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introduction
With new gene discoveries, contributions from the Human 
Genome Project and improved molecular technologies, genetic 
testing for rare disorders is widespread in the United States and 
elsewhere. GeneTests1 and The Genetic Test Registry2 recently 
listed 628 clinical laboratories offering testing for 2,887 genetic 
disorders, a sizable increase over the 100 listed in 1993. Some 
of this increase is due to the Collaboration, Education, and 
Test Translation Program of the National Institutes of Health 
Office of Rare Diseases, begun in the mid-2000s.3 Although 
the Collaboration, Education, and Test Translation Program 
no longer exists, it provided the impetus for laboratories to 
begin transitioning tests for rare disorders into clinical practice, 
thereby expanding offerings.

In 2006, laboratory directors participated in a survey from the 
Genetics and Public Policy Center at Johns Hopkins University 
aimed at collecting information about their rare disease tests 
and quality assurance practices, including participation in 
external proficiency testing (PT) programs. These data resulted 
in a report4 suggesting that laboratories not performing PT for 
all clinical tests have more errors and that external oversight 
should be expanded. Given the thousands of genetics tests now 

offered clinically, coupled with the low-volume nature of many 
focused on rare disorders, the classic approach to disease-spe-
cific PT programs is not feasible. To address these concerns, the 
College of American Pathologists (CAP)/American College of 
Medical Genetics and Genomics (ACMG) Biochemical and 
Molecular Genetics Resource Committee considered alternative 
approaches and launched a methods-based PT program in 2010 
aimed at assessing the ability of laboratories offering rare disease 
testing to identify, name, and interpret variants from sequencing 
data. This was, in part, based on the European methods-based 
program for some sequencing that had been piloted5 and is now 
in routine use (http://www.emqn.org/emqn/schemes).

As our pilot, the committee chose to focus on sequence-
based testing for rare and ultra-rare disorders6 because these 
represent the majority of molecular tests currently without for-
mal external PT. The initial Sequencing Education Challenge 
(SEC) Program was aimed at testing the laboratory’s ability to 
interpret sequence traces provided to them. Participants would 
apply the same methods for analyzing and interpreting these 
sequences as for genes they routinely sequence. These chal-
lenges validate that the participant can correctly identify, name, 
and interpret sequence variants. Members of the committee 
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developed and pilot tested the materials, reviewed and ana-
lyzed the data, provided written discussions for feedback to 
participants, and developed a proposed assessment system to 
allow for eventual grading of laboratory performance. During 
the first 3 years, the survey was designed to utilize only “dry” 
challenges; electropherograms were distributed to participants 
for analysis and interpretation of sequence variants. This is in 
contrast to the current “wet” European sequencing program, 
which provides DNA that participants sequence and then inter-
pret (http://www.emqn.org/emqn/schemes). A dry survey is a 
simpler approach, could be initiated more readily, and would 
be less expensive for laboratories to join. The addition of wet 
challenges could be phased in later. Although the committee is 
supportive of methods-based PT, if a disease-specific PT pro-
gram is available for a gene that the laboratory sequences, par-
ticipation in that disease-specific survey would still be required.

Here, we present the initial 3 years of experience providing the 
first molecular methods–based PT program based in the United 
States. International participants are also welcome. This is one of 
a series of publications from the CAP/ACMG Biochemical and 
Molecular Genetics Resource Committee, which presents and 
interprets PT data. Disease-specific reports have already been 
published for Huntington disease7 and fragile X,8 with other 
manuscripts in preparation. So far, these reports have provided 
evidence that US clinical laboratories are performing well.

MATERIALS AND METHODS
Contents of the SEC survey
The SEC survey includes two distributions of three challenges 
each year. Information about the introduction of this survey 
was included in the CAP Surveys Catalog and on the CAP 
homepage9 and was available through the CAP exhibitors 
present at relevant annual scientific and professional meet-
ings. Participants were provided with a CD that included three 
challenge sequence data files (ABI files, forward and reverse 
sequences for each amplicon); three wild-type sequence data 
files (ABI files, forward and reverse sequences for each ampli-
con); the gene name, genomic reference sequence (RefSeq) 
number (NG_nnnnn), and the coding RefSeq number (NM_
nnnnnn); a translation of the sequence (Word); a Mutation 
Surveyor10 file (.gbk file); Web-based references to the gene-spe-
cific databases and SNP databases (NCBI Entrez SNP Database 
(dbSNP), as well as11 references for Human Genome Variation 
Society nomenclature rules;12,13 and a set of detailed instruc-
tions for reporting the identified sequence variants. When 
applicable, gene-specific database references were also provided 
(Human Genome Mutation Database Professional 2012.4;14,15 
Leiden Open Variation Database for FANCA;16 Leiden Open 
Variation Database for FANCC;17 and the CFTR2 database18 
http://www.cftr2.org/). All data were derived from Sanger 
sequencing in a reference clinical laboratory using an ABI3130 
instrument and checked for acceptable quality scores before 
inclusion in the survey. The product was blindly pilot tested by 
committee members before distribution. For consistency, par-
ticipants were asked to use only the coding DNA position (not 

