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Abstract

Dystrophinopathies are caused by mutations in DMD resulting in progressive muscle weakness.
They are historically divided into the more severe Duchenne (DMD) and milder Becker (BMD)
muscular dystrophy phenotypes. Classification is important for research and clinical care. The
purpose of this study was to describe a multi-variable approach to classifying cases from the
Muscular Dystrophy Surveillance, Tracking, and Research Network (MD STARnel) and to assess
the accuracy of the diagnostic classification scheme. We used age at loss of mobility, molecular
testing results, and age at symptom onset to classify cases as having DMD or BMD and to assess
sensitivity and specificity. Mobility status showed low sensitivity and high specificity for
predicting DMD (65.5% and 99.3%, respectively) and BMD (62.8% and 97.7%, respectively)
phenotypes. Molecular testing showed 90.9% sensitivity and 66.4% specificity for DMD; 76.3%
sensitivity and 90.0% specificity for BMD. Age of onset predicted DMD with sensitivity of 73.9%
and specificity of 69.0%; BMD had 99.7% specificity and 36.7% sensitivity. Mobility status,
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molecular test results, and age at symptom onset are important but inconsistent measures for
accurately classifying individuals into DMD or BMD phenotypes. These results have implications
for prognosis in newly diagnosed individuals and for classifying phenotype in clinical trials.
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INTRODUCTION

Dystrophinopathies are X-linked disorders characterized by progressive muscle weakness
primarily affecting males. They are caused by mutations in the DMD gene that affect
production of the dystrophin protein. Duchenne muscular dystrophy (DMD) is at the severe
end of the spectrum with early loss of ambulation and compromised skeletal, respiratory,
cardiac, and sometimes cognitive function [1]. Becker muscular dystrophy (BMD) has a
milder presentation with slower disease progression, later age at loss of ambulation, and
variable involvement of the cardiac and respiratory systems [1].

Although attempts at classifying affected individuals into DMD and BMD phenotypes are
important for research and clinical care, there is a clinical spectrum of severity in individuals
with dystrophinopathies that does not always segregate them into distinct categories [2].
This variability in clinical severity makes classification of some cases difficult, and
complicates issues such as determining patient eligibility for clinical trials where phenotype
is an eligibility requirement [3, 4]. To differentiate cases that do not fit the typical DMD or
BMD phenotypes, numerous boundary-spanning terms, including classifications from mild
to severe or intermediate muscular dystrophy, have been reported in the literature [4-8].
Some research has identified potential severity sub-groups within phenotypes, which further
exacerbates the classification dilemma [6, 7, 9].

Classification can be even more difficult when using data from retrospective research studies
such as the Muscular Dystrophy Surveillance, Tracking, and Research Network (MD
STARnel), a population-based surveillance system for muscular dystrophy funded by the
Centers for Disease Control and Prevention. However, compared to prospective studies,
retrospective studies might provide a more complete clinical course for determining
phenotype because they include entire populations of affected individuals at various stages
in their disease progression. MD STARnet investigators have used a variety of approaches to
exclude DMD or BMD cases from specific analyses in which just one phenotype was the
focus of study. While numerous approaches to classify phenotype and severity exist, no
single variable has been found to be sufficient and a multivariable approach is required [2].

Therefore, the purposes of this study are to: evaluate the multivariable approach to
phenotype classification with selected clinical measures available in the MD STARnet
dataset, 2) estimate the diagnostic accuracy of each selected clinical measure independently,
and 3) compare the multivariable approach of assigning phenotype to other classification
schemes found in the literature.

J Neuromuscul Dis. Author manuscript; available in PMC 2019 February 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Andrews et al. Page 3

METHODS

Case population

MD STAR~net contains longitudinal clinical outcomes data gathered from clinic sources for
individuals diagnosed with a childhood-onset dystrophinopathy, born on or after January 1,
1982, and residing in an MD STARnet site (Arizona, Colorado, Georgia, Hawaii, lowa, and
12 counties in western New York State). MD STAR et collects medical record data from
inpatient and outpatient records from multiple sources, with a focus on neuromuscular
clinics. Data collection occurred retrospectively from the time of case identification through
death or 2012. Trained abstractors reviewed records annually for additional information until
death, movement out of the surveillance area, or the end of the surveillance program. Data
collected included demographics, diagnostics, medical history, treatment and management,
and family history information. This project used Version 8 data. A full description of MD
STARnet methodology has been published [10, 11].

