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Abstract
Objective
To identify the rate of change of clinical outcome measures in children with 2 types of
congenital muscular dystrophy (CMD), COL6-related dystrophies (COL6-RDs) and LAMA2-
related dystrophies (LAMA2-RDs).

Methods
Over the course of 4 years, 47 individuals (23 with COL6-RD and 24 with LAMA2-RD) 4 to 22
years of age were evaluated. Assessments included the Motor Function Measure 32 (MFM32),
myometry (knee flexors and extensors, elbow flexors and extensors), goniometry (knee and elbow
extension), pulmonary function tests, and quality-of-life measures. Separate linear mixed-effects
models were fitted for each outcome measurement, with subject-specific random intercepts.

Results
Total MFM32 scores for COL6-RDs and LAMA2-RDs decreased at a rate of 4.01 and 2.60
points, respectively, each year (p < 0.01). All muscle groups except elbow flexors for individuals
with COL6-RDs decreased in strength between 1.70% (p < 0.05) and 2.55% (p < 0.01). Range-
of-motion measurements decreased by 3.21° (p < 0.05) at the left elbow each year in individuals
with LAMA2-RDs and 2.35° (p < 0.01) in right knee extension each year in individuals with
COL6-RDs. Pulmonary function demonstrated a yearly decline in sitting forced vital capacity
percent predicted of 3.03% (p < 0.01) in individuals with COL6-RDs. There was no significant
change in quality-of-life measures analyzed.

Conclusion
Results of this study describe the rate of change of motor function as measured by the MFM32,
muscle strength, range of motion, and pulmonary function in individuals with COL6-RDs and
LAMA2-RDs.
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Congenital muscular dystrophies (CMDs) comprise a clini-
cally and genetically heterogeneous group of congenital
muscle disorders, with characteristic dystrophic features on
muscle biopsy.1 COL6-related dystrophies (COL6-RDs)
and LAMA2-related dystrophies (LAMA2-RDs) are dis-
orders of the muscle extracellular matrix involving collagen
type VI and laminin α2, respectively, which together repre-
sent the most common CMD subtypes with an estimated
prevalence of 0.1 to 0.9 per 100,000.1–4 The COL6-RDs and
LAMA2-RDs are CMD subtypes, each with a wide pheno-
typic spectrum; however, both subtypes are characterized by
progressive muscle weakness, respiratory insufficiency, and
joint contractures.1,5

The 173rd European Neuromuscular Centre International
Workshop on CMD Outcome Measures made the recom-
mendation that motor, respiratory, and overall performance
of individuals with CMD be studied with a battery of outcome
measures.6 Following these recommendations, a 2-year pilot
study of COL6-RDs and LAMA2-RDs patient populations
identified forced vital capacity percent predicted (FVCpp),
muscle strength, functional performance, and quality-of-life
assessments as feasible, reliable, and likely valid outcome
measures.7

This CMD outcome measures pilot study served as the basis
for this longitudinal, prospective, natural history study in
COL6-RDs and LAMA2-RDs.7 The focus of this extension
study was on the core outcome measures of FVCpp, the
Motor Function Measure 32 (MFM32), myometry, goni-
ometry, and Pediatric Quality of Life Inventory (PedsQL)
with the objectives of describing the annual rate of change
and variability for the outcome measures tested and using
data obtained from the MFM32 to perform a power calcu-
lation for future clinical trials in the COL6-RDs and
LAMA2-RDs.

Methods
Participants
A convenience (i.e., recruited on the basis of accessibility to
the study and targeted age range) sample of 51 individuals
between the ages of 4 and 22 years were prospectively eval-
uated from 2010 to 2014. Forty-seven individuals were in-
cluded in the final data analysis, 23 with COL6-RD and 24
with LAMA2-RD. Diagnosis was established on the basis of
clinical phenotype and confirmed by muscle biopsy findings
of decreased collagen VI or laminin α2 expression and/or

genetic testing results revealing causative mutations in the
COL6 genes (COL6A1, COL6A2, and COL6A3) or the
LAMA2 gene. Twenty-two individuals participated in year 1,
32 in year 2, 38 in years 3 and 4, and 36 in year 5. In year 2, it
was determined that 1 participant presented with un-
convincing mutation, 1 participant did not have COL6-RD or
LAMA2-RD, and 2 others were lost to attrition and were not
included in the analysis. All participants were seen for data
collection at the same time during the summers at baseline
plus 4 follow-up visits from 2010 through 2014. The average
follow-up time per participant was 3 years with a total of 148
person-years of follow-up.

Standard protocol approvals, registration, and
patient consents
Participants were recruited at the NIH through 2 Clinical-
Trials.gov protocols (NCT01568658 and NCT00004568).
Both studies were approved by the NIH Combined Neuro-
sciences Institutional Review Board. Written informed con-
sent and assent were obtained for each participant at the time
of enrollment.

