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1  |  INTRODUCTION

The relevance of individual genetic analyses in clinical care is 
constantly increasing. The technological focus in most med-
ical diagnostic centres has been on the expansion of mas-
sively parallel exome or genome sequencing resources that 
allow the comprehensive clarification of genetic factors in 
all types of disorders. However, despite impressive advances 

over the last decades, this approach requires an elaborate 
laboratory infrastructure as well as considerable bioinfor-
matics and data storage resources. The costs of sequencing 
a single human genome has not fallen as much over the last 
years as may have been expected (Wetterstrand, 2020), and 
most health systems do not have the resources to offer com-
prehensive genetic analyses to all patients who may benefit 
from genetic information (Katsanis & Katsanis, 2013).
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Abstract
Genotyping arrays are by far the most widely used genetic tests but are not gener-
ally utilized for diagnostic purposes in a medical context. In the present study, 
we examined the diagnostic value of a standard genotyping array (Illumina 
Global Screening Array) for a range of indications. Applications included stand- 
alone testing for specific variants (32 variants in 10 genes), first- tier array variant 
screening for monogenic conditions (10 different autosomal recessive metabolic 
diseases), and diagnostic workup for specific conditions caused by variants in 
multiple genes (suspected familial breast and ovarian cancer, and hypercholes-
terolemia). Our analyses showed a high analytical sensitivity and specificity of 
array- based analyses for validated and non- validated variants, and identified pit-
falls that require attention. Ethical- legal assessment highlighted the need for a 
software solution that allows for individual indication- based consent and the reli-
able exclusion of non- consented results. Cost/time assessment revealed excellent 
performance of diagnostic array analyses, depending on indication, proband data, 
and array design. We have implemented some analyses in our diagnostic portfo-
lio, but array optimization is required for the implementation of other indications.
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Genotyping with DNA arrays that target a large num-
ber of mostly single nucleotide variants (“SNP chips”) has 
been developed as a cost- effective method for generating 
genetic information in a large number of individuals (Das 
et al.,  2016; LaFramboise,  2009; Verlouw et al.,  2021). 
The method has long been used for genome- wide as-
sociation studies (Hirschhorn & Daly,  2005) and has re-
cently become the method of choice for the imputation 
of polygenic scores (PGS), quantifying non- monogenic ge-
netic risks for common conditions (Lakeman et al., 2020; 
Torkamani et al.,  2018). Many pharmacogenetic assays 
employ arrays for typing single nucleotide target variants 
(Perreault et al., 2018), but the reliability of some results 
has been questioned (Lotta et al., 2021; Weedon, Wright, 
et al., 2021). Array genotyping is the method used for most 
direct- to- consumer (DTC) genetic tests, which often pro-
vide medically relevant data (e.g., on cancer risk or carrier 
status for recessive diseases) in addition to non- medical 
information such as ethnicity or individual non- medical 
traits. At the beginning of 2021, more than 30 million indi-
viduals had been genotyped with array technology by the 
two largest USA DTC genetic test companies alone (Lu 
et al., 2021). Various studies and recommendations have 
highlighted quality issues concerning the results of DTC 
tests with regard to both the reliability of variant calling 
and the communication of actionable genetic informa-
tion (American College of & Gynecologists' Committee 
on, 2021; Horton et al., 2019; Tandy- Connor et al., 2018). 
A recent comparison of array genotyping with massive 
parallel sequencing data in the UK biobank found a high 
sensitivity, specificity, and positive/negative predictive 
values, for >100.000 common variants, but highlighted 
a very low reliability for genotyping very rare pathogenic 
variants (PVs). The authors strongly advise against using 
array genotyping data for health decisions without valida-
tion (Weedon, Jackson, et al., 2021).

In our current study, we took a different, more tradi-
tional approach to utilizing low- cost genotyping arrays for 
clinical purposes. Rather than harvesting a huge dataset 
for potentially relevant genetic information, we selec-
tively interrogated a minute proportion of the available 
data with regard to specific indications in the diagnostic 
laboratory setting of a Human Genetics institute, ISO 
15168- accredited for medical genetic testing. We make a 
distinction between diagnostic testing of specific variants 
validated for medical decisions, and screening for variants 
in candidate genes that require confirmation by a second 
method. Whereas validated variant testing by genotyp-
ing array may result in a stand- alone diagnostic report, 
the variant screening approach requires complementary 
investigations in many cases. An essential component of 
our strategy was the development of a dedicated software 
to facilitate analysis, and to limit the computation of array 

raw data to those variants that are clinically relevant and 
for which informed consent has been obtained from the 
tested individual.

