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INTRODUCTION
Myotonic dystrophy type 1 (DM1) is an autosomal dominant 
disorder caused by mutations in the DMPK gene located on 
chromosome 19q13.32 (ref. 1) that affects the muscle, eye, heart, 
endocrine, and central nervous systems. The overall worldwide 
prevalence of this disease is approximately 1:20,000 (ref. 2). 
The disease results exclusively from the expansion of a CTG 
trinucleotide repeat, located in the 3′ noncoding region of the 
DMPK gene. Normal-sized alleles contain 5–34 CTG repeats, 
whereas premutation alleles contain 35–49 repeats and are not 
associated with symptoms but can expand in future genera-
tions. Full expansion alleles comprise ≥50 CTG repeats and are 
associated with disease with variable expressivity.3–6 DM1 is a 
classic example of anticipation in families. Longer CTG repeats 
correlate with greater disease severity and earlier onset, and 
penetrance is nearly 100% by age 50 (ref. 4). The clinical catego-
ries of DM1 include (i) mild disease with 50–150 CTG repeats 
that is characterized by cataract and mild myotonia with a nor-
mal life span; (ii) classic disease with 100–1,000 repeats that is 
characterized by muscle weakness and wasting, cataract, and 
abnormal cardiac conduction with disability and a reduced life 

span; and (iii) congenital disease with more than 1,000 repeats 
that is characterized by hypotonia and severe weakness at birth, 
respiratory problems, early death, and intellectual disabil-
ity.3,4,7 The abnormal gene product is a gain-of-function RNA 
that interferes with RNA transcript processing. Some proteins 
affected are directly related to symptoms of DM1, including 
myotonia (chloride channel protein), increased risk of diabe-
tes mellitus (insulin receptor protein), and cognitive function 
(microtubule-associated protein tau).7–15 Both diagnostic test-
ing in symptomatic individuals and family members at risk and 
prenatal testing are routinely performed in molecular genetics 
laboratories through analysis of CTG repeat length.

DM1 is characterized by large trinucleotide repeat expansions 
and thus requires both polymerase chain reaction to determine 
the size of the normal allele and the premutation allele and 
Southern blotting to determine the size of the larger expansions. 
In the past, having sufficient standards for developing the allelic 
ladder has been a challenge. Precise measurements are criti-
cal, especially when results occur near the boundary between 
size categories. Test requests for fragile X, another trinucleotide 
repeat disorder, are far more common, and several US Food 
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Purpose: The aim of this study was to examine the performance 
of laboratories offering assessment for myotonic dystrophy type 1 
(DM1) using external proficiency testing samples. DM1, a dominant 
disorder, has a prevalence of 1:20,000 due to the expansion of CTG 
trinucleotide repeats in the DMPK gene.
Methods: External proficiency testing administered by the College 
of American Pathologists/American College of Medical Genetics and 
Genomics distributes three samples twice yearly. Responses from 
2003 through the first distribution of 2013 were analyzed after strati-
fication by location (United States/international). Both the repeat 
sizes (analytic validity) and clinical interpretations were assessed.
Results: Over the 21 distributions, 45 US and 29 international labo-
ratories participated. Analytic sensitivity for detecting and reporting 
expanded repeats (≥50) was 99.2% (382/385 challenges) and 97.1% 

(133/137 challenges), respectively. Analytic specificity (to within two 
repeats of the consensus) was 99.2% (1,790/1,805 alleles) and 98.6% 
(702/712 alleles), respectively. Clinical interpretations were correct for 
99.3% (450/453) and 98.2% (224/228) of positive challenges and in 
99.9% (936/937) and 99.6% (455/457) of negative challenges, respec-
tively. Of four incorrect interpretations made in the United States, two 
were probably due to sample mix-up.
Conclusion: This review of laboratory performance regarding lab-
oratory-developed genetic tests indicates very high performance for 
both the analytic and interpretative challenges for DM1.
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and Drug Administration (FDA)-approved test reagents are 
commercially available. Because of the low number of DM1 
test requests, however, no FDA-approved reagents are currently 
available. Therefore, DM1 testing in the United States requires 
the use of laboratory-developed tests whereby the laboratory is 
responsible for developing a quality-control system to ensure 
the accuracy of results. Because of the importance of reliable 
testing for DM1 alleles and their accurate interpretation, the 
College of American Pathologists (CAP) offers external pro-
ficiency testing (PT) challenges for DM1 molecular genetic 
testing twice per year. The current analyses cover an 11-year 
period, from 2003 through the first half of 2013. Specific ques-
tions are addressed: (i) Among current participants, how many 
clinical tests are performed and what is the turnaround time? 
(ii) What is the analytic performance of laboratories located in 
the United States? (iii) Is the performance of international labo-
ratories similar? (iv) How reliable are the associated interpreta-
tions, after stratification by laboratory location?

