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Background: As nationwide government-led whole-genome sequencing (WGS) projects
progress, optimizing the clinical integration of large-scale WGS results is crucial. We ex-
plored how the initial analysis from Korea’s First WGS Pilot Study for Rare Diseases was
applied in clinical practice, and then we reanalyzed the data comprehensively at Samsung
Medical Center (SMC) Seoul, Korea.

Methods: A prospective cohort study designed to collect WGS data under a Korean national
initiative was conducted from August 2020 to December 2021. We focused on patients with
rare diseases recruited from 16 university hospitals. The participants included 5,000 individu-
als (2,200 probands and 2,800 family members). The initial WGS data and diagnostic refer-
ence reports (from 682 probands and 484 family members), generated based on the First
Korean WGS Pilot Study for Rare Diseases, were subsequently reanalyzed by SMC.

Results: The initial analysis of the First Korean WGS Pilot Study data revealed a diagnostic
rate of 17%. Upon receiving these results, the SMC conducted two rounds of reanalysis, in-
creasing the diagnostic rate from 15% in the first analysis, to 18% in the second, and fi-
nally to 24% in the third (P=1.6 x 107°). Key factors in improving the genetic diagnosis in-
cluded increased detection of novel (likely) pathogenic variants (P=1.0 x 10™), improved
diagnostic rates with larger family recruitment (P=0.004), and refined clinical information
for more precise genotype-phenotype correlation analysis (40%).

Conclusions: Although national WGS projects lay a foundation for rare disease diagnosis,
hospital-level reanalysis and multidisciplinary collaborations are crucial for optimizing diag-
nostic outcomes.

Key Words: Cohort studies, Diagnosis, Family, Genotype, Hospitals, Korea, Patients, Phe-
notype, Rare Diseases, Whole Genome Sequencing
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INTRODUCTION

Recent applications of whole-genome sequencing (WGS) in diag-
nosing rare diseases have demonstrated superior clinical utility
over traditional methods, such as next-generation sequencing
panels and whole-exome sequencing [1-4]. However, setting up
and actively utilizing genome sequencing at the individual hospi-
tal level remains cost-prohibitive and poses significant chal-
lenges in handling vast amounts of genomic data [5, 6]. Concur-
rently, global initiatives designed to accumulate WGS data have
been increasing through national projects [7-9]. Most of these
projects prioritize rare diseases as their initial target [9, 10] to
address previously undiagnosed cases. In light of these develop-
ments, hospitals now face the critical question of how to opti-
mize the utilization of results derived from national-level analy-
ses in real-world clinical practice to achieve conclusive out-
comes.

In Korea, as part of the National Project of Bio Big Data (https://
www.cirn.re.kr), the First Korean WGS Pilot Study for Rare Dis-
eases (1st KWGS-RD) was conducted from August 2020 to De-
cember 2021. The study involved 5,000 individuals, including
patients with rare diseases and their family members, and was
designed to produce WGS data and issue diagnostic reference
reports. Since its completion, this project has been referred to
as the 1st KWGS-RD. We investigated how the initial analysis
findings from the 1st KWGS-RD were translated into clinical
practice and subsequently underwent a thorough reanalysis at
Samsung Medical Center (SMC), Seoul, Korea, ultimately result-
ing in final genetic diagnoses. We identified key considerations
that should be carefully addressed in this process.

MATERIALS AND METHODS

Participants
Sixteen university hospitals participated in the 1st KWGS-RD. All
university hospitals obtained written informed consent from the
participants, and the SMC Institutional Review Board (IRB) ap-
proved this study protocol (IRB approval number 2022-05-057).
Probands (who are affected) and their family members (who
may or may not be affected) with rare diseases who met the fol-
lowing inclusion criteria were given priority registration at each
participating hospital: (1) a clear family history of a rare disease
but without accurate diagnoses in probands or other affected
family members; (2) previous genetic testing with negative re-
sults; and (3) disease confirmation through previous tests but
with atypical clinical manifestations or courses.
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WGS data analysis and interpretation in the first analysis
The overall analysis workflow used in this study is shown in Fig.
1. Blood samples were collected from the probands and their
family members participating in this project, and clinical infor-
mation on rare diseases was collected using the Rare Disease
Clinical Genomic Information Collection and Management Sys-
tem (https://bighug.kdca.go.kr/). At each hospital, registering
the disease categories of the probands was mandatory. Addi-
tionally, the following medical observations were registered: cur-
rent illness (with International Classification of Diseases, 10th
Edition codes, Human Phenotype Ontology [HPO] terminology,
and the disease name), family history, genetic testing history,
physical examination results, laboratory test results, pathologi-
cal findings, and imaging findings. Genomic DNA was extracted
from the participants’ blood, and WGS was performed using the
lllumina NovaSeq 6000 platform (San Diego, California, USA) at
three testing institutions (Fig. 1).

