ANALYTIC VALIDITY

Quedtion 8:
Question 9
Quedtion 10:
Quedtion 11:

Quedtion 12:

Quedtion 13.

Question 14
Quedtion 15:

Question 16:
Quedtion 17:

Isthe test qualitative or quantitative?

How oftenisatest postive when a mutation is present (analytic sengtivity)?

How often isthe test negative when amutation is not present (anaytic specificity)?

Isaninternd qudity control program defined and externdly monitored?
Have repeated measurements been made on specimens?

What is the within- and between-laboratory precison?

If appropriate, how is confirmatory testing performed?

What range of patient specimens have been tested?

How often does the test fall to give a usesble result?

How smilar are results obtained in multiple laboratories usng the same, or
different, technology?
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ANALYTIC VALIDITY
Question 9: Isthetest qualitative or quantitative?

The DNA test associated with HHC is quditative (i.e, a mutation is reported as present or
absent).  Several mutations have been described, but when DNA andyss is proposed as a
screening test for morbidity and mortdity associated with iron overload in the setting of the

generd adult population, the only mutation of interest is C282Y. The genotype of interest is
homozygosity for the C282Y mutation.
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ANALYTIC VALIDITY

Question 9: How often isthe test positive when a mutation is present (analytic sensitivity)?
Question 10: How often is the test negative when a mutation is not present (analytic
specificity)?

Summary

Externd proficiency testing schemes are the only mgor reiable source currently available for
computing andytic senstivity and specificity for HFE tesing. The following cavests should
be kept in mind, however, when examining these edimates  Fird, externd proficiency
testing schemes are designed to be educational. For tha reason, the types of chdlenges may
not represent routine testing.  Also, laboratories from outsde the U.S. are included, and both
ressarch and clinical laboratories participate. In spite of these shortcomings, this source of
data can be useful in establishing a basdine for laboratory performance.

Based on data from the American College of Medicd Genetics and the College of American
Pathologists (ACMG/CAP) Molecular Genetics Survey Set MGL from 1998 through 2002:
The overdl eror rate for C282Y genotyping (andyzed by chromosome) is 1.0% (95 percent
Cl 0.6 to 1.5%).
Analytic sengtivity for C282Y homozygotesis 98.4% (95 percent Cl 95.9 to 99.5%).
Andytic specificity for other non-homozygous genotypes is 99.8% (95 percent Cl 994 to
99.9%).
It is not possble to determine whether errors in the survey occurred in the pre-andytic,
andytic or post-andytic phase of testing.
The andytic performance (senstivity and specificity) for the C282Y mutation is expected be
consgent, regardless of the race/ethnicity of the population being tested. It is possble,
however, tha rare, unknown polymorphisms (that could cause fdse podtive results) might
vary by racefethnicity
Although the H63D mutation is not consdered part of the screening test, the andytic
sengtivity and gpecificity are amilar to those described for the C282Y mutation, serving as
further documentation of |aboratory performance.

Definitions

Andytic performance is summarized by the sendtivity and specificity of the detection system.
Genericdly, andytic sengtivity is defined the proportion of podtive test results when a
detectable mutation is present (i.e, the test is dedgned to detect that mutation). Anaytic
sengtivity is equivaent to the andytic detection rate.  Given that this report is focusng on DNA
testing for morbidity and mortdity due to iron overload in the setting of genera adult population
screening, only the C282Y mutation is of interest (Question 4, Question 18). More specificdly,
the main interest in such a screening program would be to identify C282Y homozygotes. Thus,
andytic sengtivity will be defined in this document as the proportion of C282Y homozygotes
correctly identified.
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Genericdly, andytic specificity is the proportion of negative test results when no detectable
mutation is present. Andytic specificity can dso be expressed in terms of the andytic fdse
podtive rate. The fase pogtive rate is the proportion of postive test results when no detectable
mutations are present (1-andytic specificity). In keeping with the specific definition of andytic
sendtivity above, andytic specificity is defined in this document as the proportion of individuds
that are not C282Y homozygotes who are correctly identified as not being homozygous for
C282Y.

Optimal source(s) of data
Few data sources exig for estimating andytic vaidity. Published reports of method comparisons
and screening experiences provide limited information on only a few testing methodologies. The
data are derived from a smal number of laboratories, and the “true’ genotypes of the tested
sanples ae often undocumented (i.e, not confirmed by another methodology, laboratory
consensus or sequencing). Externd proficiency testing programs such as the ACMG/CAP
Molecular Genetics Laboratory (MGL) Surveys provide a source of data that has severd
advantages. The ACMG/CAP survey serves a large proportion of clinica testing laboratories in
the U.S. Data provided by these laboratories represent the range of methodologies presently
being used. In addition, the samples digtributed for proficiency testing exercises have consensus
genotypes. However, basng andytic performance estimates on externd proficiency testing aso
hasdraNbacks, including:

mixing of clinical and research laboratories and methodologies

relaively few chalenges

reporting summary results in ways tha do not dlow a sraightforward computation of

andytic senditivity and specificity

chdlenges that do not represent the ‘mix’ of genotypes expected in a screening program

(e.g., too few wild challenges and too many homozygotes).

Future andyses should be amed a providing rdiable, method-specific andlytic performance

estimates. One approach for collecting such data might include the following steps
An independent body (such as the College of American Pathologists, American College of
Medicd Genetics, Food and Drug Adminigration or the Coriel Inditute of Medica
Research, Camden, NJ) would develop a standard set of samples, most of which would be
randomly sdected from the genera population. Included in the standard set, however, would
be additiond, less common genotypes.
The sample sat would then be available for method vaidation. Correct genotypes would be
arived & by consensus, or, if disagreements emerged, by a reference method (eg.,
sequencing).  The current validation practice of having a laboratory (or manufacturer) run a
series of samples with unknown genotype is inadequate, since there is no ‘gold standard’
with which to compare. For example, how would a laboratory running an unknown sample
determine whether apogtivefinding isatrue, or afdse, pogstive?
Idedlly, this blinded sample set would be available to manufacturers as part of the pre-market
goprova process, with the understanding that multiple laboratories usng these commercid
reegents would be asked by the manufecturer to andyze portions of the sample set
independently.  This initid assay vadidation process is distinct from assay control samples
that are discussed later (Question 13).
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Appropriate sample sze for determining anaytic sengtivity and specificity has been discussed in
detal in an ealier ACCE review (Prenaid Cydic Fibrods Screening via Carier Teding —
Quedtion 11 and 12). In brief, a target sengtivity (or specificity) can be chosen, dong with an
acceptable lower limit (assumed to be the lower limit of the 95% confidence intervd). Given
these targets, the number of necessary samples can be derived. For example, if a laboratory
chose a target gpecificity of 98% and wanted to rule out a specificity of 90%, it would need to
correctly identify a least 49 of 50 known negative samples (estimated usng the binomid
digribution). When the edtimaes gpproach 100% and rdatively tight confidence intervals are
sought, it may not be economicdly feasble for laboratories to individudly collect and andyze
ther data However, this levd of confidence could be attained by a consortium of laboratories
usng the same methodology, or by a manufacturer tha forms a consortium of laboratories using
its reagents.  All of these suggested andlyses could be done using a 2x2 table, and al rates could
be accompanied by 95% confidence intervas (Cl).

The ACM G/CAP external proficiency testing scheme
As pat of ACMG/CAP externd proficiency testing in the United States, purified DNA from
edablished cdl lines (derived from human cdls with known mutations http://locusumdnj.edu) is
digributed to paticipating laboratories. Many of these laboratories are likdy to be providing
clinical services, but reagent manufacturers and research laboratories dso participate.  In late
2001, there were 90 participants reporting HFE results.  In generd, there are three types of
arors. A fdse pogtive result occurs when the laboratory reports finding a mutation in the
sample, when none is present. A fase negative result occurs when a laboratory reports no
mutation, but a mutation for which it tests is, in fact, present in the sample. A third type of error
occurs when the laboratory accurately identifies that a mutation is present, but it is not the
correct mutation. Given the naure of this scheme, it has not been possble to determine the
phase of teging in which the error has occurred (e.g., pre-andytic, andytic or post-anaytic).
When conddering the performance of identifying the C282Y mutation adone in the seting of
general adult population screening, these errors need to be carefully redefined.
= A fdse negative result occurs when an individua who is homozygous for C282Y has a
test result that is not homozygous for C282Y (i.e., wild/wild or C282Y /wild)
= A fdse postive result occurs when an individua who is not homozygous for C282Y has
ates result falsaly indicating homozygosity for this mutation.
= The third type of eror, wrong mutetion, is not conddered in this andyss, dnce it is
assumed that the test will only be directed a one mutation: C282Y .