All assessments were performed by neuromuscular experts
(physicians, physical therapists, nurse practitioners, and psy-
chologists). Each year, before assessing all participants, all
clinical evaluators reviewed standardized methods for test
administration, and interrater reliability between the clinicians
was established. The assessments administered included the
following.

Motor Function Measure 32
The MFM32 is a 32-item standardized assessment validated
in children and adults 6 to 60 years of age in congenital
myopathies, CMDs, Duchenne muscular dystrophy, and
various other neuromuscular disorders.8–10 The MFM32 was
administered by pediatric physical therapists.

Forced vital capacity
Pulmonary function tests (PFTs) for years 2 through 5 of the
study were performed in the Pulmonary Function Laboratory
of the National Heart, Lung, and Blood Institute of the NIH
as part of an annual evaluation of participants in the above
protocols and using the VMAXTM Encore PFT system,
software version 21.1A (Care-Fusion Corp, San Diego, CA).
American Thoracic Society/European Respiratory Society
guidelines were followed. Testing included FVC in the sit-
ting and supine positions, with results reported in both ab-
solute values (in liters) and FVCpp using established

Glossary
BiPAP = bilevel positive airway pressure; CMD = congenital muscular dystrophy; COL6-RD = COL6-related dystrophy;
FVCpp = forced vital capacity percent predicted; LAMA2-RD = LAMA2-related dystrophy; MFM32 = Motor Function
Measure 32; PedsQL = Pediatric Quality of Life Inventory; PFT = pulmonary function test; UCMD = Ullrich congenital
muscular dystrophy.
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reference equations.11–13 If a younger child was unable to
complete the PFT, the technician would indicate that the
test was incomplete or of poor quality. Only PFT data of
adequate quality (according to American Thoracic Society
guidelines) were included in the analyses. PFT data from the
first year of the study (2010) were not included in the
analyses given concerns that results from the use of an am-
bulatory spirometry unit outside of the pulmonary function
laboratory may be less comparable to the results obtained in
the laboratory.

Quantitative strength testing
A handheld dynamometer (Microfet, Hoggan Health, Inc,
West Jordan, UT) was used as a measure of muscle strength in
Newtons of force.14 Raw measures were normalized on the
basis of age, sex, and weight. Strength measurements were
performed by pediatric physical therapists.

Goniometry measurements
A standard 2-arm goniometer was used to measure passive
joint range of motion in a standardized position.15 Joint angles
were reported relative to full motion at 0°, with a positive
number referring to a hyperextended joint and a negative
number referring to a joint contracture. Goniometry meas-
urements of bilateral hips, knees, elbows, and ankles were
completed by pediatric physical therapists.

The PedsQL 3.0 neuromuscular module
This 25-item instrument contains 3 subscales: About My/My
Child’s Neuromuscular Disease, related to the disease process
(17 items); Communication, related to communications with
health care providers and others about his/her illness (3
items); and About Our Family Resources, related to family
financial and social support (5 items). Items for each scale
were added and then divided by the number of items an-
swered to create a total score for each scale and an overall total
score.16–19

Statistical methods
Separate linear mixed-effects models were fitted for each
outcome measurement, with subject-specific random inter-
cepts.20 Models estimated yearly change in the outcome over
continuous time in each diagnosis subtype (COL6-RDs and
LAMA2-RDs). Time was defined as time from baseline for an
individual on a specific outcome measure, and the model
permitted missed annual visits. Models were adjusted for sex
and time-varying covariates of weight, height, and age. Myo-
metry and PFT models remained unadjusted because the
measurements already adjust for demographics in a stan-
dardized way. Further analyses expanded diagnosis subtype
into 4 clinically distinct groups (ambulant COL6-RDs, non-
ambulant COL6-RDs, ambulant LAMA2-RDs, and non-
ambulant LAMA2-RDs), where ambulant was defined as the
ability to walk 10 m without orthotics or assistive devices.
Changes over time were re-estimated using the same method
as above. Plots showing subject-specific trajectories were used
to aid in the interpretation of the model results. A Pearson

correlation matrix plot was also created using data from the
participants’ enrollment years to describe the correlations
among clinical tests. This plot is an easy way to show many
pairwise correlations to gain an understanding of the rela-
tionships between variables. Color denotes the strength of the
relationship, and the presence of an X denotes non-
significance. Statistical tests were conducted with a signifi-
cance level of p < 0.05. All analyses were performed with SAS
version 9.4 (SAS Institute Inc, Cary, NC) and R version 3.3.1
(R Foundation for Statistical Computing, Vienna, Austria).

