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Abstract

Introduction: The 6-minute walk test (6MWT) is a well-established clinical assessment of
functional endurance, validated as a measure of walking ability in spinal muscular atrophy (SMA).
The current availability of disease-modifying therapies for SMA indicates a growing need for
normative reference data to compare SMA patients with healthy controls.

Methods: The literature was searched in two scientific databases. Studies were evaluated and
selected based on adherence to American Thoracic Society guidelines for administering the
6MWT. Reference equations from the selected studies were applied to 6MWT data collected from
SMA patients to calculate and compare % predicted values.

Results: Three pediatric and six adult studies were selected for comparison. The % predicted
values using the pediatric and adult equations ranged from 47.7 + 18.2% to 67.6 + 26.2% and 43.0
+ 17.9% to 59.5 + 26.2%, respectively, and were significantly different (< 0.001).

Discussion: Results suggest significant variability between % predicted values derived from
published reference equations in children and adults, despite adherence to 6MWT standardization.
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1| INTRODUCTION

The 6-minute walk test (EMWT) is a well-established clinical outcome measure used in
many different adult and pediatric populations, and it has been validated for use in patients
with spinal muscular atrophy (SMA).1 With the recent availability of disease modifying
therapies for SMA,2 improvements in ambulatory function are anticipated in this patient
population,3 and comparison with healthy controls becomes even more critical to assess
treatment effects. However, it is unclear which published 6MWT normative reference values
(norms) are best suited for this purpose.

The currently approved treatments for SMA provide optimal benefit if administered
presymptomatically.#=% As treated infants with SMA grow and develop, new phenotypes in
SMA are emerging. Similarly, ambulatory SMA patients who receive treatment are
demonstrating trajectories inconsistent with the natural history of the disease.”:8 Therefore, it
is becoming apparent that healthy norms in 6MWT distance (6MWD) will be necessary in
this population as people with SMA begin to close the gap with their healthy peers.

There are numerous healthy norms for the 6MWT available®-12 and it is unclear which of
these would be most appropriate to compare with people with SMA. Moreover, reference
equations from various normative data sets for the 6BMWT in healthy people have not been
compared with 6MWDs in people with SMA, including the normative reference equations
most widely used in clinical populations.13-15 Therefore, the aims of this study were two-
fold: first, to systematically review the literature of healthy normative data for the 6MWT in
an effort to identify potential reference equations for use in SMA,; and, second, to compare
the walking distances from a 6MWT database of people with SMA using the selected
normative reference equations in an effort to identify reference equations that may be
suitable to assess treatment effects in people with SMA.

2| METHODS

2.1| Search strategies

PubMed and Scopus databases were searched using the key words search of “6 minute walk
test” OR “6MWT” OR “six minute walk test” AND “healthy” AND “reference”. Articles
searched were published between January 1960 and December 2017. Once duplicates and
non-English studies were eliminated, titles and abstracts of the remaining articles were
screened based on the following criteria. Studies were selected for inclusion if they
evaluated healthy people (children and adults), and if the purpose of the study was to
develop normative reference data (reference equation) for the 6MWT. Studies meeting these
criteria were fully reviewed and selected for relevance. Reference lists of the selected studies
also were examined for additional publications. Finally, the selected articles were entered
into Google Scholar and the “related articles” link was explored for any additional studies.

2.2 | Candidate study selection

An initial review was performed independently by two authors (A.G., K.C.) based on the
following inclusion criteria: (1) the purpose of the study was to establish normative
reference data for the 6BMWT; (2) a reference equation was provided which included only
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variables commonly collected in a clinical setting such as height, weight, and age; (3) only
the first test was used in developing the reference equation, if multiple tests were performed,;
and (4) the sample was a heterogeneous representative of a diverse, urban population (e.g.,
healthy participants recruited from a large university or medical center). The majority of
studies did not report race and as such an indication of a heterogeneous sample was defined
as samples that were collected in a large city at a large university or medical center that
likely has a diverse representation of race/ethnicity. Exclusion criteria were studies with
deviations from American Thoracic Society (ATS) protocols for administering the 6MWT
(course length [<20 meters and >30 meters], course location, and/or lack of standardized
instructions or encouragement), and single sex studies. Any disagreements from the initial
review in applying the inclusion/exclusion criteria were settled by a blinded third party
(J.M.). If a study met all inclusion and exclusion criteria, but a reference equation was not
provided, the authors were contacted to provide the reference equation for inclusion in the
analysis. A flow diagram of the systematic review is depicted in Supporting Information
Figure S1, which is available online.

2.3 | Application of SMA clinical data to the selected studies

A retrospective chart review of 6BMWT data from children and adults with SMA collected
between August 2008 and December 2017 at the Columbia University Irving Medical
Center (CUIMC) Neuromuscular Clinic was performed (Institutional Review Board [IRB]
AAAEB252). These tests were performed by trained physiotherapists as part of a regular
clinical care visit. A 25-meter course was used and the test was administered according to a
standardized protocol that adheres to the ATS guidelines for administering the test16 and is
suitable for SMA.17 For individuals who performed multiple tests, only the first test was
included for analysis to ensure consistent comparison across the sample. Only ambulatory
individuals with SMA Type 3 were included. No participants received any investigational or
approved disease-modifying therapies for SMA at the time of the assessment. All
participants or their parents gave written informed consent, and the study conforms to the
ethical guidelines of the 1975 Declaration of Helsinki as reflected in a priori approval by the
institution’s human research committee, CUIMC IRB.

2.4 | Statistical analysis

Data analyses were performed using SPSS (IBM Corp. Released 2016. SPSS Statistics for
Windows, Version 24.0; Armonk, NY). The percentage of the predicted distance walked (%
predicted) was calculated by comparing the observed 6MWD of people with SMA to the
predicted 6MWD derived from the selected reference equations [% predicted distance =
(observed 6MWD / predicted 6MWD) * 100]. The selected pediatric healthy reference
equations were used for the pediatric SMA sample (age range, 4-18 years), and the selected
adult healthy reference equations were used for the adult SMA sample (age range, 19-49
years). The means of the % predicted percentages calculated from the selected pediatric and
adult reference equations were calculated and compared. Means and standard deviations
(SDs) were calculated for continuous data, and frequencies were calculated for categorical
data. After checking for normality using the Shapiro-Wilk test, repeated measures ANOVA
was used to compare the means of the calculated % predicted values between the included
studies, derived from the adult and pediatric SMA data. Tests of between-study effects were
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used for comparisons. Pairwise comparisons among the three pediatric and six adult
equations were performed post hoc, adjusting for multiple comparisons. Observed 6MWDs
from the pediatric and adult SMA clinical samples were also individually examined and
compared with predicted distances from the selected pediatric and adult normative reference
equations. While a meta-analysis to understand the variation in normative data may have
been informative, it was not possible, as we did not use or have access to the raw normative
data for creating the reference equations (three equations for pediatric, six equations for
adult); as such we applied each of the equations to applicable patients in our clinical data set.
Statistical significance was set a priori at a < 0.05.

3| RESULTS

3.1| Systematic review

The literature search in PubMed and Scopus databases resulted in 148 and 173 articles,
respectively. After removing duplicates and non-English studies, and performing a title and
abstract review for relevance, the total number of articles to be considered for review was 47
(19 pediatric) (Supporting Information Table S1). Once strict inclusion and exclusion criteria
were applied, three pediatric8-20 and six adult!®-21-25 studies were included for analysis
(Table 1). The most widely used normative datasets in neuromuscular disorders including
SMA did not meet strict inclusion criteria and were not considered candidate studies for
analyses.13-15

3.2| SMA clinical data

Participant characteristics for the pediatric and adult SMA clinical sample are provided in
Table 2. The Shapiro—Wilk test for normality indicated the observed 6MWDs were normally
distributed for both pediatric and adult samples (W = 0.973, = 0.659, W = 0.967, P=
0.814, respectively). Figure 1 shows observed 6MWDs in each SMA individual in the
clinical sample compared with the predicted 6MWD calculated from the reference equations
reported or obtained from the selected healthy pediatric and adult studies in the systematic
review, respectively.

When comparing the mean % predicted values, there were significant differences across the
three pediatric normative reference equations when the SMA clinical data was applied
(Figure 2). Pairwise comparisons among the three pediatric equations, adjusting for multiple
comparisons, revealed significant differences between all three studies. In adults with SMA,
there also were significant differences between the % predicted values from the clinical data
using the six selected equations (Figure 3). Pairwise comparisons among the six adult
equations, adjusting for multiple comparisons, revealed three studies (McKay,1® Chetta,22
and Palaniappan?) were significantly different from all other studies. Three studies (Ajiboye,
21 Fernandes,23 and Shrestha2%) were not significantly different from each other (P> .05).
All three of these studies had lower predicted distances which resulted in higher % predicted
distance values when the clinical data was applied.
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4| DISCUSSION

We found significant variability in the calculated % predicted 6MWDs of pediatric and adult
SMA samples across the selected healthy normative data sets. It remains unclear which
reference equation should be used when evaluating the performance of SMA patients. All
studies included in this systematic review adhered to ATS guidelines for administering the
6MWT and were representative of a diverse population commonly seen in specialty clinics
for people with SMA, suggesting that this variability likely cannot be attributed to deviations
in test standardization.

The protocol for the BMWT, as set forth by the ATS, includes specific guidelines for course
length, location, and standardized instructions/encouragement.18 Procedures established for
SMA patients adhere to these guidelines, and the data collected in our clinical sample
adhered to these.1” Understandably, the methodology and administration of the 6MWT can
impact total distance covered.2® Therefore, we excluded any studies that deviated from the
ATS guidelines. Our strict inclusion and exclusion criteria allowed us to observe differences
in the reference equations that could not be attributed to testing standard bias.

