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Objective: To systematically evaluate the measu-
rement properties of aerobic capacity measures in
neuromuscular diseases.

Data sources: MEDLINE, EMBASE, SportDiscus and
Web of Science Conference Proceedings Citation
Index - Science were systematically searched from
inception until 30 June 2021.

Study selection and data extraction: Screening,
data extraction, risk of bias assessment and qua-
lity assessment were performed by 2 independent
researchers. Studies were included if they evalua-
ted measurement properties of aerobic capacity
measures in adults with neuromuscular diseases.
Risk of bias was assessed using the COnsensus-
based Standards for the selection of health status
Measurement INstruments (COSMIN) checklist.
Results were pooled and the quality of the evi-
dence was determined using a modified Grading of
Recommendations, Assessment, Development and
Evaluations (GRADE) approach.

Data synthesis: Nine studies including 187 partici-
pants were included in this review. Low quality of
evidence was found for sufficient content validity
of peak oxygen consumption through maximal ex-
ercise testing. Criterion validity of 4 out of 7 diffe-
rent measures to predict peak oxygen consumption
was sufficient; however, quality of evidence was
low or very low for all measures. No studies were
found evaluating reliability or responsiveness.
Conclusion: There was a lack of high-quality studies
with sufficiently large sample sizes that evaluated
the measurement properties of aerobic capacity
measures in neuromuscular diseases.
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(LAY ABSTRACT A
Aerobic capacity (or cardiovascular endurance) is an
important outcome measure in exercise intervention
studies and pharmacological trials in neuromuscular
diseases. To establish the effects of these interven-
tions it is important to use outcome measures with
good measurement properties. This means that out-
come measures are accurate (valid), repeatable (relia-
ble) and able to detect change over time (responsive).
The aim of this study was to review the scientific lite-
rature regarding the measurement properties of ae-
robic capacity measures in neuromuscular diseases.
Nine small studies (4-44 participants) reporting
on the validity of 8 aerobic capacity measures were
found. Five of these measures were judged as valid,
but the quality of evidence was low. There were no
studies evaluating reliability and responsiveness. Ta-
ken together, these results were considered insuffi-
cient to make recommendations. High-quality studies,
with more participants and a focus on reliability and

\responsiveness, are required. Y,

euromuscular diseases (NMD) encompass over

600 different disorders that affect muscle and
nerve function, with varying degrees of severity, rate
of progression and prevalence (1). People with NMD
often experience muscle weakness, cramps, pain and
fatigue. These symptoms can hamper physical acti-
vity and an active lifestyle, resulting in low physical
fitness (2).

Therefore, improving or maintaining physical fit-
ness, in particular aerobic capacity, is an important
component of clinical management in NMD (3).
Aerobic capacity is often used as a clinical endpoint
in exercise intervention studies and pharmacological
trials, and is defined as the ability of the respiratory
and cardiovascular system to deliver oxygen to the
muscles and to utilize it to generate energy during
exercise (4). It reflects the capacity of the aerobic
system, which is the main provider of oxygen to the
working muscles during exercises lasting longer than
75 s (5). Aerobic capacity is an important health mar-
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ker (6, 7) and is strongly associated with functional
performance in daily living and independent living
at an older age (8-10). Low aerobic capacity is a
substantial risk factor for diseases such as cancer
(11) and cardiovascular diseases (11, 12) and is one
of the most powerful predictors of overall mortality,
both in healthy people and patients (13).

In addition to being an important clinical endpoint,
aerobic exercise measures are also frequently used
to guide intensity prescription for aerobic exercise
programmes, in healthy people and chronic diseases,
such as NMD (14). To accurately prescribe exercise
and to evaluate the effects of interventions in people
with NMD, it is important to use aerobic capacity
measures with adequate measurement properties, i.e.
validity, reliability and responsiveness.

A wide variety of aerobic capacity measures have
been reported in NMD studies. The peak oxygen
consumption (VOzpmk), measured through a maxi-
mal effort graded exercise test with respiratory gas
exchange measurements, is considered the gold-
standard measure to assess maximal aerobic capacity
(15). VO, is often used as primary outcome in
aerobic exercise studies in NMD (16, 17). However,
there is debate regarding whether VO, . reflects
true maximal aerobic capacity in individuals with
NMD (18, 19), because exercise performance may
be determined primarily by the extent of upper or
lower extremities muscle weakness. Moreover, as-
sessing VO, requires expensive equipment and an
extensive exercise protocol until exhaustion, which
could lead to overburdening of already weakened
muscles (20). Therefore, other aerobic capacity
measures are being used that require submaximal
exercise testing or that can be assessed without re-
spiratory gas exchange measurements, such as the
anaerobic threshold (AT) (21). Alternatively, \/Ozpeak
can be predicted through submaximal exercise tests,
such as the Astrand test (22) and field tests, such as
the shuttle run test (23).

To our knowledge, an overview of the measurement
properties of aerobic capacity measures in NMD is
currently missing. Since this concerns a very he-
terogeneous group, where measurement properties
may vary between different (types of) NMD, such
an overview is highly needed. Therefore, the aim of
this study was to systematically review the scientific
literature, based on the following research question:
What are the measurement properties of aerobic
capacity measures used in individuals with NMD?
We aimed to identify the measurement properties of
aerobic capacity measures and assessed the quality
of the evidence. The outcomes of this review may
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help to formulate guidelines for the application of
aerobic capacity measures in NMD.