Data availability
Deidentified data will be shared on request with any qualified
investigator.

Results
The participants are classified by year, diagnosis, ambulation
status, and sex in table 1.

To further describe the clinical presentation of our cohort, we
included the number of individuals who required a gastrostomy
tube for nutrition and used nocturnal bilevel positive airway
pressure (BiPAP) devices. Joint contractures were present in
many of the participants, particularly of the hips, knees, elbows,
and ankles. Table e-1 (available from Dryad, doi.org/10.5061/
dryad.5p684d0) provides causative genetic variants and muscle
biopsy results of each participant. Siblings of the same family
are indicated as A/B with A being the older sibling.

The correlation plot (figure 1) demonstrates that all of the
outcome measures evaluated correlate with each other with the
exception of elbow extensor and flexor strength and the PedsQL
measures. Similar groupings of measurements (MFM32, myo-
metry, goniometry, FVC) show moderate to high correlations
within themselves either on the subscores or across laterality
(right vs left). Of note, the PedsQLParent scales correlated only
moderately (≈0.5–0.6) with some of the strength and func-
tional measures, while the children’s PedsQL scales did not
correlate with any measures except the PedsQL Parent.

Rate of change of each outcome measure in
participants with COL6-RD and LAMA2-RD
Table 2 shows the rate of change per year of the various out-
come measures, stratified by diagnosis type of COL6-RD or
LAMA2-RD. In the individuals with COL6-RD, a consistent,
annual decrease in MFM32 scores was identified for all 3
MFM32 domain scores and the total MFM32 score, which
showed a decline of −4.01 points per year (p < 0.01). On
myometry testing, individuals with COL6-RD also demon-
strated a loss of strength in all muscle groups measured except
elbow flexors. For COL6-RDs, a significant yearly decline was
observed in the FVCpp sitting of −3.03 percentage points
(p < 0.01). Individuals with LAMA2-RD presented with a sta-
tistically significant yearly decrease in theMFM32 scores for the
D2 domain and MFM32 total score, which decreased by −2.60
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Table 1 Annual demographics: disease subtype, ambulant status, respiratory support status, and feeding tube status

Year
Total,
n

Total COL6, n
(%)

COL6-RD

Total LAMA2, n
(%)

LAMA2-RD

BiPAP, n
(%)

Gtube, n
(%)

Ambulant COL6, n
(%)

Age, ambulant, y
Female COL6, n
(%)

Ambulant LAMA2,
n (%)

Age range,
ambulant, y

Female LAMA2, n
(%)Nonambulant, y Nonambulant, y

2010 22 14 (63.6) 8 (57.1) 6.43–20.62 6 (42.8) 8 (36.4) 3 (37.5) 6.94–18.36 5 (62.5) 5 (22.7) 6 (27.2)

8.27–21.19 5.84–16.82

2011 28 15 (53.5) 8 (53.3) 7.41–21.60 7 (46.7) 13 (44.8) 4 (30.8) 6.44–19.35 8 (61.5) 5 (17.2) 6 (20.7)

4.90–22.17 5.08–17.81

2012 38 20 (52.6) 14 (70) 6.60–18.61 9 (45) 18 (47.4) 3 (16.7) 7.46–11.59 9 (50) 9 (23.7) 7 (18.4)

5.92–17.32 5.72–15.84

2013 38 20 (52.6) 12 (60) 7.69–19.70 9 (45) 18 (47.4) 2 (11.1) 8.55–10.04 10 (55.6) 14 (36.8) 6 (15.8)

7.01–18.42 5.08–15.22

2014 36 17 (47.2) 7 (41.2) 8.63–20.64 8 (47) 19 (52.8) 3 (15.8) 9.50–13.63 10 (52.6) 13 (36.1) 10 (27.8)

7.95–19.36 5.48–16.16

Abbreviations: BiPAP = bilevel positive airway pressure; COL6-RD = COL6-related dystrophy; Gtube, gastrostomy tube; LAMA2-RD = LAMA2-related dystrophy.
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points per year (p < 0.01). In individuals with LAMA2-RD,
strength remained stable except for knee flexor strength, which
decreased by −2.30%/y (p < 0.01). Joint contractures, as mea-
sured by goniometry, reached statistical significance only for loss
of range of motion for elbow extension on the left in individuals
with LAMA2-RD and right knee extension in individuals with
COL6-RD. No change in scores over time were noted on the
PedsQL scale in either disease subtype.

Rate of change of outcome measures in COL6-
RD and LAMA2-RD by ambulatory status
To describe the effects of ambulation on an individual’s func-
tional capabilities and on rates of decline, we further stratified
the 2 CMD subtype groups into 4 groups based on ambulatory
status at the time of entry into the study (table 3). Ambulatory
status was defined as being able to walk 10mwithout assistance.

Motor Function Measure 32
For the total MFM32 score, both ambulatory and non-
ambulatory individuals with COL6-RD showed statistically
significant declines, whereas for individuals with LAMA2-RD,
only those who were nonambulatory showed significant
yearly declines (−2.16 points, p < 0.01). Given that the
number of ambulant participants with LAMA2-RD was lim-
ited, this lack of statistical significance may be due to small
sample size. Our cohort of nonambulatory individuals with
COL6-RD had the greatest rate of decline of −4.54 points per
year (p < 0.01), compared to −2.89 points per year (p < 0.01)
for ambulant individuals with COL6-RD. Graphic represen-
tation of the MFM32 further displays the annual change in

MFM32 total scores for each of the 2 subtypes of CMD,
stratified by ambulatory status (figure 2).

Myometry
The pattern of decline of strength measurement varied by
disease subtype and ambulatory status. Individuals with COL6-
RD (ambulatory and nonambulatory) showed a significant
annual rate of decline in average knee extensor strength (−2.48
percentage points, p < 0.01; −1.96, p < 0.05). A loss of knee
flexor strength was demonstrated in ambulatory individuals
with COL6-RD (−2.36%, p < 0.01) and nonambulatory indi-
viduals with LAMA2-RD (−2.47%, p < 0.01). Nonambulatory
individuals with COL6-RD lost elbow flexor strength (−1.65%,
p < 0.05) and elbow extensor strength (−2.67%, p < 0.05). One
noted exception was in children with LAMA2-RD who were
ambulatory, in whom the average elbow extensor strength
improved. Of note, because there were very few ambulatory
individuals with LAMA2-RD in our cohort, this increase in
elbow extensor strength was driven by 1 individual’s strength
measures, while the others remained relatively stable.

Goniometry
Results differed between the 2 CMD subtypes. Nonambulatory
individuals with COL6-RD demonstrated a significant annual
rate of decline in both bilateral knee extension (−4.78°, p <
0.01) and bilateral elbow extension (−4.25°, p < 0.01). Non-
ambulatory individuals with LAMA2-RD showed an annual
rate of contracture development in left elbow extension
(−4.11°, p < 0.01) but no change in knee range of motion.
Neither individuals in the ambulatory COL6-RD or ambula-
tory LAMA2-RD subgroups showed significant changes in el-
bow or knee range of motion.

Forced vital capacity
Likewise, FVC sitting differed between the 2 CMD subtypes.
A significant annual rate of decline in FVCpp sitting was
observed only in individuals with COL6-RD who were am-
bulatory (−3.44 percentage points per year; p < 0.01). The
decrease in FVCpp sitting was not statistically significant in
nonambulatory individuals with COL6-RD or in ambulatory
or nonambulatory individuals with LAMA2-RD. The annual
rate of change in FVCpp supine and the annual rate of relative
change from sitting to supine (expressed as a percentage
change) were not statistically significant in either COL6-RD
or LAMA2-RD. Ambulatory status did not demonstrate
a significant effect on annual rates of change of FVC.

Pediatric Quality of Life Inventory
PedsQL total scores did not show statistically significant
changes over time for child and parent.

Ambulatory status and loss of ambulation
Over the course of the study, of the 20 participants who were
ambulant at the time of entry, 16 (80%) were diagnosed with
COL6-RD, and 12 (60%) were female. Five participants lost
ambulation during the study (table e-1 available from Dryad,
doi.org/10.5061/dryad.5p684d0), all of whom had COL6-

Figure 1 Correlation plot of clinical measures

Blue indicates positive correlation; red indicates negative correlation. FVC =
forced vital capacity; MFM = Motor Function Measure; PedsQL = Pediatric
Quality of Life Inventory.

e1936 Neurology | Volume 93, Number 21 | November 19, 2019 Neurology.org/N

Copyright © 2019 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

https://doi.org/10.5061/dryad.5p684d0
http://neurology.org/n


RD and 4 of whom were female. In the entire cohort, 2 par-
ticipants lost ambulation at the age of 8 years, 1 participant at
the age of 10 years, and 2 participants at the age of 12 years. Of
the participants with LAMA2-RDwho were ambulatory in the
first year of participation in the study, none lost ambulation.