the genomic position) for nucleotide changes and use standard 
Human Genome Variation Society nomenclature. The gene 
name or reference sequence number in the variant description 
was not to be included. Laboratories were also asked to identify 
all variants relative to the provided reference sequence, not just 
those expected to be pathogenic. If more than one variant was 
identified, participants were instructed to report each change 
in the order of the gene from 5′ to 3′. Finally, laboratories were 
to indicate whether each variant was heterozygous or homozy-
gous and to interpret each variant as pathogenic, benign, or of 
unknown clinical significance, using the ACMG Interpretation 
of Sequence Variants report as a guideline.19 Laboratories were 
given 3 weeks to analyze and report their findings.

Supplemental questions
Each SEC survey also contained supplemental questions 
intended to provide insight into the experience, current needs, 
and future directions of participants. Questions included what 
changes in technology were occurring, current methods, num-
bers of samples sequenced per year, where the laboratory was 
located, and information regarding methods employed to assess 
functional significant and potential pathogenicity. A summary 
of the responses were included in the participant summary 
report at least once each year.

Analysis of results
Participants assess each identified variant for zygosity (het-
erozygous or homozygous) and provide a free-text response 
for nucleotide and protein description. The fourth assessment 
component is a determination of pathogenicity (benign, patho-
genic, or of unknown clinical significance). The initial summary 
of results is provided to designated committee members, list-
ing their responses. The participant’s identity is not revealed. A 
committee member performs the primary review and provides 
an analysis of results, placing each response into an acceptable/
unacceptable category. A draft discussion summarizes the find-
ings and helps laboratories improve practice. Additional com-
mittee members review the analyses and discussion and make 
comments before the final version distributed to participants.

Potential assessment of the SEC participants
Each challenge so far has contained at least one variant, and 
each of these variants requires responses to the four components 
(zygosity, nucleotide change, protein change, and interpretation). 
For each distribution (three challenges), this provides a matrix 
of 12 responses per survey. If additional variants are present, the 
matrix expands in multiples of four. Each of the responses can 
be assessed, if an 80% consensus is reached. One approach to 
assessment would be to give each acceptable response one point; 
no points if the response is either unacceptable or missing. The 
sum could then be used as an overall assessment. Having a score 
of 10 or higher out of 12 would be acceptable, with 9 or below 
being unacceptable. If a participant consistently misses one 
component, then a letter with specific recommendations for 
improvement in performance could be sent.
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RESULTS
Characteristics of SEC survey participants
Table 1 shows the results of the 2012 questionnaire regarding 
characteristics of the survey participants, stratified by whether 
the laboratory was located within the United States or was 
international. Only clinical laboratories were included (four 
research laboratories were excluded). Responses were from the 
2012A survey except for two US participants for whom data 
from 2011 was used (data was not reported in 2012). Eleven 
US and 17 international participants never completed the 
questionnaire.