A spade andyss of andytic sengtivity and specificity for both the C282Y and H63D
mutations performed by chromosome can be found in Appendix 1 a the end of this section. A
listing of other mutations in the HFE gene can be found in Appendix 2.

Error rates for the ACMG/CAP external proficiency testing scheme Table 2-1 shows how each
of the two types of error are counted in the andyses of andytic performance. Column 1 shows
those individuds who are actudly homozygous for C282Y. The fird entry in that column
contains those recalving posgtive test results (i.e, true pogtives with a result of homozygous for
C282Y). Any other result in this column (rows 2 and 3) is conddered a false negative.  Among
true heterozygotes (Column 2), the finding of homozygosty for C282Y would be a fdse postive
(first row). Any other test result would be consdered negative. Column 3 shows the three
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possble test results in individuds with no C282Y mutations.

If the am of testing is to correctly
identify individuds who are homozygous for the C282Y mutetion, the table could be collgpsed
according to the darkened lines.

Table2-1. All Possible Combinations of Test Results with the Three Genotypes of I nterest
Assuming Testing is Limited to the C282Y Mutation

Actual Genotype

Test Result C282Y/C282Y C282Y /wild wildwild Total
C282Y/C282Y True Pogtive Fase Pogtive Fase Pogtive Pogtive Tests
C282Y /wild False Negetive Negative Negative Negative Tests
wildwild Fase Negative Negative True Negative Negative Tedts
Totd Homozygotes Heterozygotes No C282Y All

Table 2-2 shows the results of the ACMG/CAP MGL survey for HFE mutations in the format
described in Table 2-1. That survey did include severd chdlenges of the H63D mutation. For
this analyss, the H63D mutations and corresponding results are ignored, but the sample is ill
included. For example, a compound heterozygote chdlenge of C282Y/H63D is viewed as a
C282Y heterozygote challenge. Overdl, 20 of the 2,043 sample chdlenges were incorrectly
genotyped for C282Y, for an overal error rate of 1.0% (95 percent ClI 0.6 to 1.5%). As indicated
ealier, the mgor god of DNA screening for hemochromatosis is to correctly identify C282Y
homozygotes. The “collgpsed” table shows that 98.4% of the homozygous genotypes were
correctly identified (243/247, 95 percent Cl 95.9 to 99.5%). In addition all but four of the 1,796
negaive (northomozygous samples) were identified as non-homozygotes (99.78%). The error
rate did not change appreciably over time, as shown in the summary of chalenges and errors
displayed in Figure 2-1.

Table2-2. HFE Mutation Testing: Results of the ACMG/CAP Molecular Genetics Survey
When the Analysisis Restricted to the C282Y Mutation

Actual Genotype

Test Result C282Y/C282Y C282Y /wild wild/wild Total
C282Y/C282Y 243 1 3 247
C282Y /wild 2 585 5 592
wild/wild 2 7 1,195 1,204
247 593 1,203 2,043
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Figure2-1. Summary of Errors Reported in the ACMG/CAP MGL Survey, with
Interpretation restricted to the C282Y mutation

In 1998, three samples were distributed to 67 laboratories (201 |aboratory challenges)
No errors
Error rate 0.0% (95 percent Cl 0.0 to 1.8%)

In 1999, two samples were distributed to 78 |aboratories (156 |aboratory challenges)
One laboratory identified no C282Y mutationsin a C282Y heterozygous sample
Onelaboratory identified a C282Y mutation in a sample with no mutation present
Error rate 1.3% (95 percent Cl 0.2 to 4.6%)

In 2000-A, three samples were distributed to 81 laboratories (243 laboratory challenges)
One laboratory identified a heterozygote as being homozygous for C282Y
Error rate 0.4% (95 percent Cl 0.1 to 2.3%)

In 2000- B, three samples were distributed to 90 laboratories (270 laboratory challenges)
One identified a heterozygote when no C282Y mutations were present
Two laboratories incorrectly identified a homozygote as having no mutations
Error rate 1.1% (95 percent Cl 0.2 to 3.2%)

In 2001-A, three samples were distributed to 100 laboratories (300 |aboratory challenges)
One identified a heterozygote when no C282Y mutations were present
Oneidentified a homozygote for C282Y when no C282Y mutations were present
One laboratory identified no C282Y mutationsin a C282Y heterozygous sample
Error rate 1.0% (95 percent Cl 0.2 to 2.9%)

In 2001- B, three samples were distributed to 90 laboratories (270 |aboratory challenges)
Two laboratories incorrectly identified a homozygote as being heterozygous
Error rate 0.7% (95 percent Cl 0.1to 2.7%)

In 2002-A, three samples were distributed to 103 |aboratories (309 laboratory chalenges)
In two instances, a homozygote was reported when no C282Y mutations were present
One identified a heterozygote when no C282Y mutations were present
Two laboratories reported no C282Y mutations in a heterozygote
One laboratory reported homozygosty for an individua heterozygous for C282Y
Error rate 1.9% (95 percent Cl 0.7 To 4.2%)

In 2002- B, three samples were distributed to 98 laboratories (294 [aboratory challenges)
One laboratory identified a heterozygote when non C282Y mutations were present
Three laboratories reported no C282Y mutationsin a heterozygote
Error rate 1.4% (95 percent Cl 0.4 to 3.5%)

Analytic sensitivity identifying C282Y homozygotes Only eight of the 20 errors identified in the
proficiency tesing samples influence the andytic sendtivity of identifying C282Y homozygotes
(first column in Table 22). Overdl, the anaytic sengtivity is 243/247, or 98.4% (95 percent Cl
959 to 99.5%). These confidence intervals could be consdered pessmistic and optimistic
extremes of the andytic sendtivity. Because of the rdatively few chdlenges (and observed fase
negdives), it is not possble to determine whether anaytic sengtivity varied over the four years.
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Analytic specificity for identifying non-C282Y homozygotes The anaytic specificity (computed
using the second and third columns in Table 22) is 1,191/1,193 or 99.8% (95 percent Cl 99.4 to
99.9%).

Genotyping Errors and Method of Testing According to the ACMG/CAP Participant Summary
Reports, there was no correation between genotyping error and the laboratory method. Errors
were made by laboratories using redriction digestion and ASO andyss. The mgority of
laboratories (77% on the 2000-B survey) used PCR and redriction digestion.  Other methods of
andyss included ASO (9%), ARMS (8%), Light-cycler (3%), DNA sequencing (2%), and other
(1%). In one survey (MGL 2001-A), seven erors were made that involved either C282Y or
H63D. The Participant Summary Report notes that seven different laboratories made these
erors, and that sx of those laboratories provided clinica test results (only one was a research
[aboratory).

Recognition of a potential source of method-specific error As part of the ACMG/CAP Survey
Program, concern was raised regarding the protocol vdidation of new laboratories,
inexperienced in HFE testing. Laboratories using redriction andyss were encouraged to ensure
that their assays contain internd controls to vdidate enzyme redtriction.  One other potentia
source for eror is the use of the Feder primers for C282Y andyss, due to the G5569A
polymorphism in the reverse primer. Laboratories were cautioned that they should use dternate
primers that do not include this polymorphism and that decreased anneding temperatures of 50-
55°C would decrease the stringency of the PCR reaction and thus control for non-amplification
due to primer dte polymorphisms. In the MGL 2000-B ACMG/CAP Paticipant Summary
Report, participants reported that only 38/84 |aboratories (45%) used the C282Y Feder primers,
while 58/82 laboratories (70%) still used the H63D Feder primers. A more in-depth discusson
of thistopic follows in the next two paragraphs.

In 1999, Jeffrey et al. reported that a previoudy described polymorphism, 5569A (Totaro et al.,
1997), was associated with misdiagnoss of 15 C282Y/5569A heterozygotes as C282Y
homozygotes. Because this sngle base par polymorphism is located in the primer binding Ste
for the C282Y wild type dlele in exon 4, Jffrey et al. theorized that the Feder reverse primer
might fal to anned and thus prevent amplification of the wild type dlde. Since only the mutant
dlele would then be amplified, this could result in the appearance of a C282Y homozygote, and
a fase pogtive result.  Subsequently, two other laboratories reported misclassfication of C282Y
heterozygotes as homozygotes (Gomez et al., 1999, Somerville et al., 1999). Because this
polymorphism is rdaively common (dlde frequencies as high as 13%), this report raised
immediate concern aout C282Y results in genotyping studies worldwide and led some
|aboratories to re-andyze previous results.