MATeRIALs AND MeTHODs
For each of two annual Molecular Genetics Surveys (MGL), par-
ticipating molecular diagnostic laboratories receive three DNA 
sample challenges selected from validated reference materials 
with known genotypes (Coriell Institute for Medical Research, 
Camden, NJ). Laboratories use their own proprietary, internally 
validated tests. The results of the PT challenges are submitted 
to CAP, where they are analyzed, reviewed, and summarized, 
then forwarded to the joint CAP/American College of Medical 
Genetics and Genomics (ACMG) Biochemical and Molecular 
Genetics Resource Committee for review and final interpreta-
tion. Assessment of laboratory performance is based on both the 
genotype and its clinical interpretation. Results are confidential 
between CAP and the laboratory, but laboratories can disclose 
their performance on PT programs upon request. If a labora-
tory fails the DM1 PT challenge, they must immediately address 
relevant issues in communication with CAP. If a laboratory is 
accredited by the CAP Laboratory Accreditation Program and 
has unsatisfactory performance on PT, the laboratory receives 
a notice regarding the failure. If there are multiple failures for 
the same analyte, the laboratory is required to provide corrective 
action or could be directed to cease testing for that analyte. The 
mission of the Laboratory Accreditation Program is to advance 
the quality of laboratory services through PT, education, and 
unannounced on-site inspections by trained inspectors to ensure 
that regulatory requirements are being met under the authority 
granted by CLIA. The committee members have no direct asso-
ciation with Laboratory Accreditation Program activities and do 
not contact individual laboratories to determine the root cause 
of incorrect responses.

Analytic specificity challenges were those with a consensus 
of <35 CTG repeats for both alleles. Any reported CTG repeat 
size within two of the consensus (median) was considered cor-
rect. If a laboratory reported only one allele (e.g., “17, blank”), 
it was assumed that the laboratory was reporting a homozygous 
result. For example, the response “5, blank” was considered 

incorrect for a specificity challenge with two different negative 
alleles (e.g., 5, 13) but was accepted as correct for a homozy-
gous challenge (e.g., 5, 5). Because both alleles were graded, the 
potential number of responses is twice the number of “normal” 
sample challenges.

Analytic sensitivity challenges were those having a consen-
sus of 50 or more CTG repeats on one allele. All sensitiv-
ity challenges involved a mosaic pattern with well over 150 
repeats. Since this is an autosomal dominant condition, the 
second allele is usually of normal length but is not included 
in the assessment of analytic sensitivity. Thus the potential 
number of responses is equal to the number of “abnormal” 
sample challenges. An incorrect sensitivity response was 
noted if (i) the reported abnormal repeat length was <50 or 
(ii) the repeat length was not specified (e.g., blank) but the 
clinical interpretation was “negative” or was not reported. 
This second definition was needed because some laborato-
ries observed an allele with a large repeat size on Southern  
blotting, but they do not quantify the number of repeats for 
clinical reporting. This occurs in spite of CAP and other rel-
evant professional recommendations (ACMG) to quantify 
large DM1 repeat lengths. Thus, the response “5, blank” was 
considered correct if the laboratory reported a “positive” 
clinical interpretation but incorrect if it was associated with a 
“negative” clinical interpretation.

The associated clinical interpretations have changed over 
time, but they can be summarized as “negative—not consistent 
with DM1”, “mutable allele, normal” and “positive—consistent 
with DM1.” These three interpretations are associated with 
repeat CTG sizes of <35, 36–49, and ≥50, respectively. Among 
those with 50 or more repeats, it is possible to provide some 
phenotypic information.2,5 No samples with “mutable allele, 
normal” have been distributed as part of this PT program. If a 
laboratory reports an incorrect analytic result, it is often asso-
ciated with an incorrect clinical interpretation. Current grad-
ing does not consider whether the clinical interpretation would 
have been correct, given the incorrect analytic result reported.

Confidence intervals for proportions were at the 95% level 
(two-tailed) (True Epistat, Round Rock, TX) using a bino-
mial distribution. Statistical tests of significance for contin-
gency tables were exact two-tailed, with P  <  0.05 indicating 
significance.