All cases abstracted in MD STARnet undergo review by a committee of neuromuscular
clinical experts who assess the clinical signs and symptoms, family history information, and
laboratory data to assign a case status (definite, probable, possible, asymptomatic, affected
female, or not affected). The MD STAR et case status assignments included in this analysis
are described in detail in previous publications and are shown in Fig. 1 [10, 11]. Affected
females and confirmed DMD pregnancy terminations were excluded from this phenotype
classification project. There is no differentiation between DMD and BMD cases within the
MD STAR~et case assignment status; therefore, a systematic method for assigning
phenotype was needed.

Multivariable approach to phenotype classification

For this study, we searched for publications in PubMed and Embase. We reviewed key
publications to identify clinical measures for phenotype classification. Evidence from the
reviewed publications was consolidated to create index variables (hereinafter referred to as
index) to classify reference standards (hereinafter referred to as phenotype) as described in
Table 1. We used mobility, symptom onset, and molecular test results as indices to classify
cases into DMD or BMD phenotypes. The mobility index included a combination of steroid
use and ambulation status and the molecular index was based on genetics frameshift or
western blot dystrophin quantities. This scheme is described in more detail in the Indices
section below and in Table 1.

Using a four-step process shown in Fig. 2, we assigned the phenotypes (DMD, BMD, or
Inconclusive) for all cases in MD STAR et with available data. If the three indices indicated
the same phenotype for a given case, that case was assigned a DMD or BMD phenotype.
Assignment of an inconclusive phenotype resulted from indices that contained valid data,
but for which the values fell outside the range specified for either DMD or BMD (Table 1).
Phenotypes were set to missing if there were no data available to define them.

Given the multivariable approach to assigning phenotypes, we also classified the level of
certainty for an assigned phenotype based on the number of indices available. Low certainty
indicated only one index was available to assign the phenotype; high certainty indicated that
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all three indices were available to assign the phenotype. In the majority of cases (/7= 865,
88%) there were no discrepancies in the assignment of a phenotype (Fig. 2, Step 1).

Processing of cases with discrepancies in the phenotype assigned by the indices included up
to two additional steps. Each case was reviewed independently by two MD STAR net
researchers (CW, JA), who were very familiar with the dataset and who were able to locate
additional data to clarify conflicts or declare them unresolvable. Data fields reviewed for
additional information were those with descriptive free text from diagnosis notes, muscle
biopsy and genetic testing results, and text documenting mobility limitations, signs and
symptoms, and any general information not commonly associated with index variables. For
every case for which there was a discrepancy in phenotype assignment across indices,
reviewers created an annotated database with all factors in favor or against the assignment of
a phenotype and proposed a resolution of the discrepancy. Resolution occurred by 1)
dropping an index with a variable of questionable value, 2) revising a variable for an index
based on evidence not considered during the initial classification, or 3) clinician review (Fig.
3, Step 3). Resolution of discrepancies involving the molecular index relied on predictions of
phenotypic variability for genetic mutations reported in the Leiden, Edystrophin, and UMD
databases, as well as reversal hotspots reported in the literature [2, 5, 6, 12—-15]. Resolution
involving the mobility and onset index values was typically achieved by dropping the index
due to insufficient evidence supporting the value of a variable to classify the phenotype.
Data were also reviewed when siblings were classified as having different phenotypes
through the process described above. Resolved cases were then assigned a final phenotype
(Fig. 2, Steps 2 and 4).