Nearly all of the participants currently rely on Sanger sequenc-
ing, but several report current use of next-generation sequenc-
ing platforms. Nearly two-thirds of the participants plan on 
incorporating next-generation sequencing in the coming year 
(33 of 46 in the United States and 13 of 26 international, based 
on a 2011B query). The numbers of samples processed ranged 
broadly. Eighteen participants (20%) processed <100 patient 
samples per year, whereas 23 (26%) processed >2,000. An esti-
mated 62,000 gene-sequencing tests were performed by labora-
tories in the United States each year. Only one US laboratory, 
but five international participants, offered testing directly to 
consumers. The majority of participants (72%) offered sequenc-
ing for ≤50 genes, and 33 (37%) reported being the sole labo-
ratory providing sequencing for ≥1 genes. There was a signifi-
cantly higher proportion of US laboratories that participated in 
external PT for every gene sequenced (64 vs. 32%, two-tailed 
exact P = 0.005). Nearly all (93%) participants used software 
to facilitate sequence analysis, and most used three common 
programs. Table 1 provides a summary of the methods that are 
used to assess function of missense changes and pathogenicity 
of variants in noncoding regions. Most laboratories use predic-
tive algorithms that are listed in the table footnotes as well as 
family studies, if appropriate. Fewer laboratories confirm splice 
variants, and none perform functional analysis to confirm vari-
ants. Finally, more than 90% of US laboratories reported vari-
ants using ACMG-recommended guidelines,19 as compared 
with 76% of international laboratories.

Survey challenges and responses
Table 2 shows information regarding the number of partici-
pants, the gene challenge, and the types of sequence variant 
challenged over the 3 years. There is steady growth in the num-
ber of participants, increasing from 53 in the first distribution 
in 2010 to 90 in the last distribution in 2012. Six different genes 
have been included, including FANCA and FANCC (Fanconi 
anemia complementation group A and C, respectively), respon-
sible for Fanconi anemia (an ultra-rare disorder), and CFTR 
(cystic fibrosis transmembrane conductance regulator), a com-
monly sequenced gene responsible for cystic fibrosis. All but 
two of the variants challenged so far have been pathogenic. The 
two benign variants occurred as a second variant (2011A-01V2 
and 2012A-01V2).

Table 3 summarizes the overall performance of participants 
in the SEC survey by challenge. The four components are listed 

across the top. The column under each heading contains the 
intended response, and the proportion of participants with 
an acceptable response. During the first distribution (2010A), 
only the nucleotide and protein nomenclature were requested. 
Overall, 68 of 72 (94%) of the component challenges had ≥80% 
consensus. Three of the challenges not meeting consensus 
were in the 2011A distribution, with two occurring in the sec-
ond variant (benign) of the first challenge (2011A-01V2). The 
fourth occurred during the first distribution in 2010. On aver-
age, the rate of acceptable responses for zygosity, nucleotide and 
protein nomenclature, and interpretation components were 
98.4, 95.3, 94.1, and 95.4%, respectively. These rates include the 
four nongraded components described above. Had they been 
excluded, these rates would have been 99.1, 95.3, 97.3, and 
95.9%, respectively.

Not all responses for nucleotide and protein nomenclature 
that were considered acceptable were exactly the same as the 
anticipated response listed in Table 3. Many of the minor 
inconsistencies involved capitalization, abbreviations of amino 
acids, and incorrect punctuation. For example, the antici-
pated nucleotide response for 2011B-05 was “c.1366delG,” but 
“C.1366 DELG” was considered acceptable. Incorrect responses 
for that challenge included “c.13654delG” and “C.1783DELG.” 
For that same challenge, the intended response for the pro-
tein nomenclature was “p.Val456CysfsX9,” but “p.V456Cfs9,” 
“p.Val456Cys*fs,” “p.VAL 456CYSFSX9,” and “p.V456CfsX9” 
were considered acceptable. One incorrect response reported 
for this challenge was “P.E455G fs.”

Figure 1 shows component-specific responses by participant 
for all 67 US laboratories providing responses for at least one 
distribution, sorted by the numbers of samples tested per year. 
The last seven rows include participants that never reported 
this result. Each box indicates a potential response to a chal-
lenge, component by component (the letters Z, N, P, and I indi-
cate the four components (zygosity, nucleotide change, protein 
change, and interpretation, respectively)). Open boxes indicate 
no response (either because that component was not reported 
or because it was not challenged). Gray squares indicate accept-
able responses, whereas black squares indicate unacceptable 
responses. Reading horizontally provides an individual labo-
ratory’s results, whereas reading vertically indicates overall 
performance for that component of the challenge. The sample 
labels (e.g., 2010B-04) can be linked to Table 2 to identify the 
gene and variant challenged. Among the US laboratories, 25 
(37%) had all acceptable responses, whereas another 16 (24%) 
had rates of ≥95%. Another 21 (31%) had rates of 90–94.9%, 
but five (8%) had rates <90%. Overall, 2,989 of 3,104 responses 
(96.3%) were deemed acceptable. If the four components that 
did not reach consensus were removed, the rate increases to 
97.4% (2,850/2,927).