2  |  MATERIALS AND METHODS

2.1 | Study cohort

The total study cohort comprises 902 case samples re-
ferred to the Institute of Human Genetics, Medical 
University of Innsbruck, for 23 indications representing 
30 different genes. All samples were analyzed in parallel 
by sequencing and genotyping array; the analyses in each 
case were restricted to the requested and consented genes 
or variants. DNA was extracted from peripheral EDTA 
blood samples in all individuals using standard methods. 
Sequence analyses of the coding regions as well as adja-
cent intron sequences of target genes were carried out ei-
ther by standard massive parallel sequencing (Illumina, 
different instruments and enrichment kits) or by Sanger 
sequencing (3730xl DNA Analyzer, Applied Biosystems), 
combined with data analysis using the SeqNext or 
SeqPatient software (Sequence Pilot 5.2.0 Build 507, JSI, 
Medical Systems, Ettenheim, Germany).

2.2 | Array genotyping, data analysis and 
quality parameters

Array genotyping was performed using the commercially 
available Infinium Global Screening Array 24+ v.3 Kit 
(abbreviated GSA) with addition of the Multi- Disease 
Booster add- on content on the iScan array scanner system 
(Illumina), using procedures suggested by the manufac-
turer. This type of array is also used (with modifications) 
by the major DTC genetic test companies (Lu et al., 2021). 
The raw data were analyzed with the GenomeStudio 2.0 
software (Illumina), using a cluster file kindly provided 
by P. Hoffmann (Institute of Human Genetics, University 
of Bonn, Germany) and the manifest file provided by 
the manufacturer. The manifest file records all avail-
able probes with their locations on the array, mapped 
against the human genome and aligned with the given 
NCBI unique identifiers (rs numbers, www.ncbi.nlm.
nih.gov/snp/). Clustering algorithm version 3.0 generates 
the GenTrain score which reflects the general quality of 
a variant in all individuals tested. Genotyping quality for 
each variant in each individual case was determined using 
the GenCall score generated by the variant calling algo-
rithm version 3.0. This score is relevant for both, presence 
or absence of this variant, and thus covers also the wild 
type sequence at the variant position. Variant analysis 

http://www.ncbi.nlm.nih.gov/snp/
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results that failed to reach a GenTrain score of 0.75, and 
a GenCall score of 0.2, were regarded as unreliable and 
denoted inconclusive.

Individual case samples were accepted for further pro-
cessing if the initial call rate was 99.5% or greater. In order 
to identify and exclude low quality positions on the array, 
we decided to set stringent criteria for marking variants as 
reliably negative, and assessed this during an evaluation 
of at least 50 samples for each of the specific variants or 
target genes included in the current study. Variants that 
during evaluation were marked as inconclusive or false 
positive in ≥5% of samples were classified as unreliable. 
We either specifically examined them as such in the cur-
rent study, or removed them from further analysis. In 
consequence, each variant position was denoted as ho-
mozygous wild type (WT), heterozygous variant, homozy-
gous variant, or inconclusive.

For diagnostic variant genotyping, we adapted the 
Sequence Pilot software system for gene panel and exome 
analysis (JSI, Medical Systems, Ettenheim, Germany). 
Aim was to ensure easy and rapid analysis of the specific 
data generated by genotyping arrays, and to restrict the 
analysis to those variants or genes that are relevant for the 
individual indication; other non- targeted variants should 
not be recognizable in the diagnostic laboratory. This was 
regarded as essential to ensure that the analysis does not 
exceed consent given by the proband and prevents the 
generation of unwanted information.

Comprehensive massive parallel sequence analysis also 
entailed quantitative assessment of read numbers for the 
detection of large genomic rearrangements, as previously 
described (Povysil et al., 2017). Standard GSA data anal-
ysis using the adapted software solution did not include 
quantitative evaluation of the dataset for large deletions or 
duplications. However, quantitative analyses were carried 
out post hoc in all samples in which a large deletion or du-
plication had been detected by massive parallel sequenc-
ing, using the NxClinical (BioDiscovery, El Segundo, CA, 
USA) software.

3  |  RESULTS

3.1 | Bioinformatics

In order to allow array genotyping for selected indications 
only, we developed a software solution (SeqArray, JSI 
Medical Systems, Ettenheim, Germany) which combines 
rapid and easy determination of specifically targeted vari-
ants with comprehensive quality data in the individual 
case. Relevant variants are identified based on candidate 
genes or gene panels. The software states variant geno-
types as well as GenTrain and GenCall scores obtained 

from GenomeStudio 2.0. In addition it provides relevant 
background information such as transcript reference, 
c.HGVS, p.HGVS, dbSNP ID, classification from MutDB, 
and ClinVar, and allele frequencies from gnomAD, ExAC 
and 1000 Genomes, based on the manifest and cluster 
files. The results of quality assessments are visualized 
with different colors, allowing easy identification of low 
quality results for particular variants. Variants that do not 
fulfill the chosen quality thresholds (marked as “red” or 
“warning”) are judged inconclusive with regard to both, 
variant or wild type genotypes at the particular position. 
The software therefore enables rapid evaluation of all rel-
evant data limited to the specific consented indication.