Cases delegated to the clinician review team (EC, DM, KM) were those for which resolution
was not directly attributable to evidence in the record, were more complicated, or for which
the expert reviewers (JA, CW) requested consensus review (Fig. 2, Step 3). Members of this
team independently coded each case as DMD, BMD or undetermined based on their clinical
judgement of the information presented before the final phenotype assignment was made on
a consensus conference call. All discordant cases with similar criteria were treated the same
to ensure any decisions made were systematically applied. This most notably included those
cases classified as having the DMD phenotype according to symptom onset and molecular
results, but not according to the mobility index, and were ambulating well beyond the BMD
reference standard. The discordant case resolutions applied only to the phenotypes assigned
through the three indices. The original values of the variables in question were unchanged to
allow for an unbiased analysis of the diagnostic accuracy of the phenotypes.

Mobility index—The mobility index was derived from the documented age at which
independent ambulation ceased. It includes two conditions: age regardless of steroid use, and
the total duration of steroid treatment prior to the age at which ambulation ceased. The DMD
phenotype was defined according to the mobility index as documentation of ceased
ambulation or full-time wheelchair use before the individual’s 12th birthday, regardless of
steroid use, or 2) documentation of ceased ambulation or full-time wheelchair use prior to
the individual’s 16th birthday, if steroid treatment was received continuously for at least two
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years before ceasing ambulation [2, 5, 6, 16—24]. The continuous use requirement allowed
for gaps in use of steroids shorter than 30 days. The BMD phenotype, according to the
mobility index, was defined as documentation of independent ambulation on or after the
individual’s 16th birthday regardless of steroid use [2, 5, 6, 16, 21].

Molecular index—The molecular index combined results from genetic mutation analysis
and western-blot dystrophin levels obtained from a muscle biopsy. The DMD phenotype,
according to the molecular index, was defined as the presence of a mutation predicting a
shift in the mRNA reading frame (out-of-frame) or a western blot test documenting
dystrophin levels of 5% or less [2, 5, 7, 8, 12]. When both values were present, the genetic
mutation information prevailed over the western blot data. The BMD phenotype, according
to the molecular index, was defined as evidence of an in-frame mutation or western blot test
documenting dystrophin levels of 20% or higher [2, 8, 12, 21]. Frameshift information was
obtained from the Leiden neuromuscular reading frame checker [15].

Onset index—The onset index variable refers to the earliest documented age of first
symptom, which included any of the following: gross motor delays, positive Gowers sign,
trouble walking or running, trouble climbing, frequent falls, abnormal gait, and inability to
keep up with peers. According to the onset index, the DMD phenotype was defined as age of
first symptom that occurred before the 5th birthday. The BMD phenotype was defined as age
of first symptom that occurred on or after the 10th birthday [2, 9, 12, 17]. Cases with
symptom onset ages that did not meet these criteria were assigned an inconclusive
phenotype.

Statistical analysis

We used chi-square tests to evaluate the association between demographic variables and MD
STARnet cases classified with a DMD or BMD phenotype. Additionally, we tested the
accuracy of the three indices (mobility, molecular, onset) in identifying DMD and BMD
phenotypes by measuring sensitivity, specificity, positive predictive value, and negative
predictive value in Microsoft Excel using the gold standard generated from the criteria
reported in the literature (See Table 1). We also used receiver operating characteristic (ROC)
curves to evaluate the ability of each index to discriminate muscular dystrophy phenotypes
by estimating areas under the curve (AUC) and the corresponding 95% confidence intervals
and standard errors. Cases with missing values for a given index were not included in the
diagnostic accuracy analyses for that index.

Finally, we classified MD STARnet cases using criteria from several studies to demonstrate
the value of including multiple variables to assign phenotype. The criteria in the literature
included different combinations and cut-off values for the same criteria included in our
multivariable approach.
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RESULTS