Other considerations are necessary to develop an optimal reference equation for people with
SMA. For example, one approach may be to aim to closely match the demographics of the
healthy control cohort to the patient population, or consider which predictive variables may
be most important for evaluating 6MWT performance in a larger sample of patients with
SMA. Weight was included in the majority of reference equations included in our analysis.
However, in SMA due to decreased muscle mass, weight may not adequately reflect the
impact of body composition on function. Other anthropometric measures, such as waist
circumference, may make comparisons of SMA patients to their healthy peers more
meaningful. Furthermore, shorter course lengths may disproportionately impact individuals
with SMA who have more difficulty with turns at the end of the 6MWT course and may
reduce the overall walking distance achieved.

It is important to point out that three healthy normative reference equations, commonly used
in various neuromuscular studies,2’-33 fail to meet our inclusion criteria. Currently, the
published norms for the BMWT most widely used are the Geiger norms!2 for pediatric
populations, and the Enright!4 or Gibbons!® norms for adult populations. Surprisingly
perhaps, these studies posed various methodological and population concerns that forced us
to exclude them from this analysis. For example, Geiger and colleagues collected normative
data from a homogenous population from Austria with body mass index (BMI) that was, on
average, very low. Additionally, several testing aspects of the study by Geiger et al. did not
adhere to ATS protocols, such as an outdoor course, the use of an incentive device, and the
development of a reference equation using the greatest distance of three recorded trials. In
adults, similar methodological and sample concerns were identified. In fact, Enright and
Sherrill caution others when applying their regression equation to non-Caucasians and to
participants under age 40 years.14 While Gibbons and colleagues followed 6MWT protocols
similar to ATS guidelines, they used the best recorded score out of four tests to model their
equation, a criterion that would disadvantage adults with SMA who perform only one test.1®
These equations may in fact be suitable in the setting in which they were obtained and in
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certain clinic settings, but their exclusion from our analysis suggests that the methods and
sample used in developing healthy norms need to more precisely match the protocols and
clinical population where they are being applied, such as an SMA clinic.

Recently, the first disease-modifying treatment was approved for SMA234 and other
therapies are currently in clinical trials.3> As new phenotypes in SMA are emerging
following treatment, %6 there is a growing need to compare patients with SMA with healthy
controls in an attempt to assess treatment effects. This will be particularly important as
treated patients with SMA begin to close the performance gap in ambulatory function and
endurance relative to their unaffected peers. Unfortunately, based on this systematic review,
the optimal reference equations for calculating % predicted 6MWD in this patient
population is not known. Until an appropriate reference equation is determined, we
recommend using the raw 6MWD and percentage fatigue3® when analyzing the SMWT
performance of patients with SMA. By so doing, one can evaluate an individual over time to
assess relative performance and to capture a possible therapeutic trajectory.

This study is not without limitations. The systematic review was limited to articles written in
English. The clinical SMA data being used for comparison was reviewed retrospectively;
therefore, only commonly collected clinical variables could be used in the reference
equations considered for inclusion. The sample sizes for the SMA clinical data were also
small (pediatric N = 28; adult N = 15), which may have contributed to the significant
variability in % predicted values. Additionally, race/ethnicity was not available for
comparison between our clinical SMA data and the normative reference equations. A
prospective study may make it possible to include a more extensive list of variables such as
heart rate, blood pressure, and other anthropometric measures (e.g., waist circumference) to
determine the most relevant information for predicting 6MWT performance. Importantly,
caution will be necessary in selecting variables in new equations that could be affected by
the disease. A prospective study with these considerations is a direction to be considered for
future research.

In conclusion, the most representative healthy normative reference equation for estimating
the % predicted 6MWT performance in patients with SMA is unclear. Our results show
significant variability between % predicted values derived from existing published reference
equations in children and adults, despite strict adherence to 6MWT standardization criteria.
The variability in currently available equations emphasizes the need for further examination.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 2.

Comparison of mean % predicted 6MWD across the selected pediatric normative studies.
Mean % predicted 6MWD calculated using the clinical data set applied separately across the
three selected pediatric equations. Error bars indicate SDs. *P < 0.001 for the repeated
measures ANOVA. TP < .001 for the pairwise comparisons
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FIGURE 3.
Comparison of mean % predicted 6MWD across the selected adult normative studies. Mean

% predicted 6MWD calculated using the clinical data set applied separately across the six
selected adult equations. Error bars indicate SDs. *P < 0.001 for the repeated measures
ANOVA. TP< .01 for the pairwise comparisons
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TABLE 2
CUIMC SMA clinic participant characteristics

Participant characteristic  Pediatric SMA sample (N =28) Adult SMA sample (N = 15)

Age (years) 9.7+49 36.6 +10.7
Sex (% male) 68% 47%

Height (cm) 1342 +26.1 166.5+11.2
Weight (kg) 38.7+22.1 71.1+169
BMI (kg/m?) 19.7+53 258+7.2
6MWT (m) 332.2+ 1353 2949+ 125.2

Note: Results are presented as mean + SD or % of sample. SMA sample comprised of people with SMA Type 3.
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