3.2 | Testing for specific 
pathogenic variants

We identified 32 specific variants in 10 genes (OMIM 
numbers in parentheses) –  DPYD (612779), F2 (612309), 
F5, LCT (603202), ALDOB (612724), FGFR3 (134934), 
HFE (613609), MTHFR (236250), MEFV (608107), 
and SERPINA1 (608107) –  that were potentially suit-
able for stand- alone GSA diagnostic testing (Table  1, 
Supplementary Table S1). The respective diseases were 
chosen because of their clinical relevance and the pres-
ence of a limited number of relevant disease- causing 
variants in our population. None of these target variants 
had to be removed from the study because of incorrect or 
inconclusive results during the evaluation phase. These 
variants were investigated by both, DNA sequencing and 
GSA analysis in indication- specific subsets of 3– 35 cases 
(total of 212 samples). Positive, negative and inconclusive 
results were recorded for all variants, 23 of the 32 specific 
variants were observed, the other 9 variants were nega-
tive in all cases. Based on the GSA results that passed the 
relevant quality thresholds, there were no false negative 
and no false positive results, with tests denoted fully reli-
able (conclusive variant calls for all genotypes) in 211/212 
cases investigated. Including the inconclusive result for 
a single variant genotype, the specificity for this type of 
analysis was 99.5% in our study.

3.3 | First- tier array screening 
for causative variants in autosomal 
recessive diseases

We carried out parallel analyses by array genotyping and 
standard sequencing of the respective genes in individuals 
with a clinical/biochemical diagnosis of cystic fibrosis (CF, 
CFTR gene, OMIM 602421), phenylketonuria (PKU, PAH 
gene, OMIM 612349) and eight more infrequent autosomal 
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recessive metabolic diseases (Table  2, Supplementary 
Tables S2 and S3). Comparisons involved the assessment 
of all PVs identified by sequencing with regard to their 
GSA coverage, as well as the evaluation of positions of 
(likely or confirmed) pathogenic variants denoted posi-
tive or inconclusive on GSA analysis with regard to the 
true genotypes. The GSA provides two identical probes for 
the common European CF variant p.Phe508del under two 
different names: correct c.1521_1523delCTT and incor-
rect c.1520_1522delTCT. The latter was disregarded, but 
the combined calling of both probes can serve an internal 
quality control purpose. During evaluation, two suppos-
edly GSA- covered CFTR PVs were excluded from array 
analysis as the respective probes showed frequent incon-
clusive results. One PAH PV with frequent inconclusive 
results in control samples (p.Arg408Gln) was kept in the 
analysis because it is a prevalent PKU PV.

Conventional sequencing in 33 individuals with CF 
revealed homozygous or compound heterozygous PVs in 
all cases (compound heterozygosity was either confirmed 
through analysis of parental samples, or was assumed in 
case of confirmed CF and no other pathogenic variant de-
tected by full sequencing). Based on the GSA results that 
passed the relevant quality thresholds, and including the 
two deletions confirmed by quantitative GSA analysis, 
60/66 CF alleles (91%) were correctly detected by GSA 
analysis (see Supplementary Table S2: 4 homozygous and 
52 heterozygous variants), and 27/33 genotypes (82%) were 
fully characterized using this method. A similar result was 

obtained for 39 individuals with PKU. Based on the GSA 
results that passed the relevant quality thresholds, 73/78 
PKU alleles (94%) were correctly detected by GSA analysis 
(see Supplementary Table S2: 9 homozygous and 55 het-
erozygous variants) and 33/39 PKU genotypes (85%) were 
fully and reliably characterized using this method.

Comparative sequence and array analysis of 8 addi-
tional autosomal recessive metabolic disease genes in 44 
randomly chosen affected individuals identified 45 PVs, of 
which 27 (60%) were detectable by GSA analysis. The array 
reliably identified all detectable variants, with no false 
positive or false negatives GSA results. GSA array analysis 
as sole diagnostic method would have fully clarified the 
disease- causing genotype in 21 of these cases (48%).

3.4 | First- tier variant screening for 
inherited breast and ovarian cancer

The GSA- 24+ v.3 assay with Multi- Disease Booster sadd-
 on content was designed for a total of 5524 pathogenic and 
non- pathogenic variants in BRCA1 (2387 variants, OMIM 
113705) and BRCA2 (3137 variants, OMIM 600185). In 
order to evaluate the usefulness of using this array for the 
diagnosis of familial breast and ovarian cancer disposition 
syndrome, we compared GSA and sequencing results in 
a cohort of 181 randomly chosen individuals referred for 
diagnostic or predictive testing with this indication. We 
restricted the analysis to variants with a MAF <5% in our 

T A B L E  1  GSA results for specifically targeted common pathogenic disease variants in 212 individuals

Gene Cases
Target 
variants

Observed 
variants

Correct GSA results
GSA result 
incorrect

GSA results 
inconclusiveHom Comp het Het Hom WT

DPYD 26 4 2 0 0 9 17 0 0

F2 21 1 1 0 0 1 20 0 0

F5 35 1 1 2 0 7 26 0 0

LCT (MCM6) 19 1 1 4 0 11 4 0 0

ALDOB 22 3 1 0 0 1 21 0 0

FGFR3 3 2 2 0 0 3 0 0 0

HFE 22 2 2 2 2 8 10 0 0

MTHFR 15 1 1 6 0 8 1 0 0

MEFV 28 15 10 1 6a 8 13 0 1b

SERPINA1 21 2 2 2 1 10 8 0 0

Total 212 32 23 17 9 66 120 0 1

Notes: See Supplementary Table S1 for detailed variant and transcript information. 23 target variants were observed in 92 samples. Multiplying the number of 
SNP targets with the number of cases results in a total of 772 individual genotypes (homozygous, heterozygous or wild type at a particular position). All variant 
and wild type genotypes denoted conclusive by GSA analysis (n = 771) were identical with the genotypes identified by standard sequencing.
Bold font is used to highlight relevant (summary) information.
Abbreviations: Comp het, compound heterozygous; Het, heterozygous; Hom, homozygous.
aOne sample contained three heterozygous variants, another contained a homozygous variant (c.442G > C) and two heterozygous variants.
bAn inconclusive results was obtained at one position (MEFV variant c.2084A > G) in a single individual who did not carry this variant, but was homozygous 
for variant c.2082G > A (not covered by the GSA, identified by sequencing).
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total cohort of samples tested on the GSA (>2000 sam-
ples), and excluded all variants with inconclusive results 
in the evaluation phase.

Sequencing identified 18 different PVs in BRCA1 or 
BRCA2 in 31 individuals. Three of these PVs in 3 sam-
ples (approx. 10% of all PV- positive individuals) were 
not present on the GSA and gave negative results on 
GSA analysis. From the remaining 15 PVs in 28 individ-
uals, only 9 PVs in 21 individuals were unequivocally 

diagnosed by GSA analysis (Table 3). Four PVs in 5 cases 
were correctly identified together with 1– 2 wrongly as-
certained variants at the same or adjacent positions that 
were not present in the sample (given as variant clusters 
in Table 3), indicating that the differentiation of variants 
in close vicinity is incomplete. A reverse constellation 
was observed at four additional positions, where three 
non- PVs and one variant of unknown significance (VUS) 
were correctly identified together with 1– 2 incorrectly 

T A B L E  2  Pathogenic variants identified by GSA analysis in 116 individuals with cystic fibrosis (CF, n = 33), phenylketonuria (PKU, 
n = 39) or one of 8 other autosomal recessive disease (N = 44)

Disease genes

Cases Variants
Variants on 
GSA

Diagnostic GSA 
resultsa incorrectb inconclusivec

No. No. Alleles No. % Cases % Variants Alleles Variants Alleles

CFTR small variants 32 22 62 18 82 0 0 2 2

CFTR del/dup 3 2 4 (2)d (100)