WGS data and clinical information for the registered probands
were transmitted to the Genetic Testing Specialists Consortium
(GTSC) for clinical interpretation. The GTSC consisted of 29 spe-
cialists in laboratory medicine dedicated to genetic testing. De-
tails of the analytical pipelines for the WGS data are described
in the Supplemental Data Methods. During the first analysis,
these experts conducted clinical interpretations based on virtual
panels for each disease category, following the 2015 American
College of Medical Genetics and Genomics and the Association
for Molecular Pathology (ACMG/AMP) guidelines [11] and Clin-
Gen specifications (https://clinicalgenome.org/). To construct
the virtual panels, we reviewed existing classification systems
for genetic diseases (https://panelapp.genomicsengland.co.uk/;
https://www.england.nhs.uk/publication/national-genomic-test-
directories/; and https://research.nhgri.nih.gov/CGD/, accessed
on November 13, 2020) and ultimately selected a curated list of
genes assigned to 19 disease categories (Supplemental Data
Table S1). In the 1st KWGS-RD, the goal was to generate diag-
nostic reference reports within 25 days of WGS data generation
during the study period. These reports were produced by GTSC
specialists and delivered to each hospital.

Reanalysis (second and third analyses)

We applied the results from the national-scale analysis to the
clinical setting of a specific hospital and analyzed the process
leading to the final genetic diagnosis through a more in-depth
reanalysis. For this purpose, we conducted two rounds of reanal-
ysis (second and third analyses) using WGS data from the SMC,
which had the highest number of registered probands (Fig. 1).
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Fig. 1. Study overview. (A) Samples and clinical information for 2,200 probands with rare diseases (out of 5,000 participants) were collect-
ed at 16 university hospitals and underwent whole-genome sequencing (WGS) at three testing facilities. The WGS data and clinical informa-
tion of the patients were then sent to the Genetic Testing Specialists Consortium for analysis and interpretation (first analysis, Methods sec-
tion), after which diagnostic reference reports were generated and subsequently returned to the hospitals. In the First Korean Whole-Ge-
nome Sequencing Pilot Study for Rare Diseases (1st KWGS-RD), a diagnostic rate of 17% was achieved (i.e., during the initial analysis). (B)
The analytical methods used for the first through third analyses are illustrated. (C) Among the 16 hospitals, the Samsung Medical Center
(SMC) participated with the most patients (682 probands, 1,166 participants overall) and conducted subsequent reanalysis (second and
third analyses, Supplemental Data Methods). During both rounds of reanalysis, an ongoing review of genotype-phenotype correlations was
assessed by a Clinical Review Board composed of clinical experts, genetic specialists, genetic testing specialists, and clinical bioinformati-
cians. Based on their review, additional tests (such as Sanger sequencing, multiplex ligation-dependent probe amplification, RNA studies,
and familial testing) were performed to achieve definitive interpretations. The second analysis improved the diagnostic rate to 18%, and fur-
ther enhancement to 24% was achieved in the third analysis.