Figure 2 shows the same data for the 50 international partici-
pants (North/South America—excluding the United States (22 
participants), Asia (18), the Mideast (6), and Europe (4)). Of 
these, 14 participants (28%) had all acceptable responses and 
16 (29%) had rates of ≥95%. Ten (20%) were between 90 and 
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Table 1  Characteristics of participants in the SEC survey: 
2010 through 2012

Number reported (%)

United  
States International

Clinical laboratories responding 55 (100) 34 (100)

Primary sequencing methodology?

  Sanger 52 (94)a 33 (97)a

  Next generation 2 (4) 0 (0)

  Other 1 (2) 1 (3)

Samples sequenced per year?

  >2,000 14 (25) 9 (26)

  501–2,000 12 (22) 9 (26)

  101–500 16 (29) 11 (33)

  0–100 13 (24) 5 (15)

  Estimated totalb 62,450 41,800

Offer testing direct to consumers?

  Yes 1 (2) 5 (15)

  No 54 (98) 29 (85)

Offer custom sequencing of any gene?

  Yes 11 (20) 6 (18)

  No 44 (80) 28 (82)

Sequencing offered for how many genes?

  >100 10 (18) 6 (18)

  51–100 5 (9) 4 (12)

  11–50 22 (40) 13 (38)

  1–10 18 (33) 11 (33)

Only source for testing some genes?

  Yes 22 (40) 11 (32)

  No 33 (60) 23 (68)

Proficiency testing for every gene offered?

  Yes 35 (64) 11 (32)

  No 20 (36) 23 (68)

Software used to facilitate sequence analysis?

  No 4 (7) 2 (6)

 � Mutation Surveyor 
(SoftGenetics, State College, PA)

28 (51) 9 (26)

 � Seqscape (Life Technologies, 
Grand Island, NY)

10 (18) 12 (36)

 � Sequencher (Gene Codes, Ann 
Arbor, MI)

10 (18) 2 (6)

  Yes—other softwarec 3 (6) 9 (26)

Are dbSNP designations always reported?

  Always 14 (25) 7 (21)

  Sometimes 19 (35) 11 (32)

  Never 22 (40) 15 (47)

Table 1  Continued

Assess function for new missense changes?d

  No 3 (5) 3 (9)

  Literature search 51 (93) 29 (88)

  Mutation/variant databases 50 (91) 28 (85)

  Evolutionary conservation 39 (71) 13 (39)

  Family studies 38 (69) 20 (61)

  Predictive software programse 39 (71) 21 (64)

 � Protein domain/structure–
function analysis

7 (13) 5 (15)

 � 3-Dimensional structural 
comparison

4 (7) 2 (6)

  Functional assay 2 (4) 3 (9)

Assess variant pathogenicity in nonexon regions?d

  No 13 (24) 9 (27)

  Literature search 38 (69) 23 (70)

  Mutation/variant databases 37 (67) 20 (61)

  Evolutionary conservation 14 (25) 7 (21)

  Family studies 27 (49) 12 (36)

  Predictive software programsf 25 (45) 18 (55)

 � RNA/complementary DNA 
analysis

4 (7) 12 (36)

  Protein analysis 0 (0) 1 (3)

Report variants using ACMG-recommended guidelines

  Yes 50 (91) 25 (76)

  No 3 (5) 8 (24)

  Partially 1 (2) 0 (0)

  No response 1 (2) 0 (0)