CFTR total 33 24 66 20 83 27 82 0 0 2 2

PAH 39 26 78 22 85 33 85 2 2 4 12

ACADM 6 4 12 1 25 0 0 0 0 0 0

BTD 6 5 12 4 80 5 83 0 0 0 0

CBS 3 4 6 3 75 2 67 0 0 0 0

CPT2 3 2 6 2 100 3 100 0 0 0 0

FAH 4 4 8 2 50 2 50 0 0 0 0

GAA 6 5 12 1 20 1 17 0 0 0 0

GCDH 10 15 20 9 60 3 30 0 0 0 0

GALT 6 6 12 5 88 5 86 0 0 0 0

Total excl. CFTR/
PAH

44 45 88 27 60 21 48 0 0 0 0

Total 116 95 232 69 73 81 70 2 2 6 14

Notes: See Supplementary Tables S2 and S3 for detailed variant and transcript information. CFTR gene analyses in individuals with cystic fibrosis included a 
total of 22 pathogenic single nucleotide variants and small deletions on a total of 62 alleles; 18 of these variants were covered on the GSA. In addition, there 
were two single/multiple exon deletions on 4 alleles. GSA analysis correctly identified homozygous and heterozygous genotypes for all variants covered on 
the array, including (by targeted quantitative analysis) the two single/multiple exon deletions. There were no false negative results for GSA- covered PVs. 
Inconclusive results were called for two PVs in two cases; one of them was explained by a large deletion of the whole exon, the other was unexplained. 
Conventional PAH gene sequencing in individuals with phenylketonuria identified 26 different pathogenic single nucleotide variants including 2 single 
nucleotide deletions; there were no large deletions or duplications. Three PVs (heterozygous in single cases) were not identified as they are no GSA target 
variants; an additional PV not covered by the GSA triggered an incorrect positive result for a GSA- covered different variant at the same nucleotide. Of the 
remaining 22 variants identified in our cohort and covered by the GSA, 21 were correctly genotyped and one was denoted inconclusive in the single variant- 
positive sample. Variant- negative inconclusive results were mostly caused by the variant probe previously shown to be unreliable, or presence of a different 
variant in close vicinity. There were no false negative results, i.e., no GSA detectable variants denoted conclusive wild type. The high proportion of diagnostic 
GSA results in PKU is explained by the inclusion, on the GSA, of 27 of the 29 common PVs in Europe.16 The allele detection rate of 94% (73/78 alleles, see 
Supplementary Table S2) fits nicely with the predicted GSA detection rate of 93% for PKU alleles, based on the combined frequency of GSA- covered variants 
in European PKU patients. In contrast, several relevant cystic fibrosis alleles have so far not been included in the GSA, explaining a somewhat lower allele 
characterization rate of 91% (60/66 alleles, see Supplementary Table S2) in our cohort. OMIM numbers: CFTR 602421, PAH 612349, ACADM 607008, BTD 
609019, CBS 613381, CPT2 600,650, FAH 613871, GAA 606800, GCDH 608801, GALT 606999.
Bold font is used to highlight relevant (summary) information.
aGSA results were regarded as diagnostic when variants on both alleles were correctly identified, and there were no incorrect positives; inconclusive results 
were disregarded.
bBoth samples with incorrectly called PAH gene variants contained a different pathogenic variant at the same position/region; in one sample the other variant 
was covered and correctly called by the GSA analysis.
cInconclusive results were associated with presence of that variant in the respective sample (1 variant), presence of another variant at the same position/region 
(2 variants), wild type sequence at the position/region (2 variants), or poor performance of the variant also in control samples (1 variant).
dCopy number assessment was not part of the routine GSA analysis and was performed post hoc only in samples with respective abnormalities identified by 
massive parallel sequencing.
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T A B L E  3  BRCA1 or BRCA2 pathogenic variants and variant clusters identified by GSA analysis in 181 individuals with suspected 
inherited breast and ovarian cancer syndrome

Gene
Variant 
cluster Cases

GSA- called 
variant Class. Confirmed variant Class. Comment

BRCA1 
(NM_007294.3)

1 1 c.68_69dup C5 c.68_69dupAG C5 (2) Additional 
variantsc.64_65del C5

c.65 T > C C5
2 1 c.569_570insAACG C5 c.570C > Ta C2 (4) Incorrect 

variant
3 1 c.676del C5 c.676delT C5 (1) Correct 

positive
4 2 c.843_846delCTCA C5 c.843_846delCTCA C5 (1) Correct 

positive
5 1 c.1204del C5 c.1204delG C5 (1) Correct 

positive
6 3 c.1687C > T C5 c.1687C > T C5 (1) Correct 

positive
7 1 c.3296del C5 c.3296delC C5 (1) Correct 

positive
8 2 c.3481_3491del C5 c.3481_3491del C5 (2) Additional 

variantc.3481G > T C5
9 2 c.3511A > T C5 c.3511A > T C5 (1) Correct 

positive
10 8 c.4183C > T C5 c.4183C > T C5 (1) Correct 

positive
11 1 c.4837A > G C1 c.4837A > G C1 (5) Additional 

variantsc.4834_4835del C5
c.4838_4839insC C5

12 1 c.5057A > G C5 c.5057A > G C5 (2) Additional 
variantc.5056_5057insC C5

13 1 c.5212G > A C5 c.5212G > A C5 (2) Additional 
variantc.5213del C5

BRCA2 
(NM_000059.4)

14 1 c.1909 + 1G > A C5 c.1909 + 1G > A C5 (1) Correct 
positive

15 2 c.3808_3809del C5 c.3807 T > Ca C1 (4) Incorrect 
variant

16 2 c.4258del C5 c.4258G > Ta C1 (4) Incorrect 
variant

17 2 c.4440 T > G C5 c.4440 T > G C5 (1) Correct 
positive

18 2 c.7544C > T C1 c.7544C > T C1 (5) Additional 
variantc.7537_7538insA C4

19 1 c.7565C > T C3 c.7565C > T C3 (5) Additional 
variantc.7565_7568del C5

20 1 c.8536G > T C5 c.8535_8538delAGAG C5 (3) Incorrect 
variant

21 1 c.8583_8584insT C5 c.8585dupTa C5 (3) Incorrect 
variant

22 3 c.9976A > T C1 c.9976A > T C1 (5) Additional 
variantc.9981A > T C3

Total 22 40
aVariant not on GSA. Class. = pathogenicity classification: C1 benign, C2 likely benign, C3 variant of uncertain significance (VUS), C4 likely pathogenic, C5 
pathogenic. Comments: (1) = PV correctly identified. (2) = PV correctly identified together with 1– 2 wrongly ascertained variants at the same or adjacent 
positions. (3) = PV incorrectly ascertained as different PV. (4) = non- pathogenic variant incorrectly ascertained as PV. (5) = non- pathogenic variant or VUS 
correctly identified together with 1– 2 wrongly ascertained (pathogenic) variants at the same or adjacent positions.
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assigned (often pathogenic) variants that represented 
false positives. Four variants not covered on the GSA –  
including one PV –  generated incorrect positive calls for 
other (pathogenic) variants in the vicinity, representing 
a significant risk for false positive results. Finally, in one 
case, one pathogenic 4  nt deletion supposedly detect-
able by the GSA was not called (false negative), but a 
different PV at the same position was assigned instead 
(false positive). Post hoc analysis of the data showed 
that the probe for the missed deletion failed to reach 
quality criteria (GenCall score) probably due to compet-
itive binding, and therefore was denoted inconclusive. 
141 individuals in our BRCA1/2 cohort had normal GSA 
results, and the probability of a PV in these individuals 
was 2– 3% (3/141).