Use of indices to assign phenotypes

The MD STARnet database contains 1,054 individual cases. After initial exclusions, 987
cases were available for phenotypic classification. Out of 987 cases, 85% (7= 838) were
classified as DMD, 12% (n= 121) as BMD, and 3% (7 = 28) were unclassifiable. Of the 838
DMD cases, the certainty of the assigned phenotype was considered high for 28% of cases,
medium for 48%, and low for 24% of cases. Regarding the certainty of the BMD
phenotypes, 13%, 36%, and 50% were considered high, medium, and low, respectively.
Non-classifiable cases were either too young to determine ambulation status (last known
ambulation age <13 years) (1= 5), had a comorbid condition affecting ambulation (7= 3), or
had conflicting index variable phenotypes that could not be resolved (n7 = 20). Of these 20
unresolvable discrepant cases, 11 had values indicating the DMD phenotype according to
onset and molecular indices, but were assigned the BMD phenotype according to the
mobility index, due to evidence of walking beyond their 16th birthday. The remaining nine
cases had varying combinations of BMD, DMD, and inconclusive phenotype assignments,
making resolution difficult.

For classification with the mobility index, 95% (7= 942) of eligible cases had either
ambulation or steroid data. Among this group, 62% (7= 615) had values assigned as DMD
or BMD, and 33% (7= 327) were inconclusive (Table 2). Two cases were excluded from
sensitivity analysis for the mobility index as they contained only steroid data and no
ambulation information. For the molecular index, there were 724 eligible cases. Of these,
723 had phenotypes assigned as DMD or BMD and one was assigned an inconclusive
phenotype. For the onset index, data were available for 922 eligible cases, with 668 assigned
a DMD or BMD phenotype and 254 assigned an inconclusive phenotype.

Figure 3 demonstrates the data availability across all cases for each index variable. An
overview of genetic mutations are included in Table 5. 874/1054 (83%) of all cases had
some genetic testing performed, but only 662/1054 63% of cases had classifiable genetic
mutation data available, 1% of which showed exceptions to the reading frame rule when
compared with muscle biopsy data. We had familial DNA results available that were not
used in an individual’s phenotype classification. Of the 392 cases who could not be
classified using genetics, 55 had classifiable familial DNA. Upon further review, none of
those 55 cases would have resulted in a change in the phenotype reported. Eleven cases
demonstrated conflicting predictions between western blot and genetics. Classification was
deferred to biopsy results in seven cases due to actual phenotype prediction reported by the
lab and in two cases due to mutation occurring in a well-known reversal hotspot. The last
two cases were deferred to genetics, as there was conflicting data in the biopsy report.

Demographic distributions

DMD and BMD phenotypes showed similar distributions of demographic characteristics
across the MD STARnet sites (Table 2). The BMD phenotype was less frequent among
Hispanics. Cases with a BMD phenotype were more likely to be missing race/ethnicity
information. The BMD phenotype was also more likely to have an asymptomatic MD
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STARpet classification, to have a phenotype assigned with a low level of certainty, and to
have an inconclusive phenotype based on the onset index. Finally, there was a significant
difference in the proportion of deceased cases for each group (21% for DMD vs. 5% for
BMD, p< 0.01).

Diagnostic accuracy

Diagnostic accuracy was assessed for each phenotype assigned through each index
separately (Table 3A). The mobility index had the highest specificity for DMD (99.3%) and
the molecular index had the highest sensitivity for DMD (90.7%). The overall accuracy in
assigning a phenotype was less than 87% for the indices. The AUCs for distinguishing
“DMD” from “not DMD” phenotypes from each index ranged from 0.627 (0.465-0.789) to
0.836 (0.746-0.927).

For the BMD phenotype (Table 3B), the onset index had the highest specificity (99.4%), and
the molecular index had the highest sensitivity (76.3%). The overall accuracy across all
indices ranged from 88.3% to 93.5%, and the AUCs ranged from 0.669 (0.591-0.748) to
0.832 (0.779-0.884).

Phenotype classifications

Table 4 shows how MD STAR et cases would be classified using the criteria described in
studies from the literature. Using a combination of available data and multiple variables, we
were able to classify 92% (7= 959) of all cases. Seventy percent (7= 694) of the cases had
at least two variables. In contrast, we were able to classify up to 78% of cases using criteria
from the King et al. (2007) study that combined mutation data and age at loss of ambulation.
Studies that restricted classification to age at loss of ambulation enabled classification of
48% to 66% of cases. Reports using results from the western blot test on muscle tissue and
genetic testing yielded 13% and 63%, respectively. No studies used age of onset alone to
classify individuals as having DMD or BMD.

DISCUSSION

Determining phenotypes for individuals diagnosed with a dystrophinopathy is important in
both clinical and research settings. Clinically, phenotype assignment can assist clinicians in
providing anticipatory guidance and estimating timing of therapeutic interventions. In
research, examining data by phenotype is key to describing the clinical course of disease,
evaluating the success of existing interventions in minimizing disease impact, and assessing
the potential for new interventions. In this study, we conducted a multivariable analysis of
common clinical indicators of disease severity to assess their validity for distinguishing
among dystrophinopathy phenotypes. Using empirically derived indices, we independently
classified each case as consistent with a DMD or BMD phenotype. Inconclusive phenotype
assignments were a minority. Finally, we assessed the diagnostic accuracy of these
assignments by calculating sensitivity, specificity, and diagnostic accuracy for these indices.

Age at loss of ambulation is arguably the most reliable symptom of disease progression for
distinguishing DMD from BMD among those diagnosed with a dystrophinopathy. A large
proportion of retrospective studies use loss of ambulation as the sole phenotype
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classification criterion [5, 6, 21, 25-30]. However, the predictive value of this symptom is
imperfect, due in part to prolonged ambulation among steroid users [16-22]. Exceptions to
the rule do exist and numerous studies identify an intermediate phenotype often qualified as
severe Becker or mild Duchenne. This nomenclature captures those individuals who
continue to ambulate independently beyond the DMD upper-bound age, but cease
ambulation before the BMD lower-bound age [5, 26-28, 31-33]. Given the variability in
reported age at ceased ambulation for both DMD and BMD [2, 5-7, 9, 12, 16-24], our
algorithm for assigning phenotypes took into account both the age at which independent
ambulation ceased and the duration of steroid use, where appropriate. In our study, the
mobility index was poor at ruling in both phenotypes (low sensitivity) but performed well at
ruling them out (high specificity), whereas diagnostic accuracy for DMD was 70.5% and for
BMD was 93.5%.

The emergence of molecular testing, which includes DNA testing and muscle biopsy, has
become standard practice in the diagnostic process. Phenotypic assignments from DNA test
results are based on interpretations of the effect of the mutation on the translational reading
frame, which affects quality and length of the dystrophin protein created [3]. The majority of
genetic mutations (92%—-96%) follow the “reading frame rule” proposed by Monaco et al
(1988) [34]. As with ambulation status, there are exceptions to the reading-frame rule in
predicting phenotype. Many of the mutations occurring at the 5’ end of the gene that predict
a frameshift mutation have been confirmed to produce a phenotype exception (i.e., BMD
phenotype) [27, 29, 32, 33, 35-39]. Additionally, mutations at the 3’ end of the gene are
thought to rescue the DMD phenotype if the N-terminus and C-terminus functionality is
maintained [35, 36]. Several frameshift reversal hotspots have also been identified in the
literature [2, 5, 6, 8, 40-43], and modifier genes have been reported that can alter phenotype
presentation [44—-47]. In addition to the above exceptions, approximately 5-7% of all cases
will not have a mutation that is detectable under the genetic testing technology standards
used during the eras reported in this dataset. This variability in mutation prediction supports
our proposal of using additional molecular tests to predict phenotype and review of
discrepancies in genetic results for individual cases [48, 49]. Muscle biopsies are invasive,
no longer considered a first-line diagnostic test in DMD and BMD, and dependent on the
pathologist’s skill and experience for valid interpretation but were more frequently
performed during the eras reported in this dataset [2, 3, 12]. Overall, phenotype assignments
from our molecular (combining genetic and western blot) index showed contrasting results
for assigning the BMD and DMD phenotypes. The index was good at ruling in but poor at
ruling out the DMD phenotype, whereas the opposite was found for predicting the BMD
phenotype.