Abbreviations: TAT, turnaround time; EMR, electronic medical record.
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The second analysis followed the same approach used in the
first analysis, i.e., interpreting coding single-nucleotide variants/
small insertions and deletions (SNVs/INDELs) based on a virtual
panel for each disease category. Specialists in clinical genetic
variant interpretation accessed the electronic medical records
(EMRs) to confirm the relevant phenotypes associated with the
identified candidate genetic variants, ultimately arriving at a fi-
nal diagnosis (Supplemental Data Methods). Notably, a Clinical
Review Board (CRB) consisting of clinical experts, genetic spe-
cialists, genetic testing specialists, and clinical bioinformaticians
reviewed the genotype-phenotype correlations. To confirm the
genetic findings, additional procedures, such as Sanger se-
quencing, multiplex ligation-dependent probe amplification, RNA
studies, familial testing, or functional studies, were performed
as needed.

The third analysis involved a genome-level-based reanalysis,
including copy-number variants and structural variants (CNVs/
SVs), transposon elements, aberrant splicing variants at non-
coding sequences, mitochondrial DNA (mtDNA) variants, and re-
peat expansions. The review was extended to coding SNVs/IN-
DELs beyond the virtual panel (Supplemental Data Methods and
Supplemental Data Fig. S1). This analysis was conducted for all
participants enrolled in the SMC. Candidate variants identified
during this stage underwent EMR review, comprehensive evalu-
ation by the CRB, and confirmatory genetic testing where neces-
sary.

The methods used for statistical analysis and figure genera-
tion are described in the Supplemental Data Methods section.

RESULTS

Participants
An overview of the study is presented in Fig. 1. In the 1st KWGS-

RD, 5,000 participants (2,200 probands and 2,800 family
members) were enrolled across 16 university hospitals (Table 1,
Supplemental Data Fig. S2). Probands in three disease category
groups constituted over half of all participants, with neurological
and neurodevelopmental disorders (NNDDs) being most fre-
quently represented (42%). The next most common groups were
cardiovascular disorders (CVDs, 12%) and tumor syndromes
(TUSs, 12%). Proband ages ranged from O to 88 yrs, with a
mean age of 21 yrs; pediatric probands (<18 yrs) were more
frequently enrolled than adult probands (=18 yrs) (57% vs.
43%). Age and sex distributions differed significantly across dis-
ease categories (P<1x107°). For example, men predominated
in the CVD group (55%), male pediatric probands were prevalent
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in the NNDD group (43%), and women were more frequently en-
rolled in the TUS group (73%). Family recruitment also varied by
disease category, with a greater number of family members re-
cruited as the proband age decreased (Spearman’s correlation
coefficient [rho] of —0.646, P=5.7 x 107%%°) (Table 1).

At the SMC, 682 probands and 484 family members partici-
pated in the 1st KWGS-RD (Supplemental Data Fig. S3, Supple-
mental Data Table S2). The TUS group accounted for the highest
proportion of registered probands (30%), followed by the NNDD
(28%) and CVD (26%) groups. Adult probands (80%) were more
frequently enrolled than pediatric probands (20%), and women
(53%) outnumbered men (47%). The sex distribution differed
significantly by the age group (P=0.038), with a higher propor-
tion of males among pediatric probands (55%) and females
among adult probands (55%). Statistically significant differences
were found in the distributions of age (P=7.4x107%), sex
(P<1x107%), and family recruitment (P<1x107°) with different
disease categories. A negative correlation was also observed
between proband age and number of recruited family members
(rho=-0.715, P=1.2x 107",

Initial analysis of the 1st KWGS-RD results

Sixteen batches of WGS tests were conducted with an average
depth of 35.18 x. On average, 91.5% of the target bases had
>20x% coverage. The average transition: transversion ratio was
1.94. For each individual, we obtained an average of 3,900,848
SNV and 910,478 INDEL reads.

The average turnaround time from WGS data generation to
the issuance of the diagnostic reference reports was 21 days. In
the first analysis of the 1st KWGS-RD, a genetic diagnosis was
achieved for 17% of the 2,200 probands with rare diseases
(95% confidence interval [Cl]: 15-18%; Fig. 1). Of these diagno-
ses, 95% were based on coding SNVs/INDELs. With the initial
analysis, the diagnostic rates (DRs) varied widely across the dis-
ease categories (P=3.0x107), ranging from 0-29% (Fig. 2A,
Supplemental Data Table S3). Specifically, in the CVD, NNDD,
and TUS groups, representing a substantial portion of the re-
cruited probands, the DRs were 23% (95% Cl: 18-30%), 18%
(95% CI: 15-21%), and 10% (95% Cl: 6-14%), respectively (Fig.
2).