ResULTs
Between 2003 and 2013, 45 US and 29 international laborato-
ries participated in at least one DM1 PT survey. The numbers 
of participants increased over time, from 24 in 2003-A (22 from 
the United States) to 40 in 2013-A (22 from the United States). 
The primary testing method was almost always based on poly-
merase chain reaction, whereas the secondary method (for large 
repeat lengths) was Southern blotting. One laboratory reported 
using DNA sequencing. As part of each distribution, partici-
pants were asked to report the number of tests performed and 
clinical testing turnaround time in their laboratory. Data from 
2012-A and 2013-A were used to compare the number of tests 
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versus turnaround time, shown in Figure  1, which contains 
data from 25 US and 19 international participants. Overall, an 
estimated 5,376 clinical tests were performed annually (3,360 
in the United States and 2,016 internationally). Among US 
laboratories, 64% (16/25) performed fewer than five tests per 
month, whereas that rate among international laboratories was 
37% (7/19; P = 0.13). The US laboratories tended to report more 
quickly, with 88% (22/25) posting results within 21 days com-
pared with 37% (7/19; P < 0.001) of international participants 
posting results within that time. Given the observed digit pref-
erence, at least some of the reported turnaround times are likely 
to be quoted rates and not actual measured times.

The DM1 genotyping challenges and a summary of par-
ticipant results used to compute the analytic sensitivity and 
specificity are provided in Supplementary Table  S1 online. 
Overall, the US laboratories had an analytic sensitivity of 
99.2% (382/385 challenges; 95% CI: 97.7–99.8%), which is 
not significantly different from the 97.1% (133/137 challenges; 
95% CI: 92.7–99.2%) for international laboratories (P = 0.08). 
Analytic specificity was also high at 99.2% (1,790/1,805 alleles; 
95% CI: 98.6–99.5%) and 98.6% (702/712 alleles; 95% CI:  
97.4–99.3%), respectively. These are also not significantly differ-
ent (P = 0.19). Of the 45 US laboratories, 10 (22%) had analytic 
errors (Table 1), and 6 of these still participate in the survey. Of 
the 29 international laboratories, 7 (24%) had analytic errors, 
and 3 of these still participate. Of the 74 laboratories, 9% (7/74) 
have made multiple errors, but these 7 laboratories are respon-
sible for 71% (24/34) of all analytic errors. The total analyti-
cal error rate for the 27 US laboratories testing fewer than five 
samples per month was 1.1% (95% CI: 0.5–2.1%), which is not 

significantly different from the 1.9% (0.9–3.5%) for the 16 labo-
ratories processing five or more samples per month (P = 0.25).

Although the analytic sensitivity challenges were mosaic for 
DM1 repeat lengths, specific instructions were given by the 
CAP to report the major (densest) band rather than the band(s) 
corresponding to the smallest or largest numbers of repeats. 
One positive sample was distributed six times over the 11 years, 
with median consensus values of 600, 670, 630, 660, 670, and 
660 CTG repeats. We compared the reported within-laboratory 
results to determine whether there was a consistent reporting 
protocol being used that might differ from that recommended 
or that used in other laboratories. Figure 2 shows the results 
of comparing the two of the six distributions where the con-
sensus results were nearly identical at 650 repeats. The open 
circles indicate the 22 laboratories reporting results for both 
challenges. Although the majority of the paired results are close 
to the consensus results, reflecting excellent long-term preci-
sion, there are several clear discrepancies. For example, two 

Figure 1  Numbers of samples tested per month versus reported 
turnaround time for participants in an external proficiency testing 
program for myotonic dystrophy type 1 (DM1), stratified by laboratory 
location. Smaller filled circles represent the 25 laboratories located in the 
United States; larger open circles represent the 19 international laboratories. 
The horizontal dotted line is drawn at a turnaround time of 3 weeks (21 days). 
The small arrows indicate values greater than the axis upper limit.
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Table 1 Distribution of analytic errors by laboratory 
location

errors (n)
Us laboratories, 

n (%)
International 

laboratories, n (%)

0 35 (78) 22 (76)

1 6 (13) 4 (14)

2 2 (4) 0 (0)

3 1 (2) 2 (7)

4 0 (0) 1 (3)

5 1 (2) 0 (0)

Figure 2 Reported CTG triplet repeat length for two identical sample 
challenges distributed 4 years apart. Open circles indicate results for the 
22 participants reporting repeat length for both challenges. Most results 
are close to the consensus of 660 repeats for both challenges; however, 
some outlying values occurred. The filled circles show results for laboratories 
participating in only one or the other sample challenge.
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laboratories reported almost exactly the consensus 650 repeats 
in 2009 (x axis) but reported 830 and 900 CTG repeats for the 
same sample in 2013 (y axis). This may be due to changes in 
personnel and/or differences in reporting mosaics, or to assay 
changes related to sample digestion, electrophoresis, and blot-
ting. Filled circles along the x or y axis indicate laboratory results 
for those participating in only one or the other distribution.