3.5 | Array genotyping for familial 
hypercholesterolemia

Finally, we compared the results of sequence analysis 
and array genotyping in 392 individuals (♀ 223, ♂ 169) 
with elevated blood cholesterol concentrations and a 
suspected diagnosis of autosomal dominant familial 
hypercholesterolemia (FH). Target genes were the FH 
genes LDLR (OMIM 606945), APOB (OMIM 107730), 
and PCSK9 (OMIM 607786), and the autosomal reces-
sive hypercholesterolemia- related genes ABCG5 (OMIM 
605459), ABCG8 (OMIM 605460), LDLRAP1 (OMIM 
605747), and LIPA (OMIM 613497). In addition, we se-
quenced parts of the APOE gene (OMIM 107741) for 
variant c.500_502del, which is not covered on the GSA. 
Comparisons again entailed the assessment of all PVs 
identified by sequencing with regard to their GSA cover-
age, as well as the evaluation of positions of (likely) patho-
genic variants denoted positive or inconclusive on GSA 
analysis with regard to the true genotypes. In the GSA 
analysis, variants with a MAF of >5% in our total cohort 
of samples tested on the GSA (>2000) were disregarded. 
Four LDLR variants that were repeatedly detected as in-
conclusive or false positives in the array evaluation stage 
and were removed from the analysis and were regarded as 
not detectable by GSA.

All 231 samples that contained no PV in the genes 
studied were correctly marked as negative in the GSA 
analysis; 68 heterozygous PVs that cause autosomal 
dominant FH were present in 160 individuals (Table 4, 
Supplementary Tables S4 and S5). Excluding structural 
alterations, 38/62 FH- related PVs in our cohort (61%) 
were covered by the GSA; 5 other variants were detect-
able through false positive calls of other GSA- covered 
PVs. GSA- based genotyping including quantitative 

analysis correctly identified PVs in 107/160 PV- positive 
FH cases (67%), and would have led to a conclusive di-
agnostic result in 107/392 individuals with hypercholes-
terolemia (27%). In 47 individuals, 24 LDLR variants not 
present on the GSA led to wild type or inconclusive gen-
otypes. Combined with the single LDLRAP1- associated 
hypercholesterolemia patient, variant- negative results 
were obtained in 279 cases, with a false negative diag-
nostic rate of 48/279, i.e., 17%. There was no case in 
which a positive variant call was associated with wild 
type sequence at this position.

As with the other indications, copy number analyses 
were not carried out routinely for the hypercholesterol-
emia individuals because of cost reasons. Quantitative 
massive parallel sequence analysis identified six single/
multiple- exon deletions and one two- exon duplication 
in the LDLR gene which were confirmed by multi-
plex ligation- dependent probe amplification (data not 
shown). Post hoc quantitative analysis of GSA data 
detected four deletions in five individuals but failed 
to identify one deletion (promoter region and exon 1) 
and the duplication (exons 11– 12). With regard to re-
cessive causes of hypercholesterolemia, one individual 
in our cohort was homozygous for a PV in LDLRAP1 
not covered on the GSA, whereas four heterozygous 
GSA- covered variants in LIPA, ABCG4 and ABCG5 
were correctly identified in six cases but were judged 
non- diagnostic.

4  |  DISCUSSION

Our proof- of- principle study shows that a simple low- cost 
non- optimized genotyping array may be successfully used 
for reliable quality- controlled genetic analyses in a clinical 
setting, provided that it is integrated into an appropriate di-
agnostic consent and laboratory work- flow. GSA analysis 
reliably detected or excluded 32 specific target variants in 10 
different genes in a combined total of 212 individuals. Array- 
based variant screening in 10 autosomal recessive condi-
tions reliably identified 69 different variants in 116 affected 
individuals, with only two false positive results caused by 
a different pathogenic variant in the vicinity. In individu-
als with hypercholesterolemia, approximately two thirds of 
cases with molecularly confirmed autosomal dominant FH 
were correctly identified by array analyses. Also, the major-
ity of PVs in individuals with suspected breast and ovarian 
cancer syndrome were detected by GSA although there was 
a considerable number of false positive calls in the vicinity of 
true variants in various samples. Careful assessment of vari-
ants with incorrect and inconclusive genotypes provided by 
GSA analysis identified technical causes of incorrect results 
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(Supplementary Text S6) which should be taken into con-
sideration in the systematic design of genotyping arrays for 
diagnostic purposes.