In total, 238 causative genes were identified; 57 were re-
ported more than once, and 181 only once, indicating a long-
tailed gene distribution (Fig. 2B). The list of genes reported at
least twice as causative factors for each disease category is pre-
sented in Supplemental Data Table S4. The overall DRs tended
to increase with larger family structures: 15% for singletons
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Table 1. Participants enrolled in the First Korean Whole-Genome Sequencing Pilot Project for Rare Diseases

i Family structure Sex Age (yrs)

Disease category No. of probands

Singleton Duo Trio Quad Quin Male Female Mean Median ~ Range
CVD 261 169 27 62 3 0 173 88 39.8 42 0-81
CLP 12 2 2 8 0 0 9 3 19.0 15 2-40
DED 29 1 3 13 2 0 13 16 179 10 0-71
DCAS 105 9 12 84 0 0 46 59 6.4 4 0-54
END 51 9 6 33 3 0 21 30 134 11 0-56
GAH 48 8 7 31 2 0 26 22 10.8 75 0-42
GRD 60 13 7 39 1 0 27 33 89 4 0-72
HID 105 38 13 50 4 0 56 49 177 14 0-73
HED 14 2 2 10 0 0 7 7 14.6 5 1-42
IND 2 1 0 1 0 0 1 1 35 35 2-5
MED 40 5 4 30 1 0 21 19 13.0 95 0-41
NNDD 930 158 115 639 17 1 565 365 14.7 8 0-83
OPD 92 32 17 42 1 0 50 42 34.1 36 0-78
PSD 11 0 0 10 1 0 7 4 7.0 6 4-11
RUTD 74 16 12 43 3 0 4 33 20.8 14 0-88
RED 23 11 1 1 0 0 10 13 334 39 0-77
RHD 37 17 3 16 1 0 18 19 211 18 0-55
SKD 48 8 8 31 1 0 22 26 10.8 8 0-40
TUS 257 187 20 46 4 0 55 202 412 43 0-82
Other 1 0 1 0 0 0 1 0 4.0 4 4
Total 2,200 696 260 1,199 44 1 1,169 1,031 215 13 0-88

Abbreviations: CVD, cardiovascular disorder; CLP, cytopathies; DED, dermatological disorder; DCAS, dysmorphic and congenital abnormality syndrome; END,
endocrine disorder; GAH, gastroenterology and hepatology disorder; GRD, growth disorder; HID, hematological and immunological disorder; HED, hearing and
ear disorder; IND, infectious disease; MED, metabolic disorder; NNDD, neurology and neurodevelopmental disorder; OPD, ophthalmological disorder; PSD,
psychiatric disorder; RUTD, renal and urinary tract disorder; RED, respiratory disorder; RHD, rheumatological disorder; SKD, skeletal disorder; TUS, tumor syn-

drome.

(95% Cl: 12-18%), 16% for duos (95% Cl: 11-22%), and 18%
for trios (95% Cl: 16-21%) (Fig. 2C, P=0.04). However, the DRs
differed based on family structure across different disease cate-
gories (Supplemental Data Table S3).

Strong correlations were observed between DRs based on dis-
ease category and those based on family structure (singletons
vs. trios and larger family groups; rho=0.71 or 0.77, respec-
tively), sex (rho=0.78 for both males and females), and age
<18 yrs or age 218 yrs (rho=0.74 or 0.78, respectively) (Fig.
2D). Notably, DRs in pediatric probands showed a substantially
strong correlation with trios or larger groups (rho=0.92).

Reanalysis results
In the initial analysis, the DR for the 682 probands at the SMC
was 15% (95% Cl: 12-18%). However, the DR increased to 18%

98

(95% CI: 15-22%) in the second analysis and ultimately to 24%
(95% Cl: 20-28%) in the third analysis (P=1.6x107®, Fig. 1)
[12-14]. The overall average time for probands with rare dis-
eases to receive a genetic diagnosis after experiencing symp-
toms and seeking medical attention was 61 months (95% Cl:
53-70 months) with a median of 46 months (95% Cl: 37-56
months) (Supplemental Data Fig. S4 and Supplemental Data Ta-
ble S5). The changes in the results from the first to third analy-
ses conducted at the SMC are illustrated in Supplemental Data
Fig. S5. Novel pathogenic or likely pathogenic variants (PVs)
identified through genome-level analyses are described in Sup-
plemental Data Table S6.

