliant and age in healthy controls (p=0.014)
with the oldest being more compliant.

Discussion

This study demonstrates that individuals with DM1 are less
physically active than healthy individuals and that education
is the only predictor of physical activity in subjects with
DMI.

Our study is the first prospective investigation of physi-
cal activity assessed by objective and subjective measures

@ Springer
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Table 1. Demqgraphic data of DM1 Healthy controls
the subjects with DM1
Sex, no 67 39
Women 32 21
Men 35 18
Kindred providing > 1 family member, no 11 0
Age (years), mean (SD) 41 (10) 39 (11)
BMI, mean (SD)?* 24.3(5.1) 23.5(2.6)
Marital status, no
Cohabitant 50 31
No cohabitant 17 8
Accomplished education, no
None 1 0
Elementary school 10 1
High school 9 3
College (2-2Y2 years) 17 6
College (3—4Y2 years) 16 13
College (5-6 years) 11 15
Postgraduate education 3 1
AES-S, median (5-95 percentile)b 12 (3-24) NA
Apathy, no 0
STROOP, median (5-95 percentile)® NA
Word score 32 (18-44)
Cognitive impairment, no 20
Color score 34 (22-55)
Cognitive impairment, no 11
Color—Word score 38 (32-55)
Cognitive impairment, no 1
Interference score 50 (49-51)
Cognitive impairment, no 0
FSS-7, median (5-95 percentile)d 4.3 (1.9-6.6) NA
Abnormal fatigue, no 39
Ankle dorsal flexion muscle strength (Nm)®, median 17 (0.00-45.70) NA
(5-95 percentile)
Too weak to activate the test, no 13

NA not applicable, not investigated

“BMI (body mass index) (kg/m?), %

®AES-S Apathy Evaluation Scale (self-rated). A score of >34 = apathy

“Verbal STROOP Color and Word test (adult version). Higher score indicates better cognitive performance.
95% CI for STROOP (30.4; 69.91)

4FSS-7 Fatigue Severity Scale (without item 1 and 2 from FSS-9), mean score. Higher score =greater
fatigue severity. Minimum mean score = 1. Maximum mean score =7

“Peak torque (Nm=Newton meter) measured by Stationary Dynamometry (Biodex System 4 Pro, Biodex

Medical Systems, NY)

in a large cohort of patients with DM1. The finding of less
physical activity in DM1 compared to healthy subjects is
consistent with previous case series and subjective assess-
ments of physical activity in DM1 [7, 10, 11]. Possible
explanations for the decreased physical activity level in
DM1 compared to healthy controls in the present study
are that 42% of the subjects with DM1 showed cognitive
impairment, 59% showed abnormal fatigue (FSS score > 4

@ Springer

[18]), and 78% were affected by distal/distal and proximal
muscle weakness (MIRS >3). In line with this, education,
which partly expresses cognition, was a significant predic-
tor of physical activity in DM1. Although fatigue was not a
significant predictor, it was almost significant at 5.7% prob-
ability. The subjects with DM1 showed BMI ranging from
underweight to obese but the mean BMI was normal weight.
Despite a correlation between BMI and physical activity in
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Fig. 2 Physical activity levels a 3500
in individuals with DM1 and
healthy controls. Part A shows 2 .
L 3000 -
objective accelerometry data 2
and part B shows subjective 8
IPAQ data. *p <0.05. Y-axis: £ 2500
minutes of physical activity per g
week. The boxes represent dif- \?/ 2000
ferent activity intensities. Box: =
25%—75% percentile. Horizon- 2
tal line: median/50% percentile. g 1500
For the boxes with outliers, the =
whiskers represent 1.5 * box % 1000
length, but for the boxes without Z
outliers, the whiskers represent ~ _
500 i

minimum and maximum values

DM1

=p
'
o
(=3
o

Physical activity (min/week)

healthy [19], BMI has not been shown to be a predictor of
physical activity in healthy [20]. The difference in physical
activity level cannot be explained by possible differences in
demographic parameters between the two groups, because
we adjusted for that in our analyses. This means when sex,
age, BMI, marital status and education are similar in the two
groups, DM1 demonstrated a lower physical activity level
compared to the healthy.

WHO recommends that adults on a weekly basis per-
form physical activity > 150 min of moderate intensity or
> 75 min of vigorous intensity [4]. For both the objective
and subjective measurements, only around 50% of the sub-
jects with DM1 fulfilled the recommendation of moderate
intensity and 0-37% fulfilled vigorous or very vigorous
intensity. This shows that persons affected by DM1 were
not only less physically active than healthy subjects, but half
or more of DM1 patients also failed to adhere to the WHO
recommendations. The decreased physical activity level in
patients with DM1 is concerning because it increases the

M Light activity
B Moderate activity

M Vigorous activity

[ Very vigorous activity

Healthy controls

M Walking
Moderate activity
H Very vigorous activity

Healthy controls

risk of lifestyle-related diseases [4] and it also contributes
to disuse muscle atrophy, which can exacerbate existing
disabilities in DM1. Moreover, individuals with DM1 are
predisposed to diabetes mellitus [21], which makes physical
activity imperative in this condition.