Discussion
This prospective natural history and comparative outcome
measure study of 2 common forms of CMD was designed
with 2 main distinguishing features: (1) the incorporation of
a 2-year pilot phase to identify feasible, reliable, and valid

outcome measures that were carried forward into a study for
an additional 3 years, resulting in a 5-year study, and (2) the
collection of outcome measures by a team of trained eval-
uators at a yearly meeting of all study participants at a single
site, the NIH Clinical Center. The outcome measures evalu-
ated in detail here are the MFM32, myometry, goniometry,
FVC, and PedsQL. Our primary goal was to evaluate the
annual rate of change in each of these capacity measures in
these 2 subtypes of CMD to establish the rate of disease
progression and to evaluate their utility for future clinical trial
planning and execution. Overall, across the multiple outcome
measures assessed for sensitivity to change in this particular

Table 2 Two-group rates of change for key outcome measures

Measure

Rate of change per year (SE)

COL6-RD LAMA2-RD

MFM32 (raw score)

D1: standing and transfers −2.01 (0.43)a −0.70 (0.47)

D2: axial and proximal motor capacity −1.40 (0.50)a −1.57 (0.56)a

D3: distal motor capacity −0.71 (0.21)a −0.28 (0.24)

Total score −4.01 (0.91)a −2.60 (0.99)a

Myometry (normed, percentage)

Average knee extensors −2.37 (0.55)a −0.81 (0.68)

Average elbow extensors −1.70 (0.76)b 0.91 (0.92)

Average knee flexors −2.55 (0.73)a −2.30 (0.77)a

Average elbow flexors −0.87 (0.46) 0.01 (0.55)

Goniometry, degrees

Knee extension, left −1.54 (1.14) 0.20 (1.28)

Knee extension, right −2.35 (1.13)b −0.71 (1.28)

Average knee extension −1.90 (1.08) −0.19 (1.21)

Elbow extension, left −2.43 (1.45) −3.21 (1.64)b

Elbow extension, right −1.85 (1.44) −2.85 (1.61)

Average elbow extension −2.09 (1.38) −2.98 (1.53)

PFT

FVCpp sitting −3.03 (0.94)a −1.78 (1.00)

FVCpp supine −1.74 (0.95) −1.17 (0.99)

Relative percent change from sitting to supine (DFVC)c −1.85 (1.34) 0.69 (1.41)

PedsQL

Child, total score 0.22 (1.15) 0.22 (1.25)

Parent, total score −1.16 (1.19) −0.20 (1.29)

Abbreviations: COL6-RD = COL6-related dystrophy; FVC = forced vital capacity; FVCpp = forced vital capacity percent predicted; LAM2-RD = LAMA2-related
dystrophy; MFM32 = Motor Function Measure 32; PedsQL = Pediatric Quality of Life Inventory; PFT = pulmonary function test.
a p < 0.01.
b p < 0.05.
c Relative percent change in FVC (percent change) from sitting to supine = [FVC (percent change) sitting − FVC (percent change) supine]/[FVC (percent change)
sitting] × 100.
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cohort, nonambulatory individuals with COL6-RD had
a greater rate of decline than ambulatory individuals with
COL6-RD or ambulatory and nonambulatory individuals
with LAMA2-RD.

Table 4 summarizes the outcome measures that detected
a significant change over 1 year in ambulatory and non-
ambulatory individuals for both CMD subtypes.

For the 2-group analysis, that is, when only the subtype of
CMD was considered, without further stratification for the
functional status at trial entry, theMFM32 showed a significant

rate of decline per year in the total score and in all domains
(D1, D2, D3) for participants with COL6-RD but a decrease
only in the D2 domain and total scores in individuals with
LAMA2-RD. The MFM32 was sensitive to change in ambu-
latory as well as nonambulatory individuals in each disease
subtype in total score and in at least 1 subdomain. We thus
found the MFM32 to be the outcome measure that is most
suitable to detect change over a period of 1 year across the
spectrum of functional severity in LAMA2-RDs and COL6-
RDs. Because the MFM32 covers a wide age range, spans
children and adults of both ambulatory and nonambulatory
ability, and reflects 3 different motor domains separately, our

Table 3 Four-group rates of change for key outcome measures

Measure

Rate of change per year (SE)

Ambulant Nonambulant

COL6-RD LAMA2-RD COL6-RD LAMA2-RD

MFM32 (raw score)

D1: standing and transfers −2.31 (0.35)a −1.75 (0.55)a −0.65 (0.42) −0.02 (0.38)

D2: axial and proximal motor capacity −0.30 (0.48) 0.13 (0.80) −2.70 (0.60)a −1.79 (0.53)a

D3: distal motor capacity −0.32 (0.23) 0.09 (0.39) −1.19 (0.29)a −0.26 (0.25)

Total score −2.89 (0.76)a −1.54 (1.23) −4.54 (0.93)a −2.16 (0.84)b

Myometry (normed) %

Average knee extensors −2.48 (0.67)a −2.52 (1.22)b −1.96 (0.94)b −0.21 (0.82)

Average elbow extensors −1.07 (0.91) 3.70 (1.69)b −2.67 (1.29)b −0.49 (1.05)

Average knee flexors −2.36 (0.87)a −2.06 (1.49) −2.54 (1.39) −2.47 (0.90)a

Average elbow flexors −0.38 (0.57) −0.10 (1.05) −1.65 (0.78)b −0.08 (0.64)

Goniometry, degrees

Knee extension, left 0.11 (1.06) −0.02 (1.77) −4.37 (1.30)a 0.32 (1.20)

Knee extension, right −0.45 (1.08) −1.31 (1.81) −5.30 (1.33)a −0.29 (1.22)

Average knee extension −0.18 (0.99) −0.58 (1.62) −4.78 (1.20)a 0.04 (1.11)

Elbow extension, left −0.60 (1.37) 0.22 (2.24) −4.82 (1.63)a −4.11 (1.54)a

Elbow extension, right 0.05 (1.41) −3.40 (2.29) −3.73 (1.67)b −2.05 (1.58)

Average elbow extension −0.28 (1.30) −1.53 (2.08) −4.25 (1.53)a −3.07 (1.46)b

PFT

FVCpp sitting −3.44 (1.21)a −0.17 (2.12) −2.16 (1.50) −2.23 (1.14)

FVCpp supine −1.98 (1.18) −3.16 (2.09) −1.05 (1.59) −0.58 (1.13)

Relative percent change from sitting to supine (D FVC) −1.83 (1.66) 3.53 (2.98) −2.86 (2.33) −0.11 (1.60)

PedsQL

Child, total score 0.30 (1.42) 2.57 (2.20) 0.16 (1.81) −0.79 (1.47)

Parent, total score −0.18 (1.45) 0.66 (2.20) −2.08 (1.82) −0.37 (1.49)

Abbreviations: COL6-RD = COL6-related dystrophy; FVC = forced vital capacity; FVCpp = forced vital capacity percent predicted; LAM2-RD = LAMA2-related
dystrophy; MFM32 = Motor Function Measure 32; PedsQL = Pediatric Quality of Life Inventory; PFT = pulmonary function test.
a p < 0.01.
b p < 0.05.
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results support the MFM32 as a sensitive and versatile func-
tional motor outcome measure for both COL6-RD and
LAMA2-RD forms of CMD. Thus, we would recommend the
use of the MFM32 as an outcome measure in clinical trials in
these populations.

Myometry, goniometry, and FVC also showed selective sen-
sitivity to capture change across both ambulatory and non-
ambulatory individuals with COL6-RD. While the changes in
myometry were statistically significant, the changes in each
muscle group in isolation may have been too small to be
considered functionally meaningful. While individuals with
COL6-RD showed decline in almost all myometry categories,
nonambulatory individuals with LAMA2-RD demonstrated
statistically significant decreases in knee flexion strength only.

All goniometry measures decreased in nonambulatory par-
ticipants with COL6-RD, but only the decrease in elbow

extension was statistically significant in nonambulatory par-
ticipants with LAMA2-RD. In contrast, goniometry did not
decrease significantly in ambulatory individuals with either
CMD subtype. As is the case in myometry measurements, the
change in range of motion is statistically significant but may
not be functionally meaningful. A loss of 3° to 4° may not
significantly affect a person’s motor function; however, be-
cause incremental changes are cumulative over time, pro-
gressive contractures can significantly affect independence
with function. For instance, the need for functional elbow
range of motion was demonstrated to be from 75° to 120° to
perform traditional activities of daily living.21 A minimum arc
of elbow range of motion of 23° has been reported for con-
temporary tasks such as using a cell phone.22 The combina-
tion of decreased strength with decreased range of motion due
to joint contractures contributes to further loss of function
compared to decreased strength alone. For example, with
muscle weakness, it may be possible to ambulate with gait aids

Figure 2 MFM domain and total scores of each subject by subcategory

(A) Motor Function Measure (MFM) D1 scores, (B), MFM D2 domain scores, (C) MFM D3 domain scores, and (D) total MFM scores.

Neurology.org/N Neurology | Volume 93, Number 21 | November 19, 2019 e1939

Copyright © 2019 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

http://neurology.org/n


(e.g., ankle-foot orthoses, gait trainers); however, with wors-
ening joint contractures, the biomechanical alignment
changes, often resulting in loss of function such as loss of
ambulation.

Over the 5 annual time points evaluated in this study, 5
individuals lost ambulation, which occurred between the ages
of 8 and 12 years in individuals with COL6-RD, 4 of whom
were female. While only individuals with COL6-RD lost
ambulation in this study, it is notable that there were 13 more
ambulatory individuals with COL6-RD than LAMA2-RD.
The 5 children who lost the ability to ambulate showed
a decline in all 3 domains of their MFM32 scores, while
myometry and PFT results either remained stable or may have
improved for one of the time points over the course of the
study. The MFM32 scale was the only assessment that
exhibited a consistent decline over the 4 years. Similar to
previous findings, the mean age at loss of ambulation in
COL6-RD was ≈10 years.23,24 The loss of ambulation is less
well understood to date in individuals with the partial merosin
deficiency form of LAMA2-RD; however, a previous report
and our findings suggest that individuals with LAMA2-RD
lose ambulation at a later mean age than those with COL6-
RD.25 In our ambulant cohort, D1 of the MFM32 continued
to worsen in contrast to stable scores on D2 and D3. The
opposite was noted in nonambulant individuals (figure
2, A–D).

In this study, the annual rate of decline of FVCpp in the upright
(sitting) position was statistically significant only in ambulatory
individuals with COL6-RD, while the annual rate of decline of
FVCpp was not significant in nonambulatory individuals with
COL6-RD. This is in contrast to previous natural history data
reported in an international series of 145 individuals with
COL6-RD. In that retrospective study, nonambulatory indi-
viduals with Ullrich CMD (UCMD) who did not achieve in-
dependent ambulation demonstrated a decline in sitting FVC of
4.2% predicted per year (p < 0.0001). Those with UCMD who
achieved walking with assistance declined only in sitting FVC by
2.1%/y (p = 0.0003)23,26 This difference may, in part, be due to
the much smaller sample size in this 5-year prospective natural

history study. A natural history study of pulmonary function in
65 individuals with LAMA2-RD has revealed an annual rate of
decline of sitting FVC of ≈1.5% predicted per year in non-
ambulatory individuals (unpublished data).

It is also important to note that the individuals with COL6-
RD or LAMA2-RD evaluated as part of this study have re-
strictive lung disease secondary to extrinsic causes (causes
extrinsic to the lung parenchyma), namely diaphragmatic
weakness, intercostal muscle weakness, decreased compliance
of the chest wall, and thoracic deformities related to scoliosis,
resulting in a progressive decline in pulmonary function and
the need for noninvasive ventilation in the form of BiPAP.27,28

In fact, respiratory insufficiency is the leading cause of mor-
bidity and mortality in COL6-RD and LAMA2-RD, particu-
larly if unrecognized or underrecognized. For this reason,
pulmonary function should be carefully assessed and moni-
tored in any natural history study or clinical trial of individuals
with COL6-RDs or LAMA2-RDs, with consideration given to
the fact that individual trajectories of decline in pulmonary
function may not be linear but variable at different time points.
Furthermore, there may be different rates of decline in FVC
during various age ranges; previously reported rates of decline
in sitting FVC in individuals with UCMDwere 2.6% predicted
per year overall (p < 0.0001) between the ages of 4 and 30 years
but 3.5%/y between the ages of 5 and 15 years (p < 0.0001).23

One contributing factor that may explain the lack of decline in
sitting or supine FVC in individuals with COL6-RD or
LAMA2-RD evaluated during this study could be that non-
ambulatory participants who participated in this study had
already reached a nadir of their restrictive lung disease, in
which case low FVC values may not have demonstrated fur-
ther decline during the course of participation in this natural
history study. In addition, the use of noninvasive ventilation
may play a significant role in potentially stabilizing pulmonary
function. Therefore, established BiPAP use in nonambulant
individuals with COL6-RD and LAMA2-RD should be
documented, given that it may have a potential stabilizing
effect on PFT results in individuals with COL6-RD or
LAMA2-RD.

Table 4 Summary of significant results by outcome measure, disease subtype, and ambulant status

Ambulatory Nonambulatory

COL6-RD LAMA2-RD COL6-RD LAMA2-RD

MFM32 D1, total D1 D2, D3, total D2, total

Myometry Knee extensors, knee flexors Knee extensors, elbow extensors Knee extensors, elbow extensors and flexors Knee flexors

Goniometry All joints Elbow extension

FVCpp Sitting FVC

PedsQL

Abbreviations: COL6-RD = COL6-related dystrophy; FVC = forced vital capacity; FVCpp = forced vital capacity percent predicted; LAM2-RD = LAMA2-related
dystrophy; MFM32 = Motor Function Measure 32; PedsQL = Pediatric Quality of Life Inventory.
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Quality of life, as measured by PedsQL, did not demonstrate
statistically significant changes. This could be a result of
a phenomenon described as the disability paradox, in which an
individual with a disability rates his or her quality of life as good
while others such as family member or parents rate it as poor.29

Multiple studies report that children with Duchenne muscular
dystrophy30,31 or spinal muscular atrophy32,33 rate themselves
with higher quality-of-life scores than their parents/guardians.
These studies are cross-sectional in nature, with a paucity of
longitudinal studies assessing quality-of-life changes over time.
The question remains as to whether, in a treatment trial,
quality-of-life measures would improve if anchored to another
outcome measure such as the MFM32. This is an important
consideration given the emphasis by the Food and Drug Ad-
ministration on patient-reported outcomes.

As observed in some of the plots (figure 2, B–D), several
individual trajectories appear at the edges of the scale, and
thus an absence of a statistically significant change may be due
to a floor or ceiling effect of the measurement. We argue that
this is not a flaw in the measurement or scale itself, as is the
case for standard floor or ceiling effects, but rather points
toward a natural clinical bound for the measurement in
question. For example, participants who are nonambulatory
and thus perform poorly on MFM32-D1 at baseline are not
expected to show any further decline in function in that do-
main, and thus, the domain measurement accurately reflects
their function without blunting the sensitivity of the measure.
This is best illustrated in the comparative analysis of the
4-group stratification (ambulant/nonambulant by subtype).
While the MFM32-D1 alone would not be sufficient to show
a decline in a nonambulant person, the other domains of the
MFM32 provide the so-called functional bandwidth to com-
pensate for this. For instance, when the D1 domain may not
decline further, the D2 domain may show a decline (i.e., the
individual still has functionality in D2 that can worsen to
a degree that could be measured). Thus, an ambulant in-
dividual who is still “too functional” in domains D2 and D3
would potentially show a decline that would be adequately
captured in domain D1 in which the functional loss is most
sensitively recorded. As stated, the patterns of bounded lon-
gitudinal changes in some scales may be an artifact due to
changes in patient function being bounded naturally and not
necessarily restricted by the scales themselves.

The design of this 4-year study, which took place at a single
site (NIH Clinical Center), allowed the standardized collec-
tion of data on a set of measures of motor function, pulmo-
nary function, and quality of life. The study results enabled the
identification of outcome measures best suited for capturing
annual changes in individuals with COL6-RDs or LAMA2-
RDs, the most common subtypes of CMD. Given the recent
completion of the first clinical trial for these populations
(Congenital Muscular Dystrophy Ascending Multiple Dose
Cohort Study Analyzing Pharmacokinetics at Three Dose
Levels in Children and Adolescents With Assessment of
Safety and Tolerability of Omigapil, NCT01805024) and the

prospect of further clinical trials in these subtypes, further
delineation of their natural history and identification of viable
outcome measures are essential for planning clinical trials for
these rare diseases, which remain without therapeutic options.

Our study results may further contribute to clinical trial read-
iness for the COL6-RDs and the LAMA2-RDs by providing
information for guiding sample size calculations and clinical
trial design. Power calculations presented here are based on the
observations made during this longitudinal study. For example,
from our data, we estimate the average yearly decline in the
total MFM32 score for COL6-RDs to be −4.01 points with an
SD of 4.36. Using an α of 0.05 and power of 0.80, we would
need 12 participants to detect a 4.01-point increase in total
MFM32, to give a mean slope of 0 (i.e., stabilization of disease).
In our study, 23 of 24 individuals with COL6-RD had longi-
tudinal data available on this measure (5% dropout); thus, we
would inflate the number of participants needed to 13. For rare
diseases such as the COL6-RDs and LAMA2-RDs, these are
feasible numbers for clinical trial recruitment. It will, of course,
be important to consider whether this required effect size for an
intervention under investigation can be reasonably expected.
An intervention expected to be minimally efficacious may in-
crease trends by only 2 points, for example. This would result in
a slowing of disease progression by −2.01 per year, which would
then require more individuals (43, accounting for dropouts).
Conversely, in a study with an intervention that is expected to
be highly efficacious, yearly trendsmay increase theMFM32 by
6 points to result in a disease improvement of +1.99 per year.
This type of clinical trial scenario would require fewer partic-
ipants (8, accounting for dropouts). An estimation of the
minimal clinically important difference for the MFM32 for
both types of CMD, including sensitivity to change analyses, is
in preparation. This may help arrive at a more functionally
anchored sample size calculation directed at the detection of
the smallest clinically meaningful change.

This example helps demonstrate the utility of our COL6-RD
and LAMA2-RD natural history dataset and its application to
the estimation of sample size (for a single disease subtype,
i.e., COL6-RD or LAMA2-RD). It uses a simplified model in
that it involves only 1-sample t test on the estimated im-
provement in slopes against our known population trajectory.
In a clinical trial, a mixed statistical model would likely be
incorporated rather than a t test.

Taken together, the results of this study demonstrate the
value and importance of natural history and outcomemeasure
studies in rare disease populations such as COL6-RDs and
LAMA2-RDs and specifically provide the tools for making
clinical trials design feasible in these patient populations.
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