METHODS

This systematic review was performed according to
Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines (24). The
study was registered in the International Prospective
Register of Systematic Reviews (PROSPERO) on 10
September 2020 (CRD42020200372).

Study selection: criteria

Studies were considered for inclusion in this syste-
matic review if they: (i) evaluated at least one of the
measurement properties of aerobic capacity measures,
as defined by COSMIN (Appendix SI): Reliability,
validity and responsiveness (25), (ii) examined a
study population diagnosed with any type of NMD,
(iii) included adults (>18 years); and (iv) were pu-
blished in English, German or Dutch. Reviews, single
case studies or commentaries were excluded.

Test protocols were considered if: (i) the reported
goal of the test was to determine the aerobic capacity;
and (ii) the duration of the exercise test was >3 min,
since beyond this the relative contribution of the ae-
robic system is >73%) (5). For articles on the content
validity of VOzpcak, additional inclusion criteria were
used. The content validity of VO2pcak could be assessed
by evaluating if a priori criteria for maximal aerobic
exercise were achieved. Studies on content validity
were included if they: (i) used a maximal exercise
test protocol, (ii) reported at least 1 a priori maximal
aerobic exercise criterion, and (iii) evaluated the a
priori stated criteria, or presented data by which the
criteria could be evaluated. Examples of recommended
criteria for achieving maximal aerobic capacity are: (i)
respiratory gas exchange ratio (RER) >1.1, (ii) heart
rate (HR) >90% predicted maximum, (iii) patient
exhaustion/Borg scale >9 (range 1-10), >17 (range
6-20), and (iv) a plateau in VO, despite increasing
workload (26, 27).

Various exercise test protocols were allowed, that
could differ in intensity (maximal or submaximal)
and in workload (e.g. incremental, even-paced or
self-paced) (28). Exercise tests could be laboratory- or
field-based. Laboratory-based assessments of aerobic
capacity use standardized exercise protocols and
equipment in a controlled environment (i.e. a labora-
tory setting). Field-based assessments of aerobic ca-
pacity are performed outside a controlled environment
(i.e. outside a laboratory setting) using standardized
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protocols without the need for (expensive) laboratory
equipment.

Search strategy

A systematic search was performed of the following
computerized databases through 10 July 2020 and
updated on 30 June 2021: MEDLINE, EMBASE,
SPORTDiscus and Web of Science Conference Procee-
dings Citation Index — Science. The literature search
was supplemented by searching for trial protocols
through ClinicalTrials.gov, ISRCTN clinical trial
registry and the Netherlands Trial Register (NTR).
Conceptually, the systematic database searches can
be described as follows: ([aerobic capacity] AND
[neuromuscular diseases]) OR [relevant trials/studies].
The aerobic capacity concept includes search terms for
eligible outcome measures and aerobic exercise tests.
The scoping search for trial protocols yielded trial
names and registry numbers. These were included in
the search strategy in order to identify trial updates or
information possibly not retrieved by the main subject
search. See Appendix SII for full search details. In
addition, reference lists and citations of key articles
were manually checked for relevant additional studies
after the search was performed.

Study selection: procedures

The selection of studies from the database was con-
ducted in 2 stages. During the first stage, titles and
abstracts of the retrieved searches were screened on
eligibility by 2 raters (TV and EV) independently.
As a calibration exercise, the 2 raters compared
eligibility assessments after the first 100 abstracts
and discussed their choices and considerations. After
screening all the titles and abstracts, disagreement
between raters was resolved by joint review of the
studies to reach consensus, and if consensus was not
reached, by a third rater (FK). After consensus was
reached on studies meeting the inclusion criteria, or
if the decision could not be made based on the title
and abstract alone, full reports were obtained. In the
second selection stage, full reports were screened
on eligibility following the same procedure as used
for the selection of titles and abstracts. Authors were
contacted if full reports could not be obtained, or if
the information in the full report was insufficient to
make a decision about eligibility.

Data extraction: procedures

From the included articles 2 independent raters (TV
and EV) extracted data in terms of study characte-
ristics and measurement properties. In addition, the
2 raters assessed the risk of bias and the rating of the
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measurement properties (e.g. for criterion validity;
correlation between aerobic capacity measure and
criterion measure). As a pilot exercise, the raters’
extracted data, risk of bias scores and rating of the
measurement properties of the first 2 articles were
discussed to make sure that procedures were clear
and interpreted correctly by the raters. After the data
extraction of all studies was completed, disagreement
between raters was resolved by joint review of the
studies to reach consensus, and if consensus was not
reached, by a third rater (FK). Finally, the available
data for each measurement property of each aerobic
capacity measure was quantitatively pooled and the
overall quality of the evidence for a measurement
property was graded.

Data extraction: risk of bias assessment

The risk of bias of included studies was assessed
with the COSMIN Risk of Bias checklist for syste-
matic reviews of patient-reported outcome measures
(PROMs) (29). This checklist was originally developed
for PROMs, but its use is also recommended to eva-
luate the risk of bias of aerobic fitness outcomes (30,
31). The original checklist was adjusted to its use in
the current study; i.e. for the risk of bias assessment
of aerobic capacity measures. The sections of the
checklist that were used in this review are reported in
Appendices SIII and SIV. Items on the checklist were
rated as very good, adequate, doubtful or inadequate.
In line with the COSMIN guideline, the lowest rating
of any item in a box determined the overall score for
methodological quality (32).

Data extraction: rating of measurement properties
Measurement properties reported in the individual
studies were rated using the criteria proposed by
COSMIN (33). An overview of the criteria by which
the measurement properties were rated is shown in
Appendix SI. Measurement properties were rated
“sufficient” (+) or “insufficient” (—).

Data synthesis

First, it was decided if the results of the studies for a
particular measurement property could be quantitatively
pooled. Results that were consistent across the studies
were pooled. If the results were inconsistent, 3 strategies
could be used: (i) if an explanation could be found for
the inconsistent results (e.g. [type of] NMD or clear dif-
ferences in physical functioning), results could be pooled
per subgroup, (i) if no explanation could be found for the
inconsistent results, results could not be pooled and the
overall quality of the measurement property could be rated

as “inconsistent”” without grading the evidence, or (iii) the
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conclusion could be based on the majority of consistent
results, and downgraded for inconsistency. The choice for
1 of these strategies was made based on recommendations
by COSMIN (33). Pooled results per measurement pro-
perty per outcome measure were rated against the same
criteria as for individual studies. The overall rating for the
pooled result were rated sufficient (+) or insufficient (—).

Using a modified Grading of Recommendations
Assessment, Development, and Evaluation (GRADE)
approach (34), the quality of the evidence of the pooled
results was graded. The following 4 factors were taken
into account: (i) risk of bias of the included studies, (i)
inconsistency (i.e. unexplained inconsistency of results
across studies), (iii) imprecision (i.e. total sample size
of'the available studies), and (iv) indirectness (i.e. evi-
dence from different populations than the population
of interest in the review). Based on these factors, the
quality of the evidence was graded as high, moderate,
low, or very low (Appendix SV). The quality of the
evidence refers to the confidence that the pooled rating
of a measurement property is trustworthy.

RESULTS

Study selection and characteristics

The database search resulted in 3,663 abstracts, of which
3,447 abstracts were excluded based on screening of title
and abstract. Full texts of the remaining 216 articles were

)
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screened, of which 207 articles did not meet the inclu-
sion criteria. Most studies were excluded because no
measurement properties were reported. The remaining
9 articles were included in this review (Fig. 1). There
were 6 cross-sectional studies, 2 uncontrolled interven-
tion studies, and 1 randomized controlled trial.

The studies included in this review are summarized
in Table I. Sample sizes ranged from 4 to 44 parti-
cipants, and included a diversity of NMD. Maximal
aerobic capacity of the study populations were reported
asVO, . in mL/kg/min or L/min. Five studies reported
data on the content validity of VO, . assessed through
maximal graded exercise testing (35—39). One of these
5 studies specifically aimed to study the content validity
of VO, as an outcome measure for aerobic capacity
(38). Other studies on content validity aimed to evaluate
the effectiveness of aerobic interventions (35, 36, 39), or
to determine pathophysiological mechanisms of exercise
intolerance (37).

The other 4 studies investigated the criterion validity
of aerobic capacity measures (40—43), of which 3 stu-
dies reported on more than 1 aerobic capacity measure
(40,41, 43). None of the included studies investigated
reliability or responsiveness.

Content validity

The exercise test protocols and rating of measurement
properties of the 5 included studies reporting on the
content validity of VO,  are described in Table 1L

Fig. 1. Preferred Reporting Items
: E e F . for Systematic Reviews and Meta-
E Records identified thmugh Additional records identified Analyses (PRISMA) flowchart for
g database searching through other sources search outcomes and included
ﬁ {n=4878) (n=0) studies.
g
[A=]
Records after duplicates removed
. (n=73663)
&
u
Records screened Fecords excluded
== (n=73663) i (n=3447)
&
;'a Full-text records Full-text records excluded, with reasons
g assessed for eligibility (a=207)
(n=216)
*  Nomeasurement properties (161)
(] o  Age< 18 years (22)
#  No aerobic capacity measure (14)
E Studies included in s NoNMD(T)
& gualitative synthesis o Not an adequate study design (2)
5 =9 * Not in English, German or Dutch (1)

J Rehabil Med 54, 2022


https://medicaljournalssweden.se/index.php/jrm/index

JRM

JRM

JRM

Table I. Study characteristics of the included studies
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Author, year of Sample Disease Measurement
publication size Diagnosis Age, years Males VO, car characteristics property
Al-Rahamneh, 2011 (40) 15 Poliomyelitis 35.0 £ 4.0 8 (53) 21.40 £ 4.50 mL/kg/min NR Criterion validity
Cade, 2016 (35) 4 Barth syndrome 235 4 (100) 0.73 £ 0.18 L/min NR Content validity
Crescimanno, 2015 (41) 8 Pompe disease 49.1 £ 12.6 5 (63) 20.50 [15.10-26.40] WGMS: 1.8 £ 0.9 Criterion validity
mL/kg/min
Gimenes, 2011 (42) 14 Mitochondrial 35.4 £ 10.8 7 (50) 13.11 + 3.40 mL/kg/min NR Criterion validity
myopathy
Jones, 1989 (36) 37 Postpoliomyelitis NR NR 1.53 £ 0.52 L/min NR Content validity
Sequelae
McCoy, 2017 (37) 28 Mitochondrial disease 48 + 9 20 (71) 19.5 £ 5.4 mL/kg/min NR Content validity
Montes, 2021 (43) 14 Spinal muscular 37 [19-56] 9 (64.2) 12.35[7.90-25.60] NR Criterion validity
atrophy mL/kg/min
Rapin, 2013 (38) 44 Muscular dystrophies, 43 [21-69] 24 (55) 1.37 L/min NR Content validity
metabolic myopathies (SD not reported)
and Charcot-Marie-
Tooth
Van den Berg, 2015 (39) 23 Pompe disease 46.0 [20-71] 12 (52) 22.1 £ 7.0 mL/kg/min QMFT score: 51 = 8 Content validity

Values are mean + standard deviation, median [range], or number (percentage).