Lastly, the age at onset of symptoms is used clinically to predict phenotypic severity [2, 9,
12, 17]. The symptom onset age has limitations as it is often subject to parent recall and can
be affected by previous knowledge of family history wherein parents may either notice
symptoms sooner or have their child evaluated earlier. Symptoms typically related to
ambulation limitations (trouble running, abnormal gait, trouble with stairs), signs such as
muscle weakness that is apparent on rising/standing (Gowers maneuver), and other general
signs (calf hypertrophy, proximal muscle weakness, loss of skills, lordosis) were used for the
index. Determining age at onset depends on the thoroughness of provider documentation of
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early history and symptom onset and thus is more susceptible to bias than prospectively
documented age at loss of ambulation [2, 9, 12, 17]. The onset index performed poorly for
ruling in and ruling out DMD. For BMD, the onset index performed well for ruling out
BMD but poorly for ruling in the phenotype.

The challenge of classifying individuals into distinct DMD and BMD phenotypes results
from the documented variability in presentation even after diagnostic test results (DNA and
muscle biopsy) [2, 5-7, 9, 12, 16-24]. Overall, the diagnostic accuracy for determining a
phenotype using a single clinical measure is reduced with some exceptions. For example, the
determination of clinical trial eligibility can utilize DNA evidence of frameshift mutations or
quantification of dystrophin in muscle biopsy to include DMD cases and exclude BMD
cases. Genetic mutation data acquired using current standards would be greater than 90%
effective in identifying phenotype, as intronic breakpoints, double mutations, alternative
splice sites, and modifier genes continue to be identified that contribute to phenotype rescue
[26-28, 32, 35, 45, 46, 50]. By incorporating additional clinical criteria, it may be possible
to maximize the selection of patients with ‘true’ DMD. In retrospective studies, age at loss
of independent ambulation in conjunction with quantification of steroid use is effective for
ruling out both DMD and BMD based on the cutoffs used in this study and could provide
added value to phenotype classification.

Strengths of this study include a comprehensive population-based surveillance system and
availability of longitudinal data collection, allowing the use of clinical data across multiple
stages of disease progression. Multiple levels of review were conducted to increase the
reliability of the multivariable phenotype assignments based on multiple clinical endpoints, a
large number of available cases, and expert clinical review. Limitations of this approach
include the use of data collected from medical records, which may not contain complete
data, since documentation is not standardized across providers as it would be in a
prospective trial. There is also the potential for recall bias by parents when reporting the
timing of symptom onset as their child ages. Our data span multiple decades of genetic
testing and we do not have sufficient data to demonstrate the validity of the testing
performed across all cases. We also intentionally avoided the use of an IMD classification as
this variable was intended to provide us with the required data to respond to reviewers
regarding BMD vs DMD in manuscripts as opposed to a spectrum.

CONCLUSION

Our study demonstrates the feasibility of distinguishing among dystrophinopathy
phenotypes by using three empirically defined indices amid variability in clinical
presentation. When the phenotypes assigned according to each of the three indices—mobility
status, molecular test results, and onset of symptoms—are concordant, confidence in the
phenotype assignment is higher. This approach could be used in clinical trials and other
research where distinguishing between dystrophinopathy phenotypes is paramount, and may
provide additional clinical information for disease management.
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Muscular Dystrophy Surveillance Tracking and Research Network case classification

criteria.
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Inclusion and exclusion of Muscular Dystrophy Surveillance Tracking and Research
Network (MD STARnel) cases in classifying phenotypes. DMD: Duchenne muscular
dystrophy; BMD: Becker muscular dystrophy.
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Fig. 3.

Flgw chart of data availability for classification of each index variable in the entire cohort (N
= 1054). Insufficient information demonstrates an indication that testing, steroid use or onset
documentation exists in the record but not enough information is provided to allow for
phenotype prediction for the index variable. Intermediate classifies all cases whose values
fall in between the designated cut-offs for BMD and DMD (e.g. Western Blot Dystrophin
between 5% and 20%). Intermediate categories for the remaining index variables can be
determined using Table 1. WB — Western Blot, DMD — Duchenne muscular dystrophy,
BMD - Becker muscular dystrophy.
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