Our study allows some general conclusions with regard 
to the accuracy and reliability of genotyping arrays in a 
diagnostic setting:

• Validated prevalent single nucleotide variants can be 
reliably tested with a standard genotyping array. We 
show that this approach may replace other methods 
for specific testing of well- characterized high-  or 
moderate- impact variants that are relevant in medi-
cal practice. Provided that adequate quality assurance 
measures are observed and inconclusive results are 
recognized, this type of analysis should have a high 
sensitivity and specificity not inferior to other geno-
typing approaches.

• No incorrect wild type results for validated single nucle-
otide variants. 154 out of 160 PVs in 902 individuals of 
our study were correctly identified by standard GSA 
analysis, 6 variants were not tested positive because 
they failed quality requirements. An unambiguous 

quality- controlled wild type designation appears to re-
liably exclude the presence of the respective variant in 
that sample.

• Distinguishing variants at the same or adjacent posi-
tions is challenging. All incorrect variant calls in our 
study were caused by the presence of another variant 
at the same or neighboring nucleotide. Identification 
of a rare genetic variant thus generally requires inde-
pendent verification if there is a significant probability 
for another variant at the same position. Specific array 
design with several probes for the same variant may 
further reduce the probability of false positive results.

• Testing many adjacent variants in close proximity 
causes incorrect results. Abnormal BRCA1/2 genotyp-
ing results in 8/22 positions in our study represented 
clusters of 2– 3 array- positive variants of which only 
one variant was correct. No false positive result was 
associated with the wild type sequence in the tested 
samples. False positive results, therefore, may not lead 
to diagnostic errors as long as all positive results –  in-
cluding presumably benign variants –  are confirmed 
by another method.

T A B L E  4  GSA analysis results in 392 individuals with hypercholesterolemia

Disease genes

Cases Variants
Variants on 
GSA

Diagnostic 
GSA results Incorrect PV callsa

Inconclusive PV 
callsb

No. No. No. % Cases % Variants Cases Variants Cases

LDLR small variants 139 60 36 58 93 67 5 6 5 16

LDLR del/dup 7 6 (4) (66) (5) (71) (2) (2) n.a. n.a.

APOB 13 1 1 100 13 100 0 0 0 0

PCSK9 1 1 1 100 1 100 0 0 0 0

APOE – – – – – – – – – – 

Total FH (aut. Dom.) 160 68 38 56 107 67 5 (+2) 6 (+2) 5 16

Recessivec 1 1 (+4) (4) (80) 0 – 0 0 0 0

No variants 231 – – – – – – – – – 

Total 392 69 38 56 107 27 5 (+2) 6 (+2) 5 16

Notes: See Supplementary Table S4 for additional variant information. The GSA- covered well- known APOB variant p.Arg3527Gln in 13 individuals and the 
PCSK9 variant p.Asp129Asn in one individual were correctly genotyped; there were no false positive or inconclusive PV results for these genes. 36 GSA- 
covered small LDLR variants (single nucleotide variants or small deletions/insertions) were correctly identified in 93 individuals. 5 PVs in 16 additional cases 
were called inconclusive; 4 of these variants in 12 cases were present in the sample, as shown by sequencing. These variants thus are not reliably detectable 
by standard GSA analysis focusing on conclusive genotypes. Five PVs not covered on the GSA gave rise to incorrect positive calls for other PVs at the same 
positions in six individuals. In total, 93/139 (67%) cases were correctly genotyped with a diagnostic PV. The combination of GSA analysis with targeted 
sequencing of all PV calls (excluding inconclusive PVs) would have led to correct PV identification in 99 cases.
Bold font is used to highlight relevant (summary) information.
Abbreviations: LDLR del/dup, large whole exon deletions or duplications; 4/6 copy number changes were correctly identified by post hoc quantitative GSA 
analysis; n.a., not applicable; PV, pathogenic variant.
aAll incorrect results were due to variants not covered on the GSA that were incorrectly assigned as other (GSA- covered) variants at the same or adjacent 
positions. There were no false negative results, i.e., wild type sequence called conclusive at the position of a GSA- covered pathogenic variant.
bInconclusive GSA results for pathogenic variants were observed in 16 cases. In 12 cases, they were associated with presence of the respective variant (4 
different variants), in one case there was WT sequence at the respective position. In three cases with the 4 bp duplication c.1415_1418dup, the GSA analysis 
gave also inconclusive calls for the adjacent missense variant c.1414G > T not present in the samples.
cRecessive disease genes analyzed: LDLRAP1, ABCG5, ABCG8, LIPA. Only one sample showed a homozygous pathogenic variant for LDLRAP1, which was not 
covered by the GSA. Four other recessive variants (GSA covered) were coincidentally detected on 6 alleles; as these variants were non- diagnostic, the respective 
figures are given in parentheses in the table and disregarded in the summary total.
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4.1 | Using genotyping arrays in a 
clinical setting

The strengths and limitations of array genotyping identi-
fied in our study have consequences for the utilization of 
this method for different clinical indications:

• Testing for specific genetic risk variants. Special care must 
be taken if array genotyping is used as a stand- alone test 
for specific variants. False negative (wild type) results 
appear to be exceptionally unlikely as long as true posi-
tive and true wild type results are reliably distinguished 
from inconclusive results that must be further investi-
gated or disregarded. With single probes, the probabil-
ity of false positive results depends on the likelihood of 
other variants in the vicinity, which is highly variable 
and differs between populations (as an example see 
thrombophilia variant F5 “Leiden”, Supplementary Text 
S7).