NR: not reported; WGMS: Walton Gardener Medwin Score; QMFT: Quantitative Motor Function Test.

In the study of McCoy et al. (37), the exercise test was
conducted on a bicycle ergometer, with no further pro-
tocol description. In the other 4 studies, exercise testing
was conducted on a bicycle ergometer with workloads,
starting at 0 or 10 Watts and increasing by 5-20 Watts
per min, using either ramping increments or graded in-
crements with 1-min stages. Three studies used a fixed
workload increment size for all participants, while 2
studies determined the increment size individually based
on an estimation of the patients’ physical capacities. No
information was provided on the level of experience of the
test supervisors, except for the study by Rapin et al. (38),
in which exercise tests were supervised by an experienced
physician. Criteria for the achievement of maximal aero-
bic exercise were different across studies. RER was used
as acriterion in all 5 studies, with threshold values ranging
from an RER of 1.0 to 1.15. Furthermore, a plateau in
VO, during exercise, peak heart rate (HR .)» and the
Borg score were used as criteria for ach1ev1ng maximal
aerobic exercise in 2, 3 and 1 studies, respectively.

Scoring of risk of bias assessment items for each study
can be found in Table III. Risk of bias was rated as
doubtful in 4 out of 5 studies (35-37, 39), mainly due
to small sample size and lack of reporting on the expe-
rience of the test supervisor. Risk of bias in the study of
Rapin et al. (38) was scored as adequate. The percentage
of participants meeting the a priori criteria for maximal
exercise testing ranged between 78% and 100% in 4 out
of the 5 studies (7=92) and therefore content validity
was rated as sufficient in these studies (35-37, 39).
In the study of Rapin (38) (n=44), the percentage of
participants meeting the criteria for maximal exercise
testing was 64%, which was rated as insufficient.

Quality of the evidence synthesis for content validity
We decided to pool the study results of all 5 studies
on content validity based on the majority of results; 4

of the 5 studies rated the content validity of VO, as
sufficient with, in total, 113 out of 136 (83%) partici-
pants meeting the a priori criteria for maximal exercise
testing. The quality of evidence for content validity was
downgraded with 1 level for inconsistency based on
the insufficient rating of content validity in the study
of Rapin (38). Furthermore, the quality of evidence
was downgraded 1 point based on the risk of bias as-
sessment (Table III and IV). Therefore, low-quality
evidence was found for a sufficient content validity of
VO, ., to measure maximal aerobic capacity in NMD.

Criterion validity

Four studies evaluated the criterion validity of 7 dif-

ferent aerobic capacity measures that aimed to predict
0,, cak, (40-43). An overview of the study protocols is

shown in Table V. Scoring of risk of bias for each aero-

bic capacity measure is shown in Table VI. Scoring of

the measurement property ratings is shown in Table V.

In the study of Al-Rahamneh et al. (40), values of
rating of perceived exertion (RPE) and VO, during
submaximal exercise were used to predict VO, .
VO, ., was predicted by extrapolating the submaximal
RPE and VO, values by linear regression to RPE 20.
The criterion validity of this method using 3 different
submaximal RPE ranges was determined: the predicted
VO, ., from RPEs below and including RPE 13,
RPE 15 and RPE 17. R1sk of bias of the measurement
property was scored as “very good”. The validity of
the predicted VO,  was rated as insufficient for sub-
maximal RPEs below and including 13 (ICC=0.61),
but rated as sufficient for RPEs below and including
15 (ICC=0.78) and 17 (ICC=0.83).

Two studies evaluated the criterion validity of
outcomes for the 6MWT to assess aerobic capacity
(41, 43). The studies used similar 6MWT proto-
cols (44). In the study of Crescimanno et al. (41),
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Table II. Content validity: risk of bias assessment and
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rating of measurement properties

Achievement Rating of

Author, year of Risk of bias  maximal aerobic measurement
publication Protocol Criteria for maximal exercise assessment exercise property
Cade, 2016 (35) Modality: Bicycle ergometer One of the criteria below: Doubtful 4/4 (100%) Sufficient (+)

Warm-up: 1 min unloaded cycling at 1) HR ., 285% HR

60 rpm. 2) RER , 21.15

Exercise: work rate started at 10 W

and increased 10 W/min.

Stop: volitional exhaustion.
Jones, 1989 (36) Modality: Bicycle ergometer One of the criteria below: Doubtful 37/37 (100%) Sufficient (+)

Warm-up: 1 min unloaded cycling at 1) VO, plateau

50-70 rpm. 2) RER >1.0

Exercise: work rate increased

20 W/min using a ramping protocol.

Stop: volitional exhaustion.
McCoy, 2017 (37) Modality: Bicycle ergometer 1) RER >1.1 Doubtful 22/28 (78%) Sufficient (+)

Warm-up: NR.

Exercise: Graded exercise at 60-70 rpm

Stop: volitional exhaustion.
Rapin, 2013 (38) Modality: Bicycle ergometer Three of the criteria below: Adequate 28/44 (64%) Insufficient (=)

Warm-up: 1-3 min unloaded cycling 1) VO, plateau

at 50-70 rpm. 2) RER >1.1

Exercise: Incrementing workload 3) Chronotropic reserve 15%

ranging from 5-20 W/min (adapted lower than HR

to the patient’s functional capacities 4) Cad <50 ”eak"'e;'_\ND B

according to the examiner’s judgment) ) Cadence rpm org

" score =7

on ramps or by successive stages,

at 50-70 rpm.

Stop: volitional exhaustion.
Van den Berg, 2015 Modality: Bicycle ergometer One of the criteria below: Doubtful 22/23 (96%) Sufficient (+)

(39) Warm-up: 4 min unloaded cycling.
Exercise: work rate increased
5-20 W/min (based on the
patient’s functional capacities)
using a ramping protocol. Test
duration ranged between 6 and 12 min.

Stop: volitional exhaustion.

1) HR >90% HR
2) RER >1.11
3) VO, plateau

peakpred

rpm: revolutions per min; W: watts; HR__, peak heart rate; HR . predicted peak heart rate; RER _: peak respiratory exchange ratio; VO,: oxygen uptake;

RER: respiratory exchange ratio; NR: not reported; HR: heart rate.

the percentage of predicted distance walked in the
6MWT (%DWO6MWT) was associated with the
percentage of predicted VOzpeak. %DWOMWT was
determined using regression equations based on
sex, height, weight and age (45). The method for
determining predicted VO, , was not reported.
Risk of bias was scored as “doubtful”, based on
several methodological flaws. First, the percentage
of predicted VOzpeak was used as criterion instead
of absolute VO, _ values, without argumentation
and without information on the calculation of the
predicted VO, . Secondly, the %DWOMWT was
based on data of healthy individuals. The criterion
validity of %DWpredicted was rated as sufficient
(rho=0.85). The association between the absolute
VO2peak and the absolute distance walked ina 6MWT

Table III. Content validity of VO

2peak

was not reported, but from the data available in the
article the correlation coefficient was determined.
Risk of bias was scored as “very good”. The criterion
validity of absolute distance walked ina 6MWT was
rated as sufficient (rho=0.72).

In the study of Montes et al. (43), the study
population consisted of 14 adults and 5 children. The
author provided us with their data, which allowed us
to assess the correlation coefficient between distance
walked in the 6MWT and VO2peak for the adult popula-
tion only. Risk of bias was scored as “very good”. The
criterion validity for absolute distance walked in the
6MWT was rated as insufficient (r=0.58). This is in
contrast with the sufficient rating of criterion validity
in the study of Crescimanno (41). The inconsistent
results may be explained by differences between

measured during incremental maximal exercise testing: Risk of Bias assessment

Author, year of Maximal effort Number of

publication Test protocol criteria participants  Test supervision Data analysis  Additional flaws Lowest score
Cade, 2016 (35) Adequate Adequate Doubtful Doubtful Very good Very good Doubtful
Jones, 1989 (36) Adequate Doubtful Adequate Doubtful Very good Very good Doubtful
McCoy, 2017 (37) Adequate Adequate Doubtful Doubtful Very good Very good Doubtful
Rapin, 2013 (38) Adequate Very good Adequate Very good Very good Very good Adequate
Van den Berg, 2015 (39)  Very good Adequate Doubtful Doubtful Very good Very good Doubtful

VO,,...: peak oxygen consumption.
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Aerobic capacity measure Risk of bias

Inconsistency

Imprecision Indirectness

Quality of the evidence

VO, during GXT Serious (-1)

Serious (-1)

NA* Not downgraded

Low

*Imprecision is not applicable for content validity according to the COnsensus-based Standards for the selection of health status Measurement INstruments
(COSMIN) guidelines (33). The sample size of individual studies is already incorporated in the risk of bias checklist for content validity; VO, ., : peak oxygen
consumption; GXT: maximal effort graded exercise testing; NA: not applicable.

study cohorts. First, the study of Crescimanno eva-
luated Pompe disease, while Montes studied Spinal
Muscular Atrophy (SMA). Furthermore, the study
cohort of Crescimanno had a higher aerobic capa-

Table V. Criterion validity: quality of study methodology and measurement property

city (median [range], 20.50 [15.10-26.40] mL/kg/min)
and greater distance walked in the 6MWT (400 [380—
500] m) compared with the cohort of Montes (12.35
[7.90-25.60] mL/kg/min; 354.0 [137.0-557.0] m).

Aerobic capacity measure: Risk of bias Rating of measurement
Author Test protocol Criterion: Test protocol assessment Criterion validity  property
Al-Rahamneh, 2011 Aerobic capacity measure: Predicted  Aerobic capacity measure: Very good RPE 13: ICC=0.61 RPE 13: Insufficient (-)
(40) VO, ., by extrapolating sub-maximal VO_Zlfeak measured through RPE 15: ICC=0.78 RPE 15: Sufficient (+)
Egg (223' 150r17) and VO, values to GXT. , RPE 17: ICC=0.83 RPE 17: Sufficient (+)
. Warm-up: 4 min unloaded
Warm-up: 4 min unloaded cycling. cycling.
Exercise: Incrementing workload Exercise: Incrementing
of 9 W/min for men, and 6 W/min workload of 9 W/min
increment for women for men, and 6 W/min
Stop: volitional exhaustion. increment for women until
volitional exhaustion.
Crescimanno, 2015 (41) Aerobic capacity measure: Distance Aerobic capacity measure: Doubtful %DW6EMWT: Sufficient (+)
walked at the 6MWT, expressed VO,,... expressed as rho=0.85
as percentage of predicted percentage of predicted
(%DWEMWT). Warm-up: NR
Warm-up: NR Exercise: Symptom-
Exercise: The 6MWT was performed limited treadmill test until
in accordance with American Thoracic exhaustion. No further test
Society Guidelines (44) details provided.
Crescimanno, 2015 (41) Aerobic capacity measure: Distance Aerobic capacity measure: Very good DW6EMWT: Sufficient (+)
walked in the 6MWT, expressed as VO,,.,, expressed as rho=0.72
absolute value (DW6MWT). absolute value.
Warm-up: NR Warm-up: NR
Exercise: The 6MWT was performed Exercise: Symptom-
in accordance with American Thoracic limited treadmill test
Society Guidelines (44) until exhaustion.
No further test details
provided.
Gimenes, 2011 (42) Aerobic capacity measure: Aerobic capacity measure: Very good AVO,/AWR r=0.88  Sufficient (+)
AVO2/AWR ratio over entire VO_ZIPEEK measured through
incremental exercise test. GXT.
Warm-up: NR Warm-up: NR
Exercise: Increasing workload in Exercise: Increasing
a linear ramp pattern of 5-15 W/ workload in a linear ramp
min until volitional exhaustion. Test ~ Pattern of 5-15 W/min until
duration between 8 and 12 min. volitional exhaustion. Test
duration between 8 and
12 min.
Montes, 2021 (43) Aerobic capacity measure: Aerobic capacity measure: Very good Fatigue,,.r=0.18 Insufficient (=)
Percentage change in workload VO_leeak measured through
from first to last min during GXT.
submaximal bicycle exercise test Warm-up: 1 min at 0 Watt.
(Fatigueg,,) Exercise: Incremental
Warm-up: 1 min at 0 Watt. graded workload. No further
Exercise: 10-min cycling test test details provided.
with workload corresponding
to 3-5 on the OMNI scale
of perceived exertion (62).
Workload was adjusted during
the test to maintain the target
intensity.
Montes, 2021 (43) Aerobic capacity measure: Distance Aerobic capacity measure: Very good DW6EMWT r=0.58 Insufficient (-)

walked at the 6MWT, expressed as
absolute value (DW6MWT).
Warm-up: NR

Exercise: The 6MWT was performed
in accordance with American Thoracic
Society Guidelines (44)

VO,,... measured through
GXT,

Warm-up: 1 min at 0 Watt.
Exercise: Incremental
graded workload. No further
test details provided.

VO, i peak oxygen consumption; VO,: oxygen consumption; W:

exercise test.

Watts; RPE: rating of perceived exertion; GXT: maximal effort graded exercise testing;
ICC: intraclass correlation coefficient; 6MWT: six-min walk test; NR: not reported; %DW6MWT: percentage of predicted distance walked in the 6MWT; DW:
distance walked; VO,: oxygen consumption; WR: workload; Fatigue,,. : percentage change in workload from first to last min during submaximal bicycle
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Table VI. Criterion validity: risk of bias assessment

Aerobic capacity measures in neuromuscular diseases

Author, year of publication Aerobic capacity measure

Gold standard

Data analysis

Additional flaws

Lowest score

Al-Rahamneh, 2011(40) RPE 13 Very good Very good Very good Very good
RPE 15 Very good Very good Very good Very good
RPE 17 Very good Very good Very good Very good
Crescimanno, 2015 (41) %DW6MWT Doubtful Very good Doubtful Doubtful
DW6MWT Very good Very good Very good Very good
Gimenes, 2011 (42) AVO,/AWR ratio Very good Very good Very good Very good
Montes, 2021 (43) Fatigueg,,. Very good Very good Very good Very good
DW6MWT Very good Very good Very good Very good

p. 8 of 12

RPE: Rating of Perceived Exertion; %DW6MWT: percentage of predicted distance walked in the six-min walk test; DW6MWT: distance walked in the six-min walk
test; VO,: oxygen consumption; WR: workload; Fatigue,: percentage change in workload from first to last min during submaximal bicycle exercise test.

Montes (43) also determined the criterion validity
of the fatigue during a submaximal exercise test (Fati-
gue, ) as a measure of aerobic capacity. Fatigue
was determined as the percentage difference between
the workload in the first compared with the last min
of a 10 min submaximal exercise test. Risk of bias
was scored as “very good”. The criterion validity was
rated as insufficient (r=0.18).

Finally, the criterion validity of the ratio between
the rate of oxygen consumption (AVO,) and the po-
wer output (AWR) during incremental exercise for
predicting maximal aerobic capacity was determined
in the study of Gimenes et al. (42). Risk of bias was
scored as “very good”. The criterion validity was rated
as sufficient (r=0.88).