In addition to genotyping, clinical interpretations were 
reported by most participants for each challenge. These data 
were also analyzed for sensitivity and specificity after stratifi-
cation by laboratory location. There tended to be fewer clini-
cal responses (compared with analytic responses) for positive 
sample challenges because some laboratories (especially those 
outside the United States) did not quantify/report sizes when 
the repeat lengths were over 50. Among US laboratories, clini-
cal interpretations were correctly reported as “positive, consis-
tent with DM1” for 99.3% (450/453; 95% CI: 98.1–99.9%) for 
samples with consensus large repeat lengths. These three false-
negative errors can be seen in Table 1 (2008B-10, 2011A-3 and 
2012B). In the first two, the laboratories did not identify the 
expanded allele and reported a negative clinical interpretation. 
However, all other respondents identified an allele with 620, 400, 
and 350 repeats, respectively. In the 2012B distribution, there 
was a likely sample mix-up in one US laboratory. The three cor-
rect genotypes and associated interpretations were reported, but 
not for the appropriate challenge. Among international labora-
tories, there were four errors among positive sample challenges 
(2004A-03, two in 2008B-10, and 2010A-01; Table 1). The corre-
sponding rate is 98.2% (224/228;95% CI: 95.6–99.5%). All errors 
involved laboratories that did not identify the expanded allele 
(e.g., analytic error causing the error in clinical interpretation). 
One lab was involved in two of these errors. The rates of correct 
clinical interpretation of “positive, consistent with DM1” do not 
differ between US and international laboratories (P = 0.23).

Among US laboratories, clinical interpretations were correctly 
reported as “negative—not consistent with DM1” for 99.9% 
(935/936; 95% CI: 99.4–99.9%) of samples with both alleles 
having repeat lengths of 35 or less. The one false-positive error 
was due to the previously described potential sample mix-up 
in 2012B. Among international laboratories, two false-pos-
itive errors occurred, yielding a correct response rate of 99.6% 
(455/457; 95% CI: 98.4–99.9%). These differences in error rates 
for clinical interpretation also do not differ between US and 
international laboratories (P = 0.25).

DIsCUssION
Both US and international laboratories performed well in the 
CAP/ACMG external PT challenges. Analytic sensitivity and 
specificity (a measure of how accurately laboratories could size 
the trinucleotide repeat length) was over 99% for the US labora-
tories and over 98% for international laboratories. Overall, 93% 
of US laboratories (42/45) and 86% of international laboratories 
(25/29) had no errors in their clinical interpretations. The clini-
cal interpretations were correct for positive challenges between 
98 and 99% of the time. Responses for negative challenges were 

correct over 99% of the time, regardless of laboratory location. 
Several incorrect responses were likely transcription errors or 
sample mix-ups. For example, several false-negative results 
were identified when the laboratory did not report either a sec-
ond allele (e.g., “5, blank”) and/or a clinical interpretation was 
missing. In these instances, the result was considered incorrect 
because there was no indication of a positive finding. In addi-
tion, there were two errors due to sample mix-up.

Challenging clinical laboratories with external PT challenges 
helps inform the participant, the organizations providing over-
sight, the government, and the public at large about laboratory 
test accuracy. Although CAP/ACMG attempt to provide chal-
lenges that simulate as closely as possible the usual laboratory 
clinical scenario, this is not always possible. For example, labo-
ratories usually issue computer-generated reports for clinicians 
after internal review. For external PT, these reports are most often 
hand-typed into an online entry form, increasing the chance for 
typographic and transcription errors. The sizing of mosaic pat-
terns can differ between laboratories or even within a laboratory 
owing to differences in technicians. Even though the proficiency 
testing program instructions ask for the size of the densest band, 
this may differ from routine clinical practice, where the latter is 
actually reported. On the other hand, the technicians and labora-
tory directors know this is a PT sample and this alone may lead 
to better, or different, performance on PT samples versus clinical 
samples. One limitation of the survey is the lack of any challenges 
in the “intermediate” range (between 35 and 50 repeats) because 
these cases are rare and, to date, no appropriate PT material has 
been identified. However, samples in the congenital range (>1,000 
repeats) are now available from the Centers for Disease Control 
and Prevention Genetic Testing Reference Materials program.16

These genetic laboratories have demonstrated high perfor-
mance of their laboratory-developed tests to quantify the num-
ber of CTG repeats responsible for DM1 and to provide reliable 
clinical interpretations. Error rates in US laboratories approach a 
few per 1,000 challenges, which is equivalent to the highest ana-
lytic performance reported in similar surveys.17–20 This probably 
approaches the limit of transcription errors and sample mix-ups, 
with the very occasional actual false-positive or false-negative 
analytic result. This high performance is in spite of many labora-
tories performing the test infrequently (more than half of the US 
laboratories test fewer than five samples per month) and all tests 
being developed for use by each laboratory. These results provide 
strong evidence of the participating laboratory’s ability to provide 
reliable genetic testing for the diagnosis of DM1.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper 
at http://www.nature.com/gim
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