ACMG, American College of Medical Genetics and Genomics; SEC, Sequencing 
Education Challenge.
aSome laboratories reporting Sanger sequencing use next-generation methods 
(four Illumina, one Solid 5500, and one Ion Torrent in the United States; one 
Ion Torrent among internationals). bAssumes averages of 3,000; 1,250; 300; 
and 50 samples per year for the four categories, respectively. cIncludes Assign 
SBT (Conexio Genomics, Fremantle, Australia), ChromasPro (Technelysium, 
South Brisbane, Australia), CodonCode Aligner (CodonCode, Centerville, 
MA), NextGENe (Softgenetics, State College, PA), SeqMan (DNAStar, Madison, 
WI), SeqPatient (JSI Medical Systems, Costa Mesa, CA), Sequence Pilot (JSI 
Medical Systems, Costa Mesa, CA), and Variant Reporter (Life Technologies, 
Applied Biosystems, Carlsbad, CA). dPercentages are for those performing the 
specific assessments and do not add up to 100%. eIncludes Alamut (Interactive 
Biosoftware, San Diego, CA), Align GVGD (IARC, Lyon, France), CONSEQ (Tel 
Aviv University, Tel Aviv, Israel), MutationTaster (Charite-Universitätsmedizin, 
Berlin, Germany), Panther (Applied Biosystems, Carlsbad, CA), p-MUT 
(The Molecular Modeling and Bioinformatics Group, Barcelona, Spain), 
PolyPhen-2 (Harvard Medical School, Boston, MA), and SIFT (JCVI, San Diego, 
CA). fIncludes Align GVGD (IARC, WHO, Lyon, France), AlaMut (Interactive 
Biosoftware, San Diego, CA), BDGP Splice Predictor (see NNSPLICE), Berkley 
Flybase (see NNSPLICE), DBASS5 (University of Southampton, Southhampton, 
UK), ESEFinder (Cold Spring Harbor Laboratory, Cold Spring Harbor, NY), 
Fruitfly (see NNSPLICE), GeneSplicer (University of Maryland, College Park, 
MD), GenSCANN (Stanford University, Stanford, CA), Human Splicing Finder 
(INSERM, Montpellier, France), NetGene2 (Technical University of Denmark, 
Lyngby, Denmark), NNSPLICE (The Berkeley Drosophila Genome Project, 
Berkeley, CA), SIFT (J Craig Venter Institute, La Jolla, CA), and SpliceView 
(Instituto di Biomediche, Rome, Italy).
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94.9% and 10 (20%) had rates <90%. Overall, 1,794 of 1,895 
assessed responses (94.7%) were deemed acceptable. If the four 
components that did not reach consensus were removed, this 
rate increases to 95.5% (1,788/1,873).

Retrospective assessment of performance
The proposed assessment scheme was retrospectively applied 
to the 3 years’ worth of data. Because only two components 
were challenged in 2010A, and there were initial difficulties 
with some participants in understanding the survey, these 
challenges are not included. Participant results from the five 
remaining distributions (2010B through 2012B) were assessed. 
If no responses were present for a given challenge (or variant 
within a challenge), it was assumed that the laboratory skipped 
the challenge. In the future, not reporting a variant may be 
considered unacceptable performance. Acceptable assessments 
were obtained for 35 of 36, 44 of 46, 41 of 42, 55 of 55, and 56 
of 56 US participants, respectively, for an overall rate of 98.3% 
(235/239; 95% confidence interval: 95.8–99.5%). Acceptable 
assessments were obtained for 20 of 21, 22 of 28, 26 of 32, 32 of 
37, and 34 of 35 international participants, respectively, for an 
overall rate of 88.9% (136/153; 95% confidence interval: 82.8–
93.4%). These rates are significantly different (exact two-tailed 
P < 0.001).

DISCUSSION
The methods-based SEC survey currently focuses on Sanger 
sequencing. During the first 3 years, the survey was based only 

Table 2  Number of participants and sequencing chal-
lenges distributed from 2010 through 2012

SEC  
distribution Gene

Type of  
variant

Participants reporting

United 
States International

2010A-01 SDHD Missense 33 20

2010A-02 Splice

2010A-03 Deletion

2010B-04 FANCA Nonsense 36 21

2010B-05 Missense

2010B-06 Deletion

2011A-01V1 CNGB3 Del/ins 46 28

2011A-01V2 Missense

2011A-02 Deletion

2011A-03 Splice

2011B-04 CNGA3 Missense 42 32

2011B-05 Deletion

2011B-06 Missense

2012A-01V1 CFTR Deletion 55 37

2012A-01V2 Missense

2012A-02 Missense

2012A-03 Nonsense

2012B-04 FANCC Deletion 51 39

2012B-05 Splice

2012B-06 Nonsense

Del/ins, deletion/insertion; SEC, Sequencing Education Challenge.