Among the disease categories, statistically significant im-
provements were made in the DRs for the CVD (P=0.007) and
NNDD groups (P=0.015; Fig. 3A). From the first to the third

https://doi.org/10.3343/alm.2025.0112
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Fig. 2. Initial analysis results of the First Korean Whole-Genome Sequencing Pilot Project for Rare Diseases. (A) The histogram illustrates the
DRs by disease category, ranging from 0-29%. Significant differences were observed among disease categories (P=3.0x 10™). The values
above each bar represent the number of probands enrolled. (B) The scatter plot illustrates the genes identified as causative and their fre-
quency of occurrence during the initial analysis. (C) The histogram depicts DRs based on family structure (singletons, duos, or trios, and
larger groups), sex (male or female), and age (age <18 or >18 yrs). As the number of recruited family members increased, the DR signifi-
cantly increased (P=0.04). (D) The heat map illustrates correlations between DRs based on family structure, sex, and age (stratified by dis-
ease category) during the initial analysis. The numbers in the heat maps represent Spearman’s correlation coefficients.

*P<0.05; **P<0.01; ***P<0.001.

Abbreviations: DR, diagnostic rate; CVD, cardiovascular disorder; CLP, cytopathies; DED, dermatological disorder; DCAS, dysmorphic and congenital abnormal-
ity syndrome; END, endocrine disorder; GAH, gastroenterology and hepatology disorder; GRD, growth disorder; HID, hematological and immunological disor-
der; HED, hearing and ear disorder; IND, infectious disease; MED, metabolic disorder; NNDD, neurology and neurodevelopmental disorder; OPD, ophthalmo-
logical disorder; PSD, psychiatric disorder; RUTD, renal and urinary tract disorder; RED, respiratory disorder; RHD, rheumatological disorder; SKD, skeletal dis-
order; TUS, tumor syndrome.

analyses, genetic diagnoses due to novel (likely) PVs significantly
increased (P=1.0x107%, Fig. 3B), as did those from de novo
novel (likely) PVs (P=0.011, Fig. 3C) (Fig. 3).

The DRs for singletons (P=0.007) and family trios or larger
family groups (P=0.001) increased significantly after two rounds
of reanalysis (Fig. 3D). The DRs for male (P=0.002) and female
probands (P=0.003), as well as the DRs for pediatric (P=0.004)
and adult probands (P=0.001), increased significantly after

https://doi.org/10.3343/alm.2025.0112

both rounds of reanalysis. In the third analysis at the SMC, the
DRs significantly increased with a larger family structure; the
DRs for singletons, family duos, and family trios or larger groups
were 20% (95% Cl: 16-25%), 24% (95% Cl: 13-38%), and 31%
(95% Cl: 24-40%), respectively (P=0.004). Unlike the initial re-
sults of the 1st KWGS-RD, the DR for pediatric probands (34%,
95% Cl: 25-45%) was significantly higher than that for adult
probands (21%, 95% Cl: 17-25%) (P=0.001). Notably, many
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Abbreviations: DR, diagnostic rate; PV, pathogenic variant; CVD, cardiovascular disorder; CLP, cytopathies; DED, dermatological disorder; DCAS, dysmorphic
and congenital abnormality syndrome; END, endocrine disorder; GAH, gastroenterology and hepatology disorder; GRD, growth disorder; HID, hematological
and immunological disorder; HED, hearing and ear disorder; IND, infectious disease; MED, metabolic disorder; NNDD, neurology and neurodevelopmental
disorder; OPD, ophthalmological disorder; PSD, psychiatric disorder; RUTD, renal and urinary tract disorder; RED, respiratory disorder; RHD, rheumatological
disorder; SKD, skeletal disorder; TUS, tumor syndrome.

similarities were observed in the correlation of DRs between the
third analysis conducted at the SMC and the first analysis of the
national pilot project (Fig. 3E), particularly the correlation be-
tween the DRs for trios or larger groups and pediatric probands
(rho=0.84).