The ACMG/CAP Molecular Genetics Survey quickly responded that 67 U.S. laboratories (many
using the Feder primers) had correctly genotyped a C282Y leterozygote sample that adso carried
the 5569A polymorphism (Noll et al., 1999). Thorstensen et al. (2000) also reported no errors in
genotyping in 433 patients tested usng the Feder primers.  These authors suggested that the
difference in peformance might relate to a change in a PCR reaction condition (i.e, primer
anneding temperature), and that most laboratories had used conditions that did not affect result
accuracy. The European Haemochromatoss Consortium reported that some laboratories had
replaced the Feder reverse primer to remove the posshbility of misclassfication, but that previous
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publications by member laboratories had not been compromised. Therefore, it appears that
prevaence esimates of the C282Y mutation are unlikely to have been overestimated. However,
clinical laboratories should avoid primers containing polymorphic Stes in which primer binding
could affect test outcome.

Other polymorphisms The DNA testing utilized for screening is amed at identifying a specific
mutation (C282Y) that, when found in the homozygous dae, can be the cause of primary iron
overload. The test is dedgned to identify this mutation in any DNA sample, regardless of the
characterigtics of the individua being tested (eg., race or ethnicity). Although the prevalence of
iron overload and the mix of mutations responsble for the disorder may vary by race, the test
should reliably identify the target mutation. One exception to this might occur if the presence
and/or frequency of unknown polymorphisms were found to vary by racelethnicity (or some
other factor). In redity, however, it would be difficult for laboratories to thoroughly examine
this possibility in dl populations to which testing may be offered.

Gap in Knowledge: Allele frequency by race/ethnicity. Variation in allele and
polymorphism frequencies by race/ethnicity have been well described in the literature for
some population groups, while others have much less information available.
Laboratories should make efforts to report HFE allele frequencies as well as
polymorphisms that could interfere with the analysis.

ACCE Review of HHC/General Adult Population  Analytic Validity 29
Version 2003.6



References

ACMG/CAP Molecular Genetics Survey Sets (1998, 1999, 2000, 2001, 2002) College of
American Pathologists, Northfield, IL.

Arya N, Chakrabrati S, Hegele RA, Adams PC. 1999. HFE S65C variant is not associated with
increased transferrin saturation in voluntary blood donors. Blood Cells Mol Dis 25:354-
357.

Barton JC, Acton RT. 2000. Transferrin saturation phenotype and HFE genotype screening for
hemochromatoss and primary iron overload: predictions from a modd based on nationd,

racid, and ethnic group compogtion in centra Alabama Genet Test 4:199-206.

Baton JC, Rothenberg BE, Bertoli LF, Acton RT. 1999. Diagnoss of hemochromatoss in
family members of probands a comparison of phenotyping and HFE genotyping. Genet

Med 1:89-93.

Best LG, Harris PE, Spriggs EL. 2001. Hemochromatosis mutations C282Y and H63D in ‘cis
phase. Clin Genet 60:68-72.

Beutler E, Gelbart T. 1997. HLA-H mutations in the Ashkerazi Jewish population. Blood Cells
Mol Dis 23:95-98.

Beutler E, Griffin MJ, Gelbat T, West C. 2002. A previoudy undescribed nonsense mutation
of theHFE gene. Clin Genet 61:40-42.

Beutler E, West C, Gelbat T. 1997. HLA-H and associated proteins in patients with

hemochromatoss. Mol Med 3:397-402.

Bradbury R, Fagan E, Goodson S, Steer K, Payne SJ. 1999. New mutations in the HFE gene for
haemochromatoss. J Med Genet 36:S96.

Cullen LM, Gao X, Eagtedl S, Jazwinska SC. 1998. The hemochromatosis 84G-->A and 187C--
>G mutations. prevaence in non-Caucasian populations. AmJ Hum Genet 62:1403-1407.

de Villiers N, Hilleemann R, Loubser L, Kotze MJ.  1999. Spectrum of mutations in the HFE
gene implicated in haemochromatoss and porphyria  Hum Mol Genet 8:1517-1522,
Erraumin: Hum Mol Genet 1999 Sep;8(9):1817.

Dequeker E, Cassman J. 2000. Genetic proficiency testing in diagnostic laboratories — qudity
control isthe message. AmJ Hum Genet 67:A274.

Feder JN, Gnirke A, Thomas W, Tsuchihashi Z, Ruddy DA, Basava A, et al. 1996. A novd
MHC class I-like gene is mutated in patients with hereditary haemochromatoss.  Nat
Genet 13:399-408.

Gomez PS, Parks S, Ries R, Tran TC, Gomez PF, Press RD. 1999. Polymorphism in intron 4 of
HFE does not compromise haemochromatosis mutation results. Nat Genet 23:272.

Henz S, Reichen J, Liechti-Gdlati S. 1997. HLA-H gene mutations and haemochromatoss. the
likely association of H63D with mild phenotype and the detection of S65C, a novd variant
inexon 2. [Abstract] JHepatol 26(Suppl):57.

Jeffrey GP, Chakrabarti S, Hegele RA, Adams PC. 1999. Polymorphism in intro 4 of HFE may
cause overestimation of C282Y homozygote prevaence in haemochromatoss. Nat Genet
22:325-326.

Le Gac G, Mura C, Ferec C. 2001. Complete scanning of the hereditary hemochromatosis gene
(HFE) by use of denaturing HPLC. Clin Chem 47:1633-1640.

Liechti-Gdlati S, Varga D, Reichen J. 1999. Screening for hemochromatoss in Switzerland:
detection of a new pathogenic mutation and two additiond variants in exon 2 of the HFE
gene. Eur J Hum Genet 1999:122.

ACCE Review of HHC/General Adult Population  Analytic Validity 2-10
Version 2003.6



Monaghan KG, Rybicki BA, Shurafa M, Feldman GL. 1998. Mutation andyss of the HFE
gene asociaed with hereditary  hemochromatoss in African Americans. Am J Hematol
58:213-217.

Noll WW, Beloni DR, Stenzd TT, Grody WW. 1999. Polymorphism in intron 4 of HFE does
not compromise haemochromatoss mutation results. Nat Genet 23:271-272.

Oberkanins C, Moritz A, de Villiers IN, Kotze MJ, Kury F. 2000. A reverse-hybridization assay
for the rapid and smultaneous detection of nine HFE gene mutations. Genet Test 4:121-
124.

Palomaki GE, Haddow JE, Bradley LA, Richards CS, Stenzd TT, Grody WW. 2003. Estimated
andytic vdidity of the HFE C282Y mutation testing in population screening:  The potentid
vaue of confirmatory testing. Genet Med submitted for publication.

Piperno A, Arosio C, Fossati L, Vigano M, Trombinin P, Vergani A, et al. 2000. Two nove
nonsense mutations of HFE gene in five unrdated Itdian patients with hemochromatoss.
Gastroenterology 119:441-445.

Pointon JJ, Wadlace D, Merrywesather-Clarke AT, Robson KJ. 2000.  Uncommon mutations and
polymorphisms in the hemochromatosis gene. Genet Test 4:151-161.

Sohda T, Yana J, Sogima H, Tamura K. 1999. Frequencies in the Japanese population of HFE
gene mutations. Biochem Genet 37:63-68.

Somerville M, Spryssk KA, Hicks M, Elyas BG, VicenrWyhony L. 1999. An HFE intronic
variant promotes misdiagnoss of hereditary hemochromatoss. Am J Hum Genet  65:924-
926.

Steinberg KK, Cogswell ME, Chang JC, Caudill SP, McQuillan GM, Bowman BA, et al. 2001.
Prevaence of C282Y and H63D mutations in the hemochromatoss (HFE) gene in the United
States. JAMA 285:2216-2122.

Thorstensen K, Kvitland M, Asberg A, Hveem K. 2000. 5569G/A polymorphism of the HFE
gene no implications for C282Y genotyping in a hemochromatoss screening study  of
65,238 individuals. Genet Test 4:147-149.

Wadlace DF, Dooley JS, Waker AP. 1999. A noved mutation of HFE explains the classcd
phenotype of genetic hemochromatoss in a C282Y heterozygote.  Gastroenterology
116:1409-1412.

Worwood M, Jackson HA, Feeney GP, Edwards C, Bowen DJ. 1999. A single tube
heteroduplex PCR for the common HFE genotypes. Blood 94:A405.