Table 3  Performance of participants in correctly reporting four components of sequencing results

SEC  
distribution

Zygosity Sequence Protein Interpretation

Correct n (%) Correct n (%) Correct n (%) Correct n (%)

2010A-01 — — c.242C>T 47 (89) p.Pro81Leu 51 (96) — —

2010A-02 — — c.170-1G>T 48 (91) None (p.?) — — —

2010A-03 — — c.381delG 46 (87) p.Leu128fs*7 33 (69) — —

2010B-04 Hetero 56 (98) c.65G>A 51 (98) p.Trp22X 54 (100) Path 54 (98)

2010B-05 Hetero 55 (98) c.2T>C 52 (98) p.Met1? 52 (98) Path 50 (91)

2010B-06 Hetero 54 (100) c.1115_1118delTTG 48 (92) p.val372Alafs*42 49 (96) Path 54 (100)

2011A-01V1 Hetero 74 (100) c.886_896del11insT 59 (82) p.Thr296Tyrfs*9 49 (68) Path 70 (99)

2011A-01V2 Hetero 31 (77) c.892A>C 33 (89) p.Thr298Pro 32 (89) Benign 31 (79)

2011A-02 Homo 71 (97) c.1148delC 69 (97) p.Thr383Ilefs*13 68 (96) Path 71 (100)

2011A-03 Hetero 69 (97) c.1578+1G>A 62 (89) None (p.?) — Path 65 (91)

2011B-04 Hetero 74 (100) c.829C>T 71 (97) p.Arg277Cys 73 (100) Path 69 (95)

2011B-05 Hetero 72 (100) c.1366delG 63 (86) p.Val456Cysfs*9 67 (92) Path 69 (97)

2011B-06 Hetero 71 (100) c.1669G>A 71 (97) p.Gyl577Arg 71 (97) Path 66 (92)

2012A-01V1 Hetero 89 (100) c.1519_1521delATC 85 (98) p.Ile507del 86 (99) Path 87 (98)

2012A-01V2 Homo 56 (98) c.1408G>A 52 (95) p.Val470Met 52 (95) Benign 52 (91)

2012A-02 Hetero 91 (100) c.1652G>A 89 (99) p.Gyl511Asp 89 (100) Path 88 (96)

2012A-03 Hetero 91 (100) c.3276C>A 90 (100) p.Tyr1092X 88 (98) Path 91 (99)

2012B-01 Hetero 90 (100) c.67delG 90 (100) p.Asp23Ilefs*23 89 (99) Path 88 (98)

2012B-02 Homo 79 (96) c.456+4A>T 81 (97) None (p.?) 61 (98) Path 75 (89)

2012B-03 Hetero 82 (100) c.1652C>T 82 (99) p.Arg548* 83 (100) Path 82 (99)

“—” Indicates no assessment performed (either not queried or no response needed).

Hetero, heterozygous; Homo, homozygous; Path, pathologic; SEC, Sequencing Education Challenge.
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on analysis and interpretation of provided sequence data. It 
was, at least in part, developed in response to the recommenda-
tion that rare disorder–testing laboratories need an external PT 
program to help ensure quality.4 The results show that the vast 
majority of laboratories offering sequencing for rare diseases 
are able to accurately identify, name, and interpret sequence 

variants. In the United States, 98.3% of gradable assessments 
would have been considered acceptable. These findings provide 
quantitative evidence that supports the high quality of sequenc-
ing tests for rare disorders performed in US clinical laboratories.

Although overall performance is good, there is room for 
improvement in three areas: (i) understanding how to correctly 

Figure 1 SEC  survey results over 3 years for 67 US participants, sorted by numbers of tests performed. The distributions are indicated by the 
columns between the darkest vertical lines. Within each distribution (e.g., 2010A), there are three sample challenges, separated by dark vertical lines. Within 
each challenge, there are four components: zygosity (Z), nucleotide (N), protein (P), and interpretation (I) for each variant (usually there is only one variant per 
challenge). Open squares indicate no response required (entire column blank), no laboratory response for a component (single blank square), or the laboratory 
did not participate in that survey (blank row within a survey). Gray fill indicates an appropriate response, whereas a black-filled square indicates an incorrect 
response. NR, never reported; SEC, Sequencing Education Challenge.
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Figure 2 SEC  survey results over 3 years for 50 international participants, sorted by numbers of tests performed. The distributions are indicated 
by the columns between the darkest vertical lines. Within each distribution (e.g., 2010A), there are three sample challenges, separated by dark vertical lines. 
Within each challenge, there are four components: zygosity (Z), nucleotide (N), protein (P), and interpretation (I) for each variant (usually there is only one 
variant per challenge). Open squares indicate no response required (entire column blank), no laboratory response for a component (single blank square), or 
the laboratory did not participate in that survey (blank row within a survey). Gray fill indicates an appropriate response, whereas a black-filled square indicates 
an incorrect response. NR, never reported; SEC, Sequencing Education Challenge.
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name predicted proteins for frameshift mutations; (ii) following 
recommended Human Genome Variation Society nomencla-
ture rules; and (iii) following guidelines for the interpretation of 
sequence variants in predicting pathogenicity. As an example, 
the first frameshift mutation challenge in 2010A was difficult 
for many laboratories, with only 73% of participants able to 
accurately describe the predicted protein change. Participants 
asked for more educational content in this area, and in response, 
the participant summary report included a relevant discussion 
of naming frameshift variants. In subsequent frameshift muta-
tion challenges, the correct response rates were usually better 
(98, 93, and 90% in 2010B, 2011B, and 2011B, respectively). 
However, the rate was only 70% in a 2011A challenge. Although 
there is no single explanation for this variability, one factor may 
be that newer laboratories may not have benefited from the 
previous education exercise. Another may be the complexity of 
this variant having both a deletion and an insertion.