The finding that education was a significant predictor of
physical activity in DM1 is inconsistent with findings for
healthy subjects in the present study, but consistent with
previous findings in healthy adults [20, 22]. However, the
previous studies [20, 22] investigated physical activity sub-
jectively. The finding that age and marital status were not
significant predictors of physical activity in DM1 is incon-
sistent with previous findings in healthy adults [22, 23].
However, in the present study, age (p = 0.07) was close to
the 5% significance level. The differences between the pre-
sent study and the previous studies [22, 23] may be due to
different characteristics of studied populations, analyses or
sample size. Unexpectedly, apathy was not a significant pre-
dictor of physical activity level in DM1 patients. However,

@ Springer
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Minimum 75 min
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EDMI1 ® Healthy controls

=3
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Fig.3 Percent of subjects with DM1 and healthy controls fulfilling
WHO’s physical activity recommendations. Part A shows objective
accelerometry data and part B shows subjective IPAQ data. There are
two columns for moderate intensity, including and excluding walk-
ing, because walking can both be light and moderate intensity. X-axis:
physical intensities according to WHO recommendations for healthy
adults. Blue columns: DMI1. Orange columns: Healthy controls.
Y-axis: percent of subjects fulfilling the WHO recommendations

Table 2 Predictors of physical activity in subjects with DM1

Predictor variable  f SE, 95%Cl, P value
Age -3.05 1.68 —6.34;0.25 0.07
Marital status
Cohabitant 59.03 4239 —24.05;142.11 0.16
No cohabitant
Education 28.93 12.24  4.95;52.91 0.02*
AES-S —-4.36 3.11 -10.46;1.73 0.16
FSS-7 —24.55 12.87 —49.78;0.68 0.06
Ankle dorsal —-0.47 140 —-3.21;2.27 0.74
flexion muscle
strength

B regression coefficient, SE; standard error of the regression coef-
ficient, AES-S Apathy Evaluation Scale (self-rated), FSS-7 Fatigue
Severity Scale (without item 1 and 2 from FSS-9), Peak torque
(Nm=Newton meter) measured by Stationary Dynamometry

#p<0.05

@ Springer

apathy cannot be ruled out as a physical activity predictor
because even though the apathy score varied in the present
study, none of the subjects demonstrated apathy (score >34
[24]. The finding of a higher physical activity level in DM1
individuals with higher level of education, which at least
partly expresses cognition, stresses the importance of tar-
geting exercise programs for less educated or cognitively
impaired individuals with DM1. In the present study, fatigue
tended to predict physical activity (p = 0.06), which suggests
that fatigue should also be managed to enhance physical
activity in DM1. Exercise is one approach to reduce fatigue,
because a causal relationship between increased exercise and
reduced fatigue has previously been shown in DM1 [25].
Barriers to physical activity in individuals with DM1 such as
physical problems and fatigue have previously been reported
[7], and an RCT in DM1 [26] showed that physical activity
can be enhanced by cognitive behavioral therapy. Thus, an
approach to improve physical activity level in DM1 has been
suggested but as the barriers indicate, promoting physical
activity in individuals with DM is complex. Exercise stud-
ies in DM1 have shown promising results [25, 27-30], but
strong evidence for this is lacking [3, 31, 32], thus an RCT is
needed. There is a risk of injury and falls when being physi-
cally active, but no studies have documented detrimental
effects of physical activity in DM1. In fact, the opposite
may be expected as a correlation between increased lower
limb muscle strength and decreased number of falls has been
demonstrated in DM1 [10], which suggests that strength
exercise might decrease the risk of fall.

The study was strengthened by an objective measurement
of physical activity level for 7 days, thus, all days of the
week with different daily activities were captured. Also, the
accelerometer did not only monitor steps, but also duration
and intensity of other hip motions. The DM1 sample size is
considered generalizable to the background DM1 population
in terms of variation in demographic characteristics, except
for the most disabled individuals with DM1.

Limitations

Heart rate monitoring could register physical activity with-
out or with minimal hip motion (e.g., bicycling, upper limb
strength exercise) but because heart arrhythmia is a symp-
tom in some individuals with DM1 affecting the heart rate
monitoring, heart rate was not monitored in the subjects with
DM1 and healthy controls. However, future studies could
use heart rate monitoring in a subset of patients without
arrhythmias. There is a risk that sedentary behavior has
been misclassified as non-wear because we used Troiano
et al.’s stratification [16], which classifies no acceleration
as non-wear. However, sedentary behavior is often different
from non-wear time, because the body often creates small
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movements despite being sedentary. The subjects with DM1
and the healthy controls who did not adhere to wearing the
accelerometer may be less physically active than the compli-
ant participants. Thus, there is a risk that the physical activ-
ity level in both groups is overestimated, which stresses the
main findings of the study. However, the subjects who were
non-compliant constituted <12% of all subjects, and the
variables that differed between compliant and non-compliant
participants (marital status and age) were not predictors of
physical activity in DM1. Thus, the bias from non-compliant
participants is likely small. Also, there was a risk of social
desirability bias with subjects increasing their physical activ-
ity level for the activity monitoring. The rather long sam-
pling time of 7 days was used to counteract this, and likely
the risk of social desirability is similar in healthy controls.
We therefore do not think this potential bias was important
in our study.

Conclusion

Individuals with DM are less physical active than healthy
controls, to a degree which is likely clinically meaningful,
as only half of patients fulfilled minimum requirements for
recommended physical activity. Education was the only pre-
dictor of physical activity in DM1.
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