• Diagnosis of monogenic diseases. Array genotyping 
of prevalent gene variants may be a useful screening 
method in individuals with a suspected monogenic dis-
eases, provided that it is integrated into a comprehen-
sive multi- step diagnostic concept. Without improved 
probe design, all variant- positive results need to be con-
firmed e.g., by Sanger sequencing, and non- diagnostic 
results should be followed with complete gene sequenc-
ing to avoid false negative results.

Diagnostic genotyping for monogenic diseases with the 
non- optimized GSA array worked best when there is a 
limited number of relatively frequent pathogenic vari-
ants, as e.g., in PKU (Zschocke,  2003). We fully char-
acterized the disease genotype in >80% of individuals 
with CF or PKU. Full sequencing of GSA negative cases 
would only have been required in 15– 20% of affected 
individuals in our population, representing a substan-
tial cost saving. The approach is less well suited for the 
genetic diagnosis of more heterogeneous conditions 
with a low a priori probability of a monogenic cause. 
Covering a large number of variants increases the prob-
ability of probe interference, i.e., there are more false 
positives and negatives when many probes (and target 
SNV) are located in proximity to each other.

• Monogenic CNV analysis. The GSA array has not been 
optimized for the reliable detection of deletions or du-
plications of single or few exons in particular genes. This 
application is also hampered by the inclusion of a very 
large number of probes for variants that are unlikely to 
be present in a given sample. Nevertheless, standard 
CNV analysis of the GSA data correctly identified 6/7 
deletions present in the samples studied. Optimization 
of probes for all target exons should further improve 

this type of analysis also for the detection of small 
duplications.

• Bioinformatic and ethical considerations. For effective 
integration in diagnostic routine, it is mandatory to limit 
the visible data to specifically targeted variants that are 
relevant for the investigated individual, and for which 
informed diagnostic consent has been obtained. This 
approach –  i.e., the exclusion of non- warranted labora-
tory results from assessment –  is well established e.g., 
for acylcarnitine analysis in newborn screening in many 
countries (Gemeinsamer Bundesausschuss,  2013). In 
this context, abnormal concentrations of biomarkers 
that are not relevant for the target diseases remain con-
cealed to avoid irritating or adverse screening outcomes. 
In line with European recommendations regarding op-
portunistic genomic screening (de Wert et al., 2021) we 
would argue that for diagnostic purposes it is neither 
appropriate nor necessary to generate large lists of clin-
ically significant variants without immediate relevance 
to be handed out to an individual. Sufficient genetic 
counseling resources must be available to translate the 
results of genetic tests to the investigated person, who 
must also have had the opportunity to refrain from test-
ing prior to the analysis.

4.2 | Weaknesses of our study

This proof- of- principle study evaluated only a minute 
proportion of the data generated on the array used, and 
the number of samples assessed for each individual vari-
ant was limited. Considering the clear separation of posi-
tions marked as wild type or heterozygous variant in our 
study, we believe that the array results are likely reliable 
also for other variants on the array. Nevertheless, this re-
quires confirmation by examination of a large number of 
individual variants. In addition, there were only very few 
samples with rare variants in a homozygous state, thus 
the evidence for a reliable separation of heterozygous and 
homozygous variants is limited. Finally, we used a simple 
non- optimized array which has not been adapted for di-
agnostic purpose; improved variant- specific probe design 
should allow reliable genotyping also for challenging vari-
ant constellations.

5  |  CONCLUSION

Genotyping arrays can be integrated into a quality- 
controlled diagnostic workflow. The technological ad-
vantage of array genotyping –  compared to sequencing 
approaches –  is the parallel analysis of numerous genetic 
variants covering a broad range of genes and indications 
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at low cost, with limited bioinformatics and data storage 
requirements. It is essential to confirm non- optimized 
array results with an independent second method unless 
the variant genotypes have been thoroughly validated. 
Care must be taken to limit the analyses to relevant in-
dications for which informed consent has been obtained. 
Rapid indication- based read- out of previously generated 
data combined with semi- automated reporting with medi-
cal overview make the approach suitable for high- volume 
low- cost clinical testing. Optimization of medically rel-
evant array content and probe design should substantially 
improve the usefulness of array diagnostics. Ethical issues 
regarding data storage, access, and protection, in real- life 
constellations remain to be addressed.
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