The SEC survey also found important variation in how labo-
ratories apply Human Genome Variation Society nomenclature, 
including varying use of capitalization, periods, brackets, and 
spaces. For example, in SEC2011B-05, the anticipated response 
was “c.1366delG,” but variations included “C.1366DELG” and 
“c.1366del G”, which do not completely conform but were con-
sidered close enough to be able to correctly identify the variant. 
Laboratories that made errors were encouraged to review the 
nomenclature rules, which were developed as an international 
effort through the Human Genome Variation Society.20 For 
frameshift mutations, the changes should be described at the 
protein level rather than the DNA level. Frameshifts are des-
ignated by “fs” after the changed amino acid and an “X” or “*” 
followed by a number to indicate the codon position where the 
new reading frame ends in a stop codon.

These findings underscore the need for a global harmoni-
zation of variant nomenclature and interpretation of variant 
pathogenicity. These issues will continue to grow in impor-
tance with the advent of clinical next-generation sequencing 
for gene panels, exomes, and genomes. Proper nomenclature is 
of paramount importance as rare-variant databases are popu-
lated to ensure that the information is universally interpretable 
and clinically useful. The Human Variome Project, an interna-
tional group that focuses on variant interpretation, classifica-
tion, and clinical application, has lobbied for this since 2004.21,22 
Professional societies in the United States, including the CAP, 
the ACMG, and the Association for Molecular Pathology have 
contributed to this effort by developing standards and guide-
lines, PT, and education for clinical molecular genetic laborato-
ries. To further address this issue, the ACMG is currently revis-
ing its 2008 Interpretation of Sequence Variants Standard and 
Guideline using a global harmonization approach.

In 2013, a “wet” version of the SEC survey will launch, allow-
ing additional assessment of both analytical and postanalyti-
cal components. Once this wet SEC survey has been offered 
for several years, it may undergo the process of becoming a 
required program, meeting the requirements for laboratories 
performing sequencing in house. We encourage laboratories 

that send out their sequence tests but interpret “in house” to 
continue to subscribe to the dry SEC survey. The wet SEC sur-
vey is for laboratories that perform both analytical and post-
analytical sequencing.

The current study provides evidence regarding the quality 
of sequence interpretation across laboratories. Beginning in 
2013, laboratories can provide their SEC survey grades on the 
Genetic Test Registry and on their websites. The results pre-
sented here also provide evidence that a methods-based survey 
can be developed and implemented, and lead to improvement 
in the interpretation of sequence variants. It would be nearly 
impossible to have sequence-based PT surveys for hundreds or 
even thousands of genes that are becoming clinically relevant. 
Using the methods-based approach reduces the laboratory 
resources required for PT while maintaining independence 
from most gene-specific disorders. However, methods-based 
surveys should not replace the disorder/gene-specific surveys 
for those tests performed by many laboratories on large num-
bers of patients.

About two-thirds of the survey participants anticipate intro-
ducing next-generation sequencing technologies in the near 
future. Clinical laboratories are beginning to offer gene pan-
els and exome and genome analysis with massive numbers of 
genes being analyzed simultaneously. Clearly, a methods-based 
survey for next-generation sequencing is a logical approach to 
address variant identification. These data provide a high level 
of confidence that nearly all laboratories offering rare disease 
testing in the United States are providing consistent and reliable 
clinical interpretations.
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