We analyzed factors contributing to additional genetic diagno-
ses during our reanalyses (Table 2). The primary reason for the
higher DR in the second analysis than in the first was that the
clinical information registered during the first analysis was often
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nonspecific or unclear (71%). In contrast, the main factor driving
the increased DR in the third analysis was the comprehensive
analysis of large variants (CNVs/SVs, 34%). Additionally, through
multiple rounds of review by the CRB, we resolved issues related
to clinical information (21%) and ambiguous interpretations
(16%). A review of genes excluded from the previous virtual
panel-based analysis led to additional genetic diagnoses, ac-
counting for 13% of panel-related issues. By comparing the first
analysis with the third, we confirmed that meticulously analyzing
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Table 2. Factors contributing to additional genetic diagnoses in reanalyses

Reanalysis vs. previous analysis, N (%)

Variant category Factors
2ndvs. 4st (N=24)  3rdvs. 2nd (N=38)  3rd vs. 1st (N=62)
Small variants in the coding sequence and its adjacent region Panel issues 0(0) 5(13) 5(8)
Ambiguous interpretations 6 (25) 6 (16) 12 (19)
Issues of clinical information 17(71) 8(21) 25 (40)
Large variants CNVs/SVs 0(0) 13(34) 13(21)
Genetic variants in non-coding sequence Alternative splicing variants 1(4) 3(8) 4(6)
mtDNA variants 0(0) 2(5) 2(3)
Transposable elements 0(0) 1(3) 1(2)

Abbreviations: CNVs/SVs, copy-number variants and structural variants; mtDNA, mitochondrial DNA.

small variants within or near the coding sequence (68%) was
crucial (Table 2).

DISCUSSION

Worldwide initiatives are implementing WGS as part of national
projects [7-9], helping establish its clinical utility. When con-
ducting national WGS projects, efficient and accurate analysis of
large volumes of genomic data is crucial. At the forefront of na-
tional initiatives, such as one conducted in the United Kingdom,
an initial analysis based on a virtual panel was employed for di-
agnosing rare genetic diseases [9, 10]. Subsequently, the
Exomiser application, which utilizes HPO terms [15-17], was
employed for further analysis [9]. In a national pilot project tar-
geting rare diseases conducted in the UK, a DR of 16% was re-
ported using virtual panel-based analysis [10]. Subsequent
studies utilized both virtual panels and Exomiser for WGS analy-
sis, resulting in a DR of 25% [9]. We achieved a DR of 17% dur-
ing the first analysis of the 1st KWGS-RD, and the DR obtained
after two rounds of reanalysis at the SMC ranged from 15-24%
(P=1.6x107°), similar to the results of the UK WGS pilot project.
Similar to previous results [9, 18], we demonstrated variability in
the DR depending on the recruited disease cohort.

Virtual panel-based analysis requires only basic disease cate-
gory information, enabling clinicians to register patients without
standardized phenotypes. However, this situation can lead to in-
consistencies in clinical data quality and relies on known genetic
variants, which limits the scope of discoveries. Breaking virtual
panel boundaries requires systematic input of diverse pheno-
type information [19], favoring HPO-based gene selection over
disease names. The outcome depends on the accuracy of the
HPO input, emphasizing the need for clinician efforts and stan-
dardized education on HPOs. Without proper training, interpreta-
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tions of the results of national WGS projects may be limited. In
the 1st KWGS-RD, variations occurred in the HPOs registered for
patients across the participating university hospitals, which
posed limitations when applying them for a comprehensive
analysis; therefore, the first analysis utilized a virtual panel-
based approach for efficient and rapid analysis (averaging 21
days). The main goal of the 1st KWGS-RD was to quickly provide
diagnostic reference reports to support patient care, with ge-
nome-level analyses performed only upon request.