ACCE Review of HHC/General Adult Population  Analytic Validity 211
Version 2003.6



Appendix 1. Data used to calculate analytic sensitivity and specificity

Analytic sengitivity and specificity by genotype

Tables 2-3 through 2-7 summarize the HFE-related externd proficiency testing results obtained
by ACMG/CAP for the years 1998 through 2002. Samples with known genotypes have been
distributed to participants snce 1998. For orientation, the first column of Table 24 contains the
distribution labd (98 MGL-16 indicates the 16" DNA sample distributed as pat of the
Molecular Genetics Laboratory survey in 1998). The second column contains the number of
participating laboratories, and the third column lists the consensus genotype of the sample. The
number of laboratories reporting specific genotypes is then provided, dong with a tabulation of
ther ‘correct’ and ‘incorrect’ responses. The lagt two columns provide an adjusted interpretation
by taking into account that some laboratories do not test for the H63D mutation. The last column
aso shows the type of error and is lised by chromosome. Some andyses use errors listed by
genotype ingdead. For example, identifying a C282Y homozygote as having no identifiable
mutations is conddered two errors when counting by chromosome, but only one error when
counting by genotype. The main andyss, which ignores H63D mutations and is performed by
genotype, is shown at the end of each year's results and is labeled ‘282 performance measures.
Table 2-9 summarizes results from dl five years.

Table 2-3. Computationsfor the 1998 ACMG/CAP Proficiency Testing Surveys

Reported Alleles Adjusted Report
Distribution  Labs Genotype Correct  Incorrect Correct Incorrect
98 MGL-16 67 C282Y/C282Y
58  (C282Y/C282Y 116 0 116 0
o* C282Y/C282Y 18 0 18 0
98 MGL-17 67 C282Y/H63D
58 C282Y/H63D 116 0 116 0
o* C282Y/N 9 9 18 0
98 MGL-18 67 C282YIN
58 C282Y/N 116 0 116 0
o* C282Y /N 18 0 18 0
Totals 1998 402 alleles 393 9 402 0
282 Performance M easur es Genotype challenges Errors Rate (%)
For Homozygosity
Sengtivity 67 0 100
Specificity 67+67=134 0 100

* These laboratories do not test for the H63D mutation
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Table 2-4. Computationsfor the 1999 ACM G/CAP Proficiency Testing Survey

Reported Alleles Adjusted Report
Disgtribution  Labs Genotype Correct  Incorrect Correct Incorrect
9 MGL-17 78  C282Y/H63D
70  C282Y/H63D 140 0 140 0
* C282Y/N 7 7 14 0
1 H63D/N 1 1 1 1(fn 282)
99 MGL-18 78 N/N
69 N/N 138 0 138 0
T* N/N 14 0 14 0
1 H63D/N 1 1 1 1(fp63)
1 C282Y/N 1 1 1 1 (fp 282)
Totals 1999 312 alleles 302 10 309 3
282 Performance M easur es Genotype challenges Errors Rate (%)
For Homozygosity
Senstivity 0 -
Specificity 78+78=156 0 100
* These |aboratories do not test for the H63D mutation
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Table 2-5. Computationsfor the 2000 ACM G/CAP Proficiency Testing Survey

Reported Alleles

Adjusted Report

Distribution  Labs Genotype Correct  Incorrect Correct Incorrect
00 MGL-04 81 N/N
72 N/N 144 0 144 0
o* N/N 18 0 18 0
00 MGL-05 81 N/N
72 N/N 144 0 144 0
o* N/N 18 0 18 0
00 MGL-06 81 282/N
72 282/N 144 0 144 0
8* 282/N 16 0 16 0
1* 282/282 1 1 1 1 (fp 282)
00 MGL-16 90 63/N
79 63/N 158 0 158 0
8* N/N 8 8 16 0
2 N/N 2 2 2 2 (fn 63)
1 63/282 1 1 1 1 (fp 282)
00 MGL-17 90 N/N
82 N/N 164 0 164 0
8* N/N 16 0 16 0
00O MGL-18 90 282/282
80 282/282 160 0 160 0
8* 282/282 16 0 16 0
2 N/N 0 4 0 4 (fn 282)
Totals 2000 1,026 alleles 1,010 16 1,008 8
282 Performance M easures Genotype challenges Errors Rate (%)
For Homozygosity
Sengtivity 90 2 97.8
Specificity 81+81+81+90+90=423 1 99.8
* These laboratories do not test for the H63D mutation
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Table 2-6. Computationsfor the 2001 ACM G/CAP Proficiency Testing Survey

Reported Alleles Adjusted Report
Distribution  Labs Genotype Correct  Incorrect Correct Incorrect
01MGL-04 100 N/N
90 N/N 180 0 180 0
8* N/N 16 0 16 0
1 282/63 0 2 0 2 (fp 282, fp 63)
1 63/N 1 1 1 1(fp63)
01 MGL-05 100 63/63
88 63/63 176 0 176 0
8* N/N 0 16 16 0
2 N/N 0 4 0 4 (fn 63)
1 63/N 1 1 1 1(fn 63)
1 282/282 0 2 0 2 (fp282)
01 MGL-06 100 282/63
91 282/63 182 0 182 0
8* 282/N 8 16 0
1 63/N 1 1 1 1 (fn 282)
01 MGL-16 90 N/N
84 N/N 168 0 168 0
5* N/N 10 0 10 0
1 63/N 1 1 1 1(fp63)
01 MGL-17 90 N/N
85 N/N 170 0 170 0
5* N/N 10 0 10 0
01 MGL-18 90 282/282
83 282/282 166 0 166 0
5* 282/282 10 0 10 0
2 282/N 2 2 2 2 (fn 282)
Totals01 1140 alleles 1,102 38 1,126 14
282 Performance M easur es Genotype challenges Errors Rate (%)
For Homozygosity
Sengtivity 20 2 97.8
Specificity 100+100+100+90+90=480 1 99.8

* These |aboratories do not test for the H63D mutation
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Table 2-7. Computationsfor the 2002 ACM G/CAP Proficiency Testing Survey

Reported Alleles

Adjusted Report

Distribution  Labs Genotype Correct Incorrect Correct Incorrect
02MGL-04  104* N/N
A N/N 188 0 188 0
7* N/N 14 0 14 0
1 282/N 1 1 1 1 (fp 282)
1 282/282 0 2 0 2 (2fp 282)
1 63/N 1 1 1 1(fp 63)
02MGL-05 103 N/N
A N/N 188 0 188 0
T* N/N 14 0 14 0
1 63/N 1 1 1 1(fp 63)
1 282/282 0 2 0 2 (fp 282)
02 MGL -06 103" 282/N
93 282/N 186 0 186 0
6* 282/N 12 0 12 0
1* N/N 1 1 1 1 (fn 282)
1 N/N 1 1 2z 0
1 282/282 1 1 Z 0
1 63/N 1 1 1 1 (wm)
02 MGL-10 98 63/N
89 63/N 178 0 178 0
7 N/N 7 7 14 0
1 N/N 1 1 1 1 (fn 63)
1 282/63 1 1 1 1 (fp 282)
02MGL-11 98 N/N
91 N/N 182 0 182 0
6* N/N 12 0 12 0
1 63/N 1 1 1 1 (fp 63)
02MGL-12 97 282/63
86 282/63 172 0 172 0
6* 282/N 6 6 12 0
2 282/N 2 2 2 2 (fn63)
2 63/N 2 2 2 2 (fn 282)
1 N/N 0 2 0 2 (fn 282 fn 63)
Totals 02 1,206 alleles 1,173 33 1,188 18
282 Performance M easur es Genotype challenges Errors Rate (%)
For Homozygosity
Sengtivity 0 0
Specificity 104+103+103+98+98+97=603 2 99.7
* These |aboratories do not test for the H63D mutation
! Assumes the laboratory reporting incorrectly was actually testing for both C282Y and H63D
% Does not count a reporting error (each allele reported as a genotype)
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Table 2-8. Computations for the ACMG/CAP Proficiency Testing Surveys for the

Combined Y ears 1998-2002
Reported Alleles Adjusted Report
Digtribution  Labs Genotype Correct  Incorrect Correct Incorrect
Totals 98-02 4,086 alleles 3,980 106 4,043 43
282 Performance M easur es Genotype challenges Errors Rate (%)
For Homozygosity
Sengtivity 67+0+90+90+0=247 4 98.4
Spexificity 134+156+423+480+603=1,796 4 99.8
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Analytic sengtivity and specificity for the C282Y mutation by chromosome

Table 2-9 shows the raw data used in the andyss of andytic sengtivity and specificity for the
C282Y mutation, usng data from the ACMG/CAP Survey. This andyss differs from tha
shown in Tables 23 through 28, in that each chromosome is analyzed separately. For example,
there is no explicit anadlyss of the rae a which laboratories incorrectly identify homozygous
C282Y individuds. Rather, the anadytic sendtivity is a measure of how often a chromosome
with a C282Y mutation is correctly identified as being podtive. Andytic specificity is a measure
of how often a chromosome without a C282Y mutation is correctly identified as being negative.

Ovedl, andytic sengtivity by chromosome is 97.8% (95 percent Cl 96.3 to 98.8%) and anaytic
gpecificity is 99.6% (95 percent Cl 99.3 to 99.8%). The anaytic performance when estimated by
chromosome is less good than the andysis by genotype, because dl errors are counted.
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Table 2-9. Computation of Analytic Sengtivity and Specificity by Chromosome for the
C282Y Mutation Using Data from the ACMG/CAP Molecular Genetics Laboratory
External Proficiency Testing Surveys

ACMG/CAP Sensitivity Specificity

MGL Sample Chromosomel Chromosome 2 Chromosomel Chromosome?2
98 MGL-16  67/67 67/67 - -

98 MGL-17  67/67 - 67/67 -

98 MGL-18 67/67 - 67/67 -

9MGL-17  77/78 (1fn) - 78/78 -

9MGL-18 - - 77/78 (1fp) 78/78
0OOMGL-04 - - 81/81 81/81
0OMGL-05 - - 81/81 81/81
0O0OMGL-06 8181 - 80/81 (1 fp) -

00 MGL-16 - 89/89 (1fp) 90/90

00 MGL-17 - 90/90 90/90
O0OMGL-18  88/90 (2fn) 88/90 (2fn)

01MGL-04 - - 100/100 99/100 (1 fp)
01 MGL-05 99/10 (1 fp) 99/100 (1 fp)
01MGL-06 99/100 (1fn) - 100/100 -

01MGL-16 - - 90/90 90/90
01MGL-17 - - 90/90 90/90
01MGL-18 90/90 88/90 (2fn)

02MGL-04 102/103 (1 fp) 101/103 (2 fp)
02 MGL-05 102/103 (1 fp) 102/103 (1 fp)
02MGL-06 101/103 (2fn) 102/103 (1 fp)

02 MGL-10 97/98 (1 fp) 98/98
02MGL-11 98/98 98/98
02MGL-12  95/98 (3fn) 98/98

All 583/596 (13 fn) 3123/3136 (13 fp)

97.8% (95% CIl 96.3 —98.8%)
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Analytic sensitivity and specificity for the H63D mutation by chromaosome

Table 2-10 shows the raw data used in the andyss of andytic sengtivity and specificity for the
H63D mutation usng data from the Molecular Genetics Laboraiory Survey sponsored by
ACMG/CAP. In this andyss, each chromosome is andyzed separately. The andytic senstivity
is a measure of how often a chromosome with an H63D mutetion is correctly identified as being
postive.  Andytic specificity is a measure of how often a chromosome without an H63D
mutation is correctly identified as being negative.  Ovedl, andytic sengtivity is 984% (95
percent Cl 97.1 to 99.2%) and analytic specificity is 99.7% (95 percent Cl 99.5 to 99.9%).
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Table 2-10. Computation of Analytic Senstivity and Specificity by Chromosome for the
H63D Mutation Using Data from the ACMG/CAP Molecular Genetics Laboratory
External Proficiency Testing Surveysfor the Y ears 1998-2002

ACMG/CAP Sensitivity Specificity

MGL Sample Chromosomel Chromosome 2 Chromosomel Chromosome 2
98 MGL-16 - - 58/58 58/58

98 MGL-17  58/58 - 58/58 -

98 MGL-18 - - 58/58 58/58
9OMGL-17 7171 - 7471 -

9 MGL-18 7171 70/71 (1 fp)
0OOMGL-04 - - 7272 7272
0OMGL-05 - - 7272 7272
0OOMGL-06 - - 7272 7272
0O0OMGL-16  80/82 (2fn) - 82/82 -
0OMGL-17 - - 82/82 82/82
0OOMGL-18 - - 82/82 82/82

01 MGL-04 92/92 90/92 (2 fp)
01 MGL-05 90/92 (2fn) 89/92 (3fn) - -
01MGL-06 92/92 - 92/92 -
01MGL-16 - - 85/85 84/85 (1fp)
01MGL-17 - - 85/85 85/85
01MGL-18 - - 85/85 85/85
02MGL-04 96/97 (11p) 97/97

02 MGL-05 96/97 (1 fp) 97/97

02 MGL-06 96/97 (1 1p) 97/97
02MGL-10  90/91 (1fn) 91/91

02MGL-11 90/91 (1 fp) 91/91
02MGL-12 88/91(3fn) 91/91

All 658/669 (11 fn) 3069/3077 (8 fp)

98.4% (95% CIl 97.1—-99.2%) 99.7% (95% CIl 99.5—-99.9%)
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Appendix 2.

Mutations in the HFE gene The two most common mutations are C282Y and H63D, and the
mgority of clinica laboratories test for both of these mutations, since a least some samples are
submitted primarily for diagnogtic testing. Recently, the S65C variant has been described and
tentatively linked to a mild form of iron overload, dthough this variant is not associsted with
increased trandferrin saturation in voluntary blood donors (Arya et al., 1999) and has not been
included in the ACMG/CAP proficiency testing program. Other mutations have been identified
in the HFE gene (Table 2-11), but are less frequent and/or of low penetrance. Based on the
extensve published literature of more than 12,000 individuds genotyped (including more than
2,000 C282Y homozygotes), it is clear that the two common mutations, C282Y and H63D, are
very rarely observed in the ‘cis phase (both mutations on the same chromosome). Two patients,
goparently unrelated and of different ethnic backgrounds, have been described who are
homozygous for the C282Y mutation and heterozygous for the H63D mutation (Thorstensen et
al., 2000; Best et al., 2001). This finding of C282Y and H63D in the ‘cis phase is likdy to
represent two independent recombination events and probably occurs a a frequency much less
than 1in 1,000 (Be<t et al., 2001).

Table2-11. HFE Gene Mutations Reported in the Literature

L ocation Allele
HFE Mutation (Exon) Frequency (%) Reference
Missense M utations
C282Y (845G® A) 4 ~ 7 Feder et al., 1996
H63D (187C® G) 2 ~20 Feder et al., 1996
65C (193A® T) 2 ~ 2 Henz et al., 1997
[105T (314T® C) 2 V Low/Private Barton et al., 1999
GI3R (277G® C) 2 V Low/Private Barton et al., 1999
Q127H (381A® C) 3 V Low/Private De Villierset al., 1999
V53M (157A® G) 2 V Low/Private De Villierset al., 1999
V59M (175G® A) 2 V Low/Private De Villierset al., 1999
E168Q (502G® C) 3 Private Oberkanins et al., 2000
V212V (636G® C) 4 ??7? Bradbury et al., 1999
V2721 (814G® T) 4 Private Worwood et al., 1999
E277K (829G® A) 4 Private Bradbury et al., 1999
R330M (989G® T) 5 V Low/Private De Villierset al., 1999
Nonsense M utations
E168X (502G® T) 3 Rare Piperno et al., 2000
W169X (506G® A) 3 Rare Piperno et al., 2000
E74X (211C® T) 2 Private Beutler et al., 2002
Frameshift Mutations
Ve8ddT (203ddT) 2 Private Liechti-Gdlati et al., 1999
P160delC (478delC) 3 Private Pointon et al., 2000
Splice Site Mutation
IVS3+1G® T Intron 3 Private Wallace et al., 1999
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ANALYTIC VALIDITY

Quedtion 11: Isan internal quality control program defined and externally monitor ed?

Summary
Interna quality control procedures are well described in saverd published sources
External monitoring of these proceduresis provided through ingpections conducted by
accrediting organizations such as CLIA, CAP or New York State

Definition
Internal_quality control is a set of laboratory procedures designed to ensure that the test method is
working properly.  An internd qudity control program includes documentation that high
standards are being practiced to ensure that:
reegents used in dl aspects of genetic tedting are of high quaity to dlow successful test
completion,
al equipment is properly calibrated and maintained,
good laboratory practices are being applied at every leve of the genetic testing process

Quality control procedures

Techniques that are used for andyzing DNA in screening for HHC are the same as those used for
other molecular testing. These techniques are widdy applied and well understood. As a reault, it
has been possble to desgn and publish generic internd quality control procedures, which many
molecular laboratories dready have in place. Table 2-12 ligs published guidelines that, among
other topics, describe reagent quality control, equipment cdibration and maintenance, education
of the technicd daff, and other internd qudity control procedures. The purpose of the quality
control procedures is to rigoroudy control al steps of the DNA testing process to minimize the
potentid for test falure  Given that the internd procedures for establishing and maintaining
good laboratory practice are readily avalable (Neumaer et al., 1998), the mportant next step
will be to encourage, asss, and require laboratories to gpply and document appropriate quality
control procedures.
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Table 2-12. Guiddines, Recommendations, and Checklists that Address Internal Quality
Control Issuesand Requirements.

Guiddines, Recommendations and Checklists Source/ Reference

Clinica Laboratory Improvement Amendments of 1988 Federd Register 1992;57:7002-3

Genetic Testing Under CLIA Federa Register 2000;65: 25928-24934

New York State Laboratory Standards (9/00) www.wadsworth.org/labcert/download.htm

Molecular Diagnostic Methods for Genetic Diseases: Nationd Committee for Clinical Laboratory

Approved Guidelines Standards MM1-A Vol 20 #7

College of American Pathologists Checklist WWW.Cap.org

Standards and Guiddines for Clinica Genetics Testing American College of Medica Genetics
www.faseb.org/genetics/acmg/stds

Technicd Standards and Guiddlines for Hereditay Supplement to the ACMG Standards and

Hemochromatos's Guiddines for Clinicd Genetics Laboratories
(in preparation by QA Committee)

External monitoring

All dinicd laboratories performing genetic testing must comply with generd regulations under
the Clinicd Laboratory Improvement Amendments (CLIA), and a CLIA cetification should be
conddered the minimum accepteble level of externa monitoring.  One shortcoming of having
only a CLIA cetification is that CLIA ingpectors often have less experience in evauating
genetic testing laboratories than other certifying organizations. CLIA is in the process of
upgrading its regulations regarding genetic testing. The Task Force on Genetic Tedting
concluded that the current CLIA reguirements are insufficient to ensure qudity of molecular
genetic testing. Laboratories certified by the College of American Pathologists or by New York
State Hedth Depatment will have undergone a more rigorous externa monitoring that requires
specific procedures and documentation.

Positive HFE assay controls

Pogtive controls for HFE mutations must be utilized to vaidate the asssy and each lot of
reegents. Podtive controls are recommended to be routingly included in each assay run. HFE
controls are readily avalable through the American Type Culture Collection (ATCC, Rockville,
MD www.accorg) or the Coridl Inditute for Medicd Research (Camden, NJ
http:://arginine.umdnj.edu) repositories.
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ANALYTIC VALIDITY

Question 12: Have repeated measur ements been made on specimens?

Summary

- Having information about repested messurements on the same specimen is important for
determining the type and rate of errorsin detecting HFE mutations
Externd proficiency testing programs are the only avalable source of data for repeated
measurements on the same specimen by multiple laboratories
All dlinica laboratories measure individua control samples repeatedly, but results are not
usualy reported

M easur ements made on the same specimen in different laboratories

Multiple laboratories have made repested measurements on the same specimen, utilizing a
varigly of technologies. A colaborative externd proficiency testing program, jointly
administered by the ACMG/CAP provides up to six HFE chdlenges each year, dong with a
summary report of the results Ealier sections in Andytic Vdidity (Questions 10 and 11)
provide more detalls about the results of this program. In summary, the between-laboratory
replication of asingle specimen’s C282Y genotype is between 98.7% and 100% (Figure 2-1).

M easur ements made r epeatedly on the same sample within a laboratory

It is common practice for repeated measurements to be made on the same specimen within a
laboratory. For each assay, a postive control is usudly included for esch mutation tested. This
internd  documentation will reman within the laboratory but will be avalable for ondgte
ingoections by certifying agencies. Thus, one avenue for collection of these data would be to use
laboratory survey indruments  Nearly dl laboratories will have these data avalable, even
though they may not be routindy collated and anayzed.
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ANALYTICVALIDITY
Question 13. What isthe within- and between-labor atory precision?

This question is not gpplicable to the use of DNA tests in screening for HHC, since such testing
is quditaive.  This question is rdevant to quantitative measurements such as tranderrin
saturation, an dternative srategy for this type of screening.
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ANALYTICVALIDITY

Question 14: If appropriate, how is confirmatory testing performed?

Summary
- Confirmatory testing is additiona testing to corroborate the finding of a mutation/genotype
The type of confirmatory testing depends on the dinicd circumstances, sample type and
testing methodology
Given tha the prevadence of C282Y might be much lower among individuas with certain
racid/ethnic heritages, the andytic postive predictive vaue (aPPV) will vary
aPPV could be as high as 80%, but might be 50% or lower in some groups
If confirmatory testing can identify 90% of the fdse postive results, aPPV  would
improve to 97%, but might be 90% or lower in some groups.
Confirmatory testing should be consdered when a postive result (C282Y homozygosity) is
identified, asit islikdy to be ussful in identifying false pogtive results

Definition

Confirmatory testing is defined here as any additiond testing performed after two C282Y
mutations are identified in an individud, to ensure that the origind result is correct. As seen in
Table 2-2 (Questions 10 and 11), the four false negative results would not have been corrected
by confirmatory testing, snce they were initidly reported as negative. It would not be feashble to
retes dl individuds with negdive test results to try to identify fase negaives However, by
performing confirmatory testing of the reativdy smal number of individuds identified as being
homozygous (less than 1%), the two fase podgtive results shown in the table might have been
identified and corrected.

Four digtinct types of confirmatory testing could be utilized, depending on the testing protocols
in place and the circumstances in which the positive test result is obtained.

Repeating the same test protocol on another aiquot of the same specimen

Repesting the same test protocol on adifferent specimen

Performing a different test protocol on another aiquot of the same specimen

Performing a different test protocol on a different specimen

I mportance of confirmatory testing

The andytic specificity is currently edtimated to be 99.9% (Question 11). It is important,
therefore, to determine how often ‘fdse pogtive results will be identified upon confirmatory
teding. If the eror is due to clericd or laboratory sample mix-up, smple retesting of an
additiond diquot may be sufficient to identify and correct the eror. Given that proficiency
testing in Europe found a portion of the errors to be of this type (Dequeker and Cassman, 2000),
confirmatory testing might diminate this type of fase postive result. This issue is dedt with in
more detail under Clinica Performance (Questions 18 and 19).

Gap in Knowledge: Proportion of Laboratories Performing Confirmatory Testing
Little or no information is available on whether clinical laboratories routinely perform
confirmatory testing on samples found to be homozygous (or compound heterozygous).
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These data could be collected as part of the ACMG/CAP external proficiency testing
program.

Gap in Knowledge: Performance of Confirmatory Testing

Little or no information has been found on the ability of confirmatory testing to identify
false positive test results in a clinical setting. According to proficiency testing data, false
positive results will occur and might be identified as part of routine confirmatory testing of
individuals found to be homozygous for C282Y.

Analytic podtive predictive value (aPPV)

Figure 2-2 shows the aPPV of testing for C282Y homozygosity, in a population of nor-Hispanic
Caucasans who have a prevaence of homozygosty of about 4/1000 (corresponding to an dlde
frequency of about 7%). In addition, the andytic sengtivity is 98.4% (Question 10), the andytic
gpecificity 15 99.8% (Table 2-2, column 2).

Figure 2-2. Analytic Positive Predictive Value for C282Y Homozygote Testing in Non-
Higpanic Caucasians With a Prevalence of Homozygosity of Five per 1000

100,000 non-Hispanic Caucasians

400 99,600
(C282Y/C282Y) (not C282Y/C282Y)
394 6 199 99,401
Positive Negative Positive Negative

Among the 593 individuds identified as homozygous for C282Y, 394 (66%) are true positives.
Thus, the aPPV is 66%. If confirmatory testing were routine, and if it were able to identify 90%
of the fase podtive test results, the aPPV might be as high as 95% (388/408). An additiona sSx
true homozygotes may aso be reclassfied as negative.

In some populations, the prevdence of the C282Y genotype is much lower, and it should be
expected that fewer of the postive test results would be true podtives. Figure 2-3 shows a

gmilar cdculation to that shown in Fgure 2-2, except that the prevadence of homozygosty is
reduced to 1 per 1000.

Figure 2-3. Analytic Postive Predictive Power for C282Y Homozygote Testing in a
Population with a Prevalence of Homozygosity of One per 1000

100,000
Individuas
100 99,990
(C282/C282) (not C282Y/C282Y)
98 2 200 99,700
Positive Negative Positive Negative
ACCE Review of HHC/General Adult Population  Analytic Validity 2-29

Version 2003.6



Among the 298 individuds identified as homozygous for C282Y, 98 (33%) are true positives.
Thus, the aPPV is 33% in this population. If confirmatory testing were routine, and if it were
able to identify 90% of the fase pogtive test results, the aPPV might be as high as 76% (96/126).
An additiona two true homozygotes may aso be reclassified as negative.

Gap in Knowledge: Analytic specificity among samples with one or no C282Y
mutations. The estimates of analytic specificity among these two groups are expected
to be high, and, therefore, errors are relatively rare. For this reason, many challenges
are necessary to have confidence in the estimates. Analytic specificity estimates are
based on a small number of errors, underscoring the preliminary nature of the current
estimates.

Genefrequenciesin different racial/ethnic groups

Many reports document differences in HFE gene frequencies, based on racid/ethnic groups
and/or geography. A recent sudy (Steinberg et al., 2001) examined the prevaence of C282Y
and H63D in the U.S. population, usng samples from the Third Nationd Hedth and Nutrition
Examination Survey (NHANES |Ill, 1992-1994). Samples were genotyped from 5,171
participants and analyzed with respect to race/ethnicity. The dlde frequencies for C282Y and
H63D are shown in Table 213. For a more complete andyss of dlele and genotype frequencies
by race/ethnicity, see Questions 18 and 19 in Clinicd Vdlidity.

Table2-13. HFE Allele Frequenciesin Selected Racial/Ethnic Groupsin the United States

Allele Frequency (%)

Race/Ethnic Group Number c282y H63D
White 2,016 6.4 154
Mexican 1,555 16 114
Black 1,600 13 3.2
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ANALYTIC VALIDITY

Question 15: What types of patient samples have been tested?

Summary

- Both whole blood and bucca lysates are acceptable for screening
Blood samples a'e more expensve and require collection a a medicd facility, but are
associated with larger amounts of higher quality DNA.
Buccd lysaes are less expensve and can be collected a home, but are associated with
amdler amounts of lower qudity DNA.

HFE mutation andysds has been successfully performed in a variety of types of specimens using
available methodologies.

Screening can be performed on:
whole blood (purified DNA and lysates),
buccdl lysates (cheekbrush, swab and mouthwash), or
dried blood spots.

Blood samples are the mogt reliable method of collecting large amounts of higher quaity DNA,
but a traned phlebotomist is needed, thereby increesng costs and requiring that specimens be
collected a a medica facility. Buccd cdls obtained by scrgping, brushing or mouthwash yied
adequate amounts of DNA for screening purposes, as documented in prenatal cydtic fibross
programs (Doherty et al., 1996; Loader et al., 1996; Witt et al., 1996; Grody et al., 1997). This
technique can be used to collect samples a the physician’'s office or a home. Buccd samples
have the disadvantage of less DNA, higher falure rates, and less documentation of chain of
custody. Buccd lysates can be frozen and stored for years and ill be tested successfully
(Bradley et al., 1998). A comparison of test results from blood and bucca mouthwash samples
showed consistent results (Baty et al., 1998). Dried blood spots can also be used for PCR-based
testing. Guthrie cards from the New York State Newborn Screening Program have been used to
amplify multiple genes to detect mutations that impact public hedth (Caggana et al., 1998).
However, they have not routindy been used in hemochromatoss pilot screening programs.  An
informa survey of saverd commercid |aboratories offering HFE testing determined that none
accepted blood spots (Gasparini et al., 1999; S Richards, personad communiceation).
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ANALYTIC VALIDITY

Question 16: How often doesthetest fail to give a useable result?

Summary

- Laboratory testing for HFE mutations can be divided into pre-andytic, andytic and post-
andytic phases
In the pre-andytic phase, generdly agreed upon criteria are in use to determine the
appropriateness of testing. If these criteria are not met, the test can be canceled
In the andytic phase, samples fal for multiple reasons, and these falures are routingy
documented in clinical laboratories but are not generdly available for outsde review
When analytic falures do occur, repeating the andlysis will often yield useable results
Types of falures and their associated rates are rarely reported as part of pilot trials or method
comparisons

Test ‘failures in the pre-analytic phase of testing

In the pre-andytic phase, it may be determined that the sample is not suitable for testing because
gpecific dinica criteria are not met, or because the sample is consdered inadequate.  While
programs often monitor pre-andytic test cancellation rates as part of an overal quality assurance
plan, these events are usualy not consdered a laboratory or methodologic ‘falure. Table 214
lists criteria commonly used for deciding whether to rgect a sample in the pre-anaytic phase.

Table 2-14. Common Pre-analytic Criteria for Rgecting Samples Submitted for HFE
C282Y Homozygote Testing as Part of Population Screening

Reection Criteria Based on Clinical Information

Sample submitted for diagnogtic testing
(i.e., more than the C282Y mutation should be tested)

Rgection Criteria Based on Submitted Sample

| nadequate specimen qudity
(e.9., hemolyzed blood, dried bucca sample or obvious contamination)
Inappropriate sample
(e.g., whole blood with no anticoagulant or wrong anticoagulant)
| nadequate specimen labding
Ingppropriate handling prior to laboratory receipt
(e.g., sampletoo long in trangit or exposed to extreme temperature)
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Test failures during the analytic phase of testing

Falures of individud samples or assays occur when preset quality control standards are not met
and test results are not reportable.  Failures can arise for a number of reasons, such as improperly
processed samples, problems with component reagents, or equipment mafunction. Many assay
falures within the clinicd molecular genetic laboratory are due to operator error.  Automation
and programs to properly train laboratory personnel can avoid most of these problems. Only a
few medica technology programs, however, currently provide adequate molecular components
in their programs. Documentation of falures and subsequent corrective action is required by
regulatory agencies such as CLIA and the College of American Pathologists.  Unfortunately,
falure raes and other information on assay robustness are often not published as part of pilot
trids or method evauations. Avalable data suggest, however, that repedting the initid
unsatisfactory andlyss of an individual sample or assay run can often yidd a satisfactory resullt.

An irrelrievable assay falure occurs when an gpparently suitable specimen is submitted and
goproved for testing, but the assay yidds a reault that is dinicdly uninterpretable.  Falures of
this type are most often related to the qudity of the origind sample. Rocedurd problems during
gpecimen processing and DNA extraction can aso be responsble.  Success rates for obtaining
clinicdly interpretable results are close to 100% for blood samples. Buccd samples have a
somewhat lower success rate (98% to over 99%) as a result of poor sampling (inadequate
number of cels), sample contamination, desiccation (exposure to extreme heat), or inadegquate
sengtivity of the testing methodology to account for the lower concentration and qudity of the
sample.

Test failure during the post-analytic phase of testing

Post-andytic failures, such as incorrect or inadequately interpreted results, are consdered
sepaatey from andytic test falures, as pat of a review of overdl qudity assurance in the
Clinica Utility Section (Question 34).

Gap in Knowledge: Overall, and method-specific, failure rates

Clinical laboratories are required to document test failures, as described above. For this
reason, this type of information should be readily available from laboratories participating
in external proficiency testing administered by the ACMG/CAP. This could be
accomplished though the use of a supplemental question attached to a routine
distribution or, alternatively, the data could be collected via an externally funded,
independent project.
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ANALYTIC VALIDITY

Question 17: How similar areresults obtained in different laboratories?

Summary

- Data derived from externd proficiency testing can be used to judge the consistency of results
from different HFE testing |aboratories
Stratification of results by methodology does not currently yield religble information because
of the smdl number of laboratories paticipaing in proficiency tesing and the large number
of methodologies
Ovedl, the results from multiple laboratories agppear to be dmilar, regardless of the
methodology used

Comparing results from different laboratories using the same or similar methodologies

The only potentid source of data for evauaing differences in HFE test results from multiple
laboratories usng the same (or a Imila) method would be derived from externa proficiency
tesing.  Method-specific comparisons are complicated, because laboratories in the same
methodologica category may be using different home-brew reagent components and protocols.
For example, dthough three laboratories might be grouped under the ARMS methodology, one
might use a prepared kit, a second might use commercidly prepared andyte specific reagents
(ASR), and the third might use in-house reagents. To hdp in comparing methodologies, the
ACMG/CAP MGL Survey Paticipant Summary Reports have dratified results into broad
methodologica categories.

Comparing results from the same laboratory using different methodologies

Baty et al. (1998) compared the results of testing 46 samples using the ARMS test versus the
redriction digestion method and found identicd results ~ Similarly, Jackson et al. (1997)
demongrated the use of heeroduplex andyss for HFE genotyping and showed 100%
concordance with results obtained by redriction digestion methods. Guttridge et al. (1998)
described a method of sequence specific primers for PCR (PCR-SSP) for HFE analyss, tested
185 individuds previoudy typed usng PCR-RFLP, and found complete agreement of results.
Bernard et al. (1998) described a new method using fluorescent hybridization probes for HFE
genotyping and compared it to the standard method of redriction enzyme digestion and gd
electrophoresis. Of 117 patients and 56 controls tested, no discrepancies were noted. SSCP and
capillary dectrophoresis were dso used to perform HFE testing on 85 patients with liver disease,
and RFLP andysis was used to confirm the results (Bosserhoff et al., 1999; Wenz et al., 1999).