Quality of the evidence synthesis for criterion
validity

Quality of evidence for distance walked in the S(MWT was
determined separately for patients with Pompe disease
and patients with SMA. These subgroups were made
based on the differences in type of NMD and physical
capacity between study cohorts that could have explained
the inconsistent criterion validity ratings. For each of
the aerobic capacity measures, the quality of evidence
was determined separately (Table VII). The quality of
the evidence for criterion validity of all aerobic capacity
measures (RPE 13, RPE 15, RPE 17, %DW6MWT,
DWO6MWT in Pompe disease and in SMA, AVO2/AWR
ratio and Fatigue,,, ) was downgraded 2 points for im-
precision (i.e. small sample sizes) and %DWO6MWT was
downgraded an additional 2 points based on risk of bias.

Table VII. Criterion validity: Grading the quality of the evidence

Therefore, low quality of evidence was found for suf-
ficient criterion validity of RPEs below and including
RPE15 and RPE17, DWO6MWT in Pompe disease and
AVO,/AWR ratio as a measure of maximal aerobic ca-
pacity. Low-quality evidence for insufficient criterion
validity was found of RPEs below and including RPE
13, DW6MWT in SMA and Fatigue,,,.. Finally, very
low quality evidence was found for sufficient criterion
validity of %DW6MWT.

DISCUSSION

This review reveals a lack of high-quality studies investi-
gating the measurement properties of aerobic capacity
measures in individuals with NMD. A limited number
of studies including small sample sizes reported on con-
tent and criterion validity. Low quality of evidence was
found for sufficient content validity of VO,  measured
through maximal exercise testing. Crlterlon Vahdlty of'7
different measures to predict Vo,, .» based on RPE, (per-
centage of predicted) distance Walked in a 6MWT, the
ratio between the rate of oxygen consumption and wor-
kload assessed during a maximal exercise test and fatigue
during a submaximal exercise test, were determined.
Four of these aerobic capacity measures were rated as
sufficient (RPE 15, RPE 17, %DW6MWT, AVO2/AWR
ratio), 2 as insufficient (RPE 13, Fatigue,,.). DW6MWT
was rated sufficient in Pompe disease, but insufficient
in SMA. Low (RPE 13, RPE 15, RPE 17, DWOMWT
in Pompe and in SMA, AVO2/AWR ratio, Fatigue,, )
or very low (%DW6MWT) quality of evidence was
found for the criterion validity of these measures. No

Aerobic capacity measure Risk of bias Inconsistency Imprecision Indirectness Quality of the evidence
RPE 13 (40) Not downgraded Not downgraded Very serious (-2) Not downgraded Low
RPE 15 (40) Not downgraded Not downgraded Very serious (-2) Not downgraded Low
RPE 17 (40) Not downgraded Not downgraded Very serious (-2) Not downgraded Low
%DW6MWT (41) Very serious (-2) Not downgraded Very serious (-2) Not downgraded Very low
DW6MWT
Pompe (41) Not downgraded Not downgraded Very serious (-2) Not downgraded Low
SMA (43) Not downgraded Not downgraded Very serious (-2) Not downgraded Low
AVO,/AWR ratio (42) Not downgraded Not downgraded Very serious (-2) Not downgraded Low
Fatigueg,,. (43) Not downgraded Not downgraded Very serious (-2) Not downgraded Low

RPE: Rating of Perceived Exertion; %DW6MWT: percentage of predicted distance walked in the six-min walk test; DW6MWT: distance walked in the six-min

walk test; NA: not applicable; VO,: oxygen consumption; WR: workload; Fatigueg,,.: percentage change in workload from first to last min during submaximal

bicycle exercise test.
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studies were identified that reported on the reliability or
responsiveness of aerobic capacity measures in NMD.

The limited number of studies reporting on measure-
ment properties of aerobic capacity measures contrasts
with the large number of studies using it as a clinical end-
point, or to target intensity of aerobic exercise program-
mes in NMD. During the selection procedure of studies
for this review, we observed a large variety of aerobic
capacity measures, such as walking distance in a shuttle
walking test (46), time until exhaustion during constant
workload endurance cycling tests (46, 47), maximal ae-
robic power during an incremental cycling test (48), and
the anaerobic threshold measured through a submaximal
exercise test (21). It is surprising that the measurement
properties of these aerobic capacity measures have not
been assessed. Moreover, all studies included for qua-
litative analysis in this review focused on the content
or criterion validity, and not on the reliability, construct
validity or responsiveness. This lack of information on
measurement properties of aerobic capacity measures
is in contrast with available information for the healthy
population (49, 50), but has also been noted in other pa-
tient populations, such as multiple sclerosis (51), cerebral
palsy (52) and stroke survivors (30).

This review showed that content validity of VO, _ , as
assessed through maximal exercise testing, was evaluated
in 5 studies and that the content validity of this measure is
not sufficiently assured given the low grade of evidence.
In contrast to previous hypotheses that achieving maximal
aerobic capacity in NMD may be hindered by muscle
weakness of the lower or upper extremities (17), the limited
evidence suggests that determination of VO,, .. through
maximal exercise testing seems possible in most indivi-
duals with NMD. An important reason for downgrading
the level of evidence of the content validity of VO,,, was
the quality of a priori criteria for achieving the max1mal
aerobic capacity. A variety of physiological and/or per-
ceptual criteria for VO, pcal WEIE used across studies. In
some studies criteria for HR seaie 335 38) and RER__ (35,
36, 39) did not correspond with the criteria for acfnevmg
maximal aerobic capacity generally recommended (26).
Moreover, the number of criteria (i) used and (7i) needed
to be met to be labelled as a successful maximal exercise
test differed between studies. In the study of Rapin et al.
(38), 3 of the a priori criteria had to be met, while only 1
criterion was required in the other studies. Although no
gold standard exists for the criteria used and the number
of criteria considered, it appears to be more likely that
the maximal aerobic capacity has been achieved if more
of the recommended criteria are considered (26). In the
studies where only 1 criterion was considered, or where the
criteria did not correspond with the recommended criteria,
the true number of participants for whom the maximal
aerobic capacity was determined may have been inac-
curate. Furthermore, small sample sizes, lack of reporting

Aerobic capacity measures in neuromuscular diseases p. 9 of 12
on test supervisor experience and limited description of test
protocols caused downgrading of the evidence.