We focused on the methodological aspects of how the WGS
data and analysis results produced by this national project could
be applied in a clinical setting to treat patients. We consider this
a crucial issue that must be addressed, as national-level WGS
data accumulation is underway worldwide. The two rounds of
WGS reanalysis conducted at the SMC can be considered good
models for addressing these concerns. The second analysis
serves as a model for deriving optimal genetic diagnoses in hos-
pital environments, where, despite receiving annotated genetic
data results from the national project, practical constraints pre-
vented independent handling of the WGS data and establishing
various analysis pipelines internally. The third analysis repre-
sents a model for identifying genetic causes through reanalysis
in hospital environments capable of establishing various WGS
analysis pipelines independently.

Through our reanalyses, we discovered that multidisciplinary
collaboration [20] is not an option but a necessity when review-
ing and applying the analyzed WGS results obtained from the
national project to individual patients. Obtaining additional ge-
netic diagnoses is important; however, verifying their correlation
with the patient’s phenotype is even more critical. Indeed, dur-
ing reanalysis at the SMC, we encountered a false-positive result
in the initial analysis, which relied solely upon registered clinical
information (Supplemental Data Fig. S5). Rather than diversify-
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ing pipelines to analyze various aspects of the genome, meticu-
lously analyzing small variants located in the coding sequence
was crucial. For example, 88% of all detected (likely) PVs were
identified, although they were in fact (likely) pathogenic but over-
looked in previous analyses based on correlations with pheno-
types. Of the 42 small variants detected in the coding sequence
and adjacent regions, the majority (88%) were attributed to am-
biguous interpretations (N=12) and issues regarding clinical in-
formation (N=25) (Table 2).

In the second analysis, meticulous EMR review improved DRs
without genome-level analysis, largely owing to in-depth CRB dis-
cussions. As current interpretations often focus on European
variants, non-European populations tend to have higher rates of
variants of uncertain significance (VUSs) [21, 22]. When novel
variants specific to Koreans are found, additional studies (e.g,,
segregation, family testing, or functional studies) are often re-
quired to resolve VUSs according to the 2015 ACMG/AMP guide-
lines [11] or ClinGen specifications. Prioritizing VUSs and con-
ducting further investigations within the CRB are key steps for
resolving these uncertainties.

With rare diseases, unexpected clinical diagnoses are often
made through genotype-driven analysis [23]. Comprehensive
analysis of the entire genome is a primary objective of conduct-
ing WGS testing, and such analyses ultimately help improve DRs
[24]. However, such genome-level analysis remains challenging.
Currently, various pipelines exist for CNVs/SVs, aberrant splicing
variants, mtDNA, and transposon elements; however, integrated
or standardized specifications for utilizing such diverse pipelines
are lacking [25]. Identifying causative variants among numerous
candidate variants derived from each analysis is not straightfor-
ward. Genetic analysts strive to retain only the most likely candi-
date variants through optimal analysis, whereas clinical experts
in genotype-phenotype matching are needed to review these
candidate variants. Additional tests were conducted to
strengthen the evidence for the pathogenicity of the selected
candidate variants. Furthermore, exploring whether overlooked
answers exist is necessary when using different analysis pipe-
lines for various applications. Confirmatory tests (such as multi-
plex ligation-dependent probe amplification or RNA sequencing)
might be prioritized when an institutional diagnostic laboratory
has the necessary infrastructure, especially for candidate vari-
ants related to CNVs or alternative splicing. However, when func-
tional validation through in vitro or in vivo studies is required, the
timeline for confirming a diagnosis becomes unpredictable, and
the process demands considerable resources.

Finally, we did not examine the regulatory effects of non-cod-
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ing sequences or perform analyses of repeat expansions, high-
lighting the need for such studies [25, 26]. Additionally, more re-
search-oriented analyses [9, 10] of disease manifestations
caused by novel genes in patients with characteristic pheno-
types and family histories should be conducted.

CONCLUSIONS

In the WGS era, continuous reanalysis is necessary with each
update in clinical information and analysis methods. A multidis-
ciplinary approach in real-world clinical settings is crucial for ac-
curate interpretations. Without employing such an approach,
identifying genetic answers from WGS data alone can be chal-
lenging.

SUPPLEMENTARY MATERIALS

Supplementary materials can be found via https://doi.org/
10.3343/alm.2025.0112.
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