Neoh et al. (1999) reported a method based on fluorescence resonance energy transfer (FRET)
and red time polymerase chan reaction (PCR) to identify HFE genotypes in 112 individuds.
The results were compared to redriction digestion of PCR products. Agreement was found in
244 of 246 samples tested. Sequence andyss determined that the FRET analysis result was
correct. Parks et al. (2001) reported a smilar study in which 450 patients were tested for HFE
(C282Y) usng FRET andyss. Ther results were compared with standard PCR and RFLP
andyss, with 100% concordance. Steffensen et al. (1998) tested 200 Danish individuds for the
C282Y and H63D mutations, usng a sequence-specific primer method for PCR andyss (PCR-
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SSP) and compared their results to a standard method of PCR-RFLP with complete agreement of
methods for andyss.

Other methods for testing for HFE indude dHPLC andyss with or without single-base
extendgon (Devaney et al., 2001; Liang et al., 2001), Lightcycler (Kyger et al., 1998), and the
DNA capillary aray dectrophoresis chips (Woolley et al., 1997), dthough less information is
available regarding assay vaidation Sudies.

Comparing results from different laboratories using different methodologies

As pat of the 2000 ACMG/CAP Molecular Genetics Laboratory external proficiency testing
aurvey, laboratories were queried about their methodology for peforming HFE mutation
analysis (Table 215, Appendix 2). Overdl, the reported methodologies were used to detect one
or two mutations (with the mgority of laboratories testing both C282Y and H63D). During the
four years of proficiency testing (1998 through 2001) there was a high leve of agreement
between laboratories for detecting mutations that were targeted by their specific method, no
matter which method was being used.

Gap in Knowledge: Comparison of Methods for HFE Mutation Detection In order to
compare analytic validity for various testing methodologies, proficiency testing data from
ACMG/CAP have been stratified by methodological category. It would also be useful to
identify subsets using the same commercially available reagents (e.g., in-house
reagents versus ASR). Alternatively, a previously described method for validation
(Question 9 — Optimal Sources of Data) could be employed that would provide not only
analytic performance for a methodology, but also comparative data between
methodologies.
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Appendix 2. Analytic Methodologies used for HFE Mutation Analysis

Introduction

Table 2-15 ligs categories of methodologies that are used to detect HFE mutations by
laboratories participating in proficiency testing programs in the United States (ACMG/CAP
MGL Survey), dong with the proportions usng each method. Because many laboratories utilize
“home brew” assays, these categories are not necessarily homogeneous. Some methodologies
ae rdativdy labor intendve making them more auitdble for research than diagnogtic
laboratories.  When large numbers of specimens must be tested with short turn-around times,
other methodologies are needed. Commercid suppliers can provide “kits’ to European or
Canadian-based clinicd laboratories.  U.S. laboratories are not adlowed to use “kits’ for clinica
testing but may use andyte specific reagents (ASR).

Table 2-15. Testing Methods Utilized by 90 U.S. Laboratories According to the 2002
ACMG/CAP MGL External Proficiency Testing Survey

Proportion of

Testing Method Laboratories (%)
Electrophoressfor RFLP and sze andysis 64
Allele Specific Oligonucleotide (ASO) 11
Allde-specific PCRIARMS 6
LightCyder 8
Sequencing 3
Other/Not specified 8
Total 100

HFE teﬂlng methodologies for screening ought to include the following characterigtics:
ability to sdectively identify only the C282Y mutation
alow to moderate level of technica expertise
ashort turn-around time (one or two days)
ahigh throughput (idedly, on an automated platform)
ardativey low cost

These reguirements might gppear ambitious, but the evolution of other tests now used for
screening in the clinical laboratory shows that these gods ae achievable.  For example,
immunoassays that are now routindy performed were origindly deveoped in the 1960s by
invedigators with in-depth knowledge of immunochemisiry and radiation detection methods.
Over the ensuing years, these assays were revised and dreamlined by manufacturers to meet the
needs of dlinicd laboraories, incuding the devdopment of automated immunoassay systems
that minimize the chance for eror. For FDA approved kits, the responsbility for ensuring
resgent qudity and insrument performance now rests primarily with the manufacturer. The
laboratory's respongbility is to monitor the quality control measures set by the manufacturer to
verify that assay performance meets pecifications. A further development is a computer link to
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the ingrument that automaticdly transfers tet results to a patient record system for reporting.
Automdion is more expensve than manua assays in terms of reagents and ingrument rentd or
purchase, but the overdl cost per test can be the same or lower because of the reduced labor
cods. This same development is beginning to occur for HHC screening.  Severd commercidly
prepared reagents have emerged, and their attributes are summarized in Table 2-16.

[Table 2-16 and the following notes ar e still under construction]
Table 2-16. Characteristics of Commercial Analyte Specific Reagents (ASR) to Detect

HFE Mutations

Commercial HFE Mutation Detection System

Bio-Rad Nanogen LightCycler Orchid
Characteristic

1. Method Type

2. Company

3. Mutations

4. Robustness

5. Specid equipment
6. Totd time (days)
7. Cost per patient

8. Advantages

9. Disadvantages
For more information

Notes pertaining to Table 2-16:

1 Method type: Methods displayed are those that are most commonly used and that are suitable
for large-scde hemochromatoss screening.  These include the alde spedfic oligonuclectide
assay (ASO). The ASO assay uses reverse ASO technology, with the oligonucleotides bound to
the microplate surface. Biotinylated DNA is bound to the ASOs, Streptavidin horseradish
peroxidase is used bound to the biotin, oxidizes a subsrate, and results in a colorimetric change.
Detection is done by colorimetric analyss usng a plate reader. Two wells ae required for each
dlde andyzed. Genotype is determined by a ratio of absorbance. An dternate means of
amplification of DNA is avaldbile in this ASR format and is teemed LLA or linked linear
amplification (Linked Linear Amplification. A New Method for Amplification of DNA. Clin
Chem 47:31-40 (2001). Both standard PCR and LLA ASRs are available. This assay has been
veidated by the manufacturer againgt other molecular methods for performing hemochromatoss
testing. Whole blood was the only sample type that was tested, according to the manufacturer.
For more information about methodologies, including a description and set of references, see
www.bio-rad.com.
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2. Company: Commercia reagents have not been approved by the FDA. However, reagents
have had one level of QC/QA performed by the manufecturer, as specified by the FDA's Analyte
Specific Reagent (ASR) rule.  ASRs are produced usng GMP and have undergone rigorous
quality control testing in house. As Bio-Rad owns the patent for hereditary hemochromatoss,
there are no other commercidly available manufactured reagents for this test.

3. Mutation(s): This is the hereditary hemochromatoss mutation(s) that can be detected by the
testing protocol. This ASR is currently designed to test for both C282Y and H63D. Currently, a
laboratory that uses this reagent must test for both dldles. The S65C mutation may be added to
the ASR. Initidly there was some concern of interference with ASO binding in H63D/S65C
compound heterozygotes, as the ASOs were not designed to digtinguish these two dldes. Thus,
an H63D/S65C compound heterozygote could appear as an H63D homozygote. The current
ASR does not include the S65C muitation.

4. Robustness: Robustness describes how condgtently and reliably a set of reagents performs
when used by different |aboratories, under varying conditions, and on different sample types
(e.g., blood, buccal smears).

5. Special equipment: Some manufacturers require that specidized equipment be used to
perform ther assays. Although initidly more codly, the equipment may dlow more samples to
be tested. The Bio-Rad ASRs require a plate reader for the colorimetric andysis detection.
Currently, there is no specific software associated with the interpretation of genotype, and
laboratories are left to desgn ther own sysem. Some use Exce spreadsheetss. A more
automated system with the flexibility to set cutoffs would be desirable.

6. Total time Edimated time to complete assay, including sample processng and reporting.
This method only requires one day, but laboratories may choose to extend the process to a
second day for more convenient scheduling.

7. Cost per patient: Cods for the reagents and licenses to perform hereditary hemochromatosis
teding are extremdy variable. Some laboratories perform ‘in-house assays with rdatively low
reagent costs. In such cases, the cost of technica time for reagent preparation and QC/QA must
aso be consdered. Costs of anayte specific reagents (ASR) can be rdatively high, compared to
traditiona biochemica assays. However, the savings in technicd gdaff time for preparation and
QC/QA can offset reagent codts. For screening, the relevant figure is the cost per patient tested,
rather than the cost per mutation tested.

8. Advantages. Reagents for hereditay hemochromatoss screening should have high
throughput with relatively low labor coss. Assays that can be efficiently automated can be cost
effective. Peer-reviewed andytic vaidity data are helpful for vaidation.

Newer teding technology platforms with high potentid for hereditary hemochromatoss testing
include various hybridization drategies (Roche and Luminex), arayed primer extenson
(Orchid), mass spectrometry (Sequenom), and sequence andysis (Pyrosequencing). However,
there ae no exiding data that accuratedly compare these technologies with currently utilized
methodol ogies or with each other.
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