Similar to our findings on content validity, we found
a limited number of studies reporting on the criterion
validity of aerobic capacity measures in NMD, all of
which focused on predicting VO, Criterion validity
of RPE 13, RPE 15 and AVO, /AWR in the studies of
Al- Rahamneh etal. (40) and Glmenes etal. (42) were
rated as sufficient, but the added value of these measu-
res as an alternative for the direct assessment of VO,
through maximal exercise testing is questionable. The
same protocol and equipment required for the direct
assessmentof VO, is needed to determine the AVO,/
AWR ratio in study of Gimenes. The RPE- method
used in the study of Al-Rahamneh requires a similar
exercise protocol and equipment, with the only diffe-
rence that the test was stopped at RPE values of 15 or
17. Submaximal exercise testing can be advantageous
compared with maximal exercise testing because it
can reduce physical strain, but RPE values of 15-17
approach maximal exercise intensities, which limits
the potential benefit of this method compared with the
direct assessment of VO,

The 6MWT requires no expensive equipment, is easy to
conduct and requires submaximal exercise in most cases.
Studies in other populations have shown that the distance
walked in a 6MWT can be a predictor for VO, (53,
54). However, more research is needed to determine the
criterion validity of the distance walked at the 6MWT in
the NMD population, given the inconsistent results and
low quality of evidence in patients with Pompe disease
and SMA. The association between distance walked in a
6MWT and VO2 . I NMD may be impacted by walking
impairments in individuals with NMD. To our knowledge,
a limited number of studies have evaluated the reliability
of the distance walked at the 6MWT in NMD (55-57).
However, these studies were not included in this review,
since the reported goal of the 6MWT in these studies was
not to determine aerobic capacity.

Study limitations

Despite the extensive search supplemented with refe-
rence checking and searching study registers, it is pos-
sible that some studies have not been identified in the
current search. It was impossible to include all NMDs
in the search terms, because there are approximately
600 NMD, which are often described in multiple ways.
Furthermore, we may have missed studies that were
not published in English, German or Dutch.

This review followed the COSMIN guidelines for
systematic reviews of PROMs (34). However, not all
items of the COSMIN risk of bias checklist were app-
licable for measurement properties of acrobic capacity
measures. Therefore, we had to adjust the risk of bias
checklist, which can potentially affect its validity.
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Lastly, it is important to note that, although not included
in this review, the choice for a measurement instrument
is based not only on the measurement properties of the
instrument, but also on the feasibility and the interpreta-
bility of the instrument (33). During the study selection
process for this review we came across several studies that
reported on the feasibility of aerobic capacity measures
(58-60). Feasibility encompasses the practical consi-
derations of using an instrument, including its ease of
use, the costs of an instrument, completion time, ease of
administration and training for test supervisors (61). The
interpretability refers to the degree to which qualitative
meaningful results can be assigned to quantitative scores
or changes in scores of outcome measures (33). In order to
determine if the use of a certain measurement instrument is
appropriate, all these factors have to be taken into account.

Implications for clinical practice and research

Low or very low quality of evidence was found for the
measurement properties of aerobic capacity measures
included in this review. Furthermore, studies that de-
termine the reliability and responsiveness of aerobic
capacity measures in NMD are missing. Therefore, we
consider the evidence insufficient to recommend the
use of certain outcomes.

For future research, we recommend studying: (i)
the measurement properties of VO,  measurement
through graded maximal exercise testing, and (7i) the
measurement properties of submaximal aerobic capa-
city measures without respiratory gas exchange mea-
surements. Respiratory gas exchange measurements
require expensive equipment, which is not available
in most rehabilitation centres and physiotherapy
practices. Therefore, research to the measurement
properties of easy to perform submaximal aerobic
capacity measures, like the 6 MWT, is recommended,
given its potential use in clinical practice. To increase
the quality of evidence on the content validity of
VOzpeak as an aerobic capacity measure in NMD, future
studies are needed that apply appropriate criteria (26)
for maximal aerobic capacity, with large sample sizes
(n>50) and experienced test supervisors.

Conclusion

This review demonstrates a lack of high-quality stu-
dies with sufficiently large sample sizes regarding the
measurement properties of aerobic capacity measures
in NMD. From the reported aerobic capacity measu-
res, the content validity of VOZpeak measured through a
maximal effort graded exercise test is the most exten-
sively studied measurement property, but the evidence
was insufficient to assure its validity. No studies were
found that reported on the reliability or responsiveness
of any aerobic capacity measure. More research into

Aerobic capacity measures in neuromuscular diseases p. 10 of 12

the measurement properties of aerobic capacity mea-
sures in NMD is warranted to guide the selection of
these measures for future clinical trials as well as for
clinicians during their daily practice.
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