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ABSTRACT

Background National and international amalgamation
of genomic data offers opportunity for research and
audit, including analyses enabling improved classification
of variants of uncertain significance. Review of
individual-level data from National Health Service (NHS)
testing of cancer susceptibility genes (2002—2023)
submitted to the National Disease Registration Service
revealed heterogeneity across participating laboratories
regarding (1) the structure, quality and completeness of
submitted data, and (2) the ease with which that data
could be assembled locally for submission.

Methods In May 2023, we undertook a closed

online survey of 51 clinical scientists who provided
consensus responses representing all 17 of 17 NHS
molecular genetic laboratories in England and Wales
which undertake NHS diagnostic analyses of cancer
susceptibility genes. The survey included 18 questions
relating to 'next-generation sequencing workflow’ (11),
‘variant classification’ (3) and ‘phenotypical context’ (4).
Results Widely differing processes were reported for
transfer of variant data into their local LIMS (Laboratory
Information Management System), for the formatting

in which the variants are stored in the LIMS and which
classes of variants are retained in the local LIMS.
Differing local provisions and workflow for variant
classifications were also reported, including the resources
provided and the mechanisms by which classifications
are stored.

Conclusion The survey responses illustrate
heterogeneous laboratory workflow for preparation of
genomic variant data from local LIMS for centralised
submission. Workflow is often labour-intensive and
inefficient, involving multiple manual steps which
introduce opportunities for error. These survey findings
and adoption of the concomitant recommendations
may support improvement in laboratory dataflows,

2 Marc Tischkowitz,*> Shilpi Goel, %’
%8 Eva Morris,” Steven Hardy,*®

WHAT IS ALREADY KNOWN ON THIS TOPIC

= The principles of genomic laboratory workflow
have been described at high level in previous
publications.

WHAT THIS STUDY ADDS

= This first national survey of genomic data
workflow conducted in 2023 reflects in
detail practices in 17 National Health Service
molecular genetics laboratories in England and
Wales.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= The survey responses illustrate laboratory
workflow for preparation of genomic variant
data for centralised submission that is
frequently labour-intensive, highly manual and
inefficient. These findings may be instructive
to laboratories for improving dataflows which
better enable downstream submission of data

for national amalgamation endeavours.

better facilitating submission of data for central
amalgamation.

INTRODUCTION

Over the last decade, there has been a substan-
tial, national-level focus on expanding the role of
genomics in routine National Health Service (NHS)
care, with the goal of clinical services ‘operating to
national standards, specifications and protocols’.'™
To deliver this transformation, NHS England has

reconfigured the 28 English molecular diagnostic
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laboratories into seven Genomic Laboratory Hubs (GLHs) with
development of a National Test Directory for each clinical indi-
cation (denoted by an ‘R-code’) determining germline test eligi-
bility criteria, gene panels and constituent molecular analyses for
each genomic test.*

Underpinning this transformation, and key to expansion of
genomic testing capacity, will be the data systems by which the
genomic data are generated, processed, analysed and stored.
Upstream workflow can be wholly automated, with high
throughput conversion of image data from next-generation
sequencing (NGS) into output variant call format (VCF) files
listing the called genomic variants, with structured fields for the
genomic location, variant nomenclature and quality metrics. This
workflow has now been widely and successfully implemented
by clinical bioinformaticians across NHS molecular diagnostic
laboratories.

However, downstream of this are unavoidably more manual
processes requiring expert evaluation of the detected germline
variants by experienced clinical diagnostic scientists for (1) tech-
nical veracity and (2) pathogenicity classification. To confirm the
variant is truly present, the sequence data may require manual
inspection and further molecular analysis using an orthogonal
technology to validate the called variant (for example, Multiplex
Ligation-dependant Probe Amplification to confirm an exon-
level deletion). While pre-established filters can be applied to
remove many variants that are likely benign, manual evaluation
of pathogenicity must be undertaken for the remaining variants
identified. This requires assembly of information from multiple
sources, including variant effect prediction, in silico protein
function effect prediction, population frequencies (eg, gnomAD,
UK Biobank), functional assay results, case—control study data,
familial co-segregation data, previous classifications (eg, ClinVar,
the Human Gene Mutation Database, local records) and review
of the literature for phenotypical case descriptions.’™® The
assembled evidence must then be compared with the (continually
evolving) generic and gene-specific protocols which dictate the
scoring of evidence elements, along with rules defining combi-
nation of evidence scores, in order to produce a final classifi-
cation."™™* Only variants for which there is sufficient evidence
for classification as ‘pathogenic’ (class 5) or ‘likely pathogenic’
(class 4) will be included in the diagnostic laboratory report for
return to the clinician (and often patient). The majority of manu-
ally reviewed variants will not have attained sufficient evidence
and these ‘variants of uncertain significance’ (VUSs, class 3)
will not typically be included in the clinical report, unless the
variant is on the threshold of uplift to likely pathogenic and
meets the specific national criteria for being reported (as per the
Association of Clinical Genomic Science (ACGS) Best Practice
Guidelines).'® Because of the dynamic nature of the available
evidence and associated guidance, after the elapse of a defined
time period, new observations of previously evaluated variants
require fresh review and (re)classification; national approaches
have been agreed for national alerts and reissuing reports on
clinically important reclassification of a variant.'

After variant classification and generation of the clinical
report, the detected variants will typically then be transferred
for long-term storage into the local Laboratory Information
Management System (LIMS) and, variably, into the hospital-level
Electronic Health Record (EHR) system. In an LIMS or EHR,
the variant data are associated with patient identifiers (ie, NHS
number, date of birth, name) and additional patient information
(eg, test indication, ethnicity, age and sometimes phenotype).
VCF files may also be stored but most often only the ‘SamplelD’
and/or ‘RunID’ will be available within VCF files; typically there

are no patient identifiers or patient information available in the
VCEF. The workflow through which variant data pass, and the
stored data items and formats, are potentially critical to the read-
iness and fidelity by which these local data can be shared and
amalgamated.

National amalgamation of genomic data is important to
advance broader, global understanding of variant pathogenicity
to reduce classifications of VUS. Assessing the frequency, familial
segregation and phenotypical associations with which a variant
is observed adds important evidence regarding the pathogenicity
of a variant. Local amalgamations of accrued observations of
a given variant may on occasion be informative, but it is typi-
cally only with national or international amalgamation of data
on rare variants that we have sufficient instances by which to
evaluate their association with clinical disease. Thus, along with
ensuring robust local recording and reporting, LIMS/EHRs
would ideally be designed to readily enable submission of local
de-identified variant and phenotype data for national/interna-
tional amalgamation.

In just such an endeavour, an informatic pipeline enabling
local submission and national amalgamation of pseudonymised
individual-level variant data for cancer susceptibility genes
(CSGs) has been established by the NHS National Disease Regis-
tration Service (NDRS). Since 2018, all 16 English NHS labo-
ratories undertaking CSG analyses have submitted locally held
individual-level data on all germline CSG tests performed and
variants detected. Data are then restructured and extracted at
NDRS using bespoke laboratory-specific informatic processing
algorithms developed by NDRS.'® This endeavour has, for the
first time, allowed successful assembly of nationally complete
individual-level data on genetic tests and detected variants,
dating back for some laboratories as far as 2002. These data
provide opportunities for variant interpretation and also longi-
tudinal study of CSG variant carriers via linkage to cancer
registrations. However, this activity has revealed considerable
heterogeneity across participating laboratories regarding (1) the
structure, quality and completeness of submitted data, and (2)
the ease with which those data could be assembled locally for
submission.

The Cancer Variant Interpretation Group UK (CanVIG-UK)
was established in 2017, at the directive of ACGS, to coordi-
nate interpretation of variants in CSGs."” CanVIG-UK meets
monthly and comprises >300 members, including clinical scien-
tists and genetics clinicians from each of the seven English GLHs
(in addition to those from the devolved nations and Ireland).
CanVIG-UK has since inception worked in close partnership
with NDRS to coordinate laboratory data submissions, and also
in the analysis and dissemination of the NDRS nationally amal-
gamated variant data.

The combined bioinformatic and human workflow through
which variant data in VCFs are evaluated, classified, transferred
to local LIMS/EHRs and eventually stored has been demon-
strated to be critical to the feasibility and utility of the NDRS
national data amalgamation. To better understand this workflow,
through CanVIG-UK, we conducted a survey of the 17 indi-
vidual English and Welsh laboratories which perform molecular
diagnostic germline testing in CSGs.

METHODS

The survey questions were designed and piloted by the
CanVIG-UK Steering and Advisory Group, which comprises
eight senior clinical scientists and three consultant clin-
ical geneticists working in Cancer Genetics across the GLHs
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(online supplemental table 1). The closed online survey was
then sent to up to three CanVIG-UK clinical scientists under-
taking germline cancer susceptibility genetic analyses from
each of the 16 laboratories in which diagnostic CSG testing
in the GLH network is performed, as well as one laboratory
in Wales. Return of a single consensus response representing
each laboratory was requested in June 2023 (see online supple-
mental methods). Complete responses were returned by 17 of
17 laboratories surveyed.

The survey comprised 18 questions relating to ‘NGS workflow’
(11), ‘variant classification’ (3) and ‘phenotypical context’ (4)
(summary details of all questions and responses from responding
laboratories are presented in online supplemental table 2); there
were a further five questions relating to ‘respondent details’
and a separate component comprising 12 questions relating to
very specific logistical aspects of ‘GLH-NDRS centralised data
submission’."”

This survey was designed to assess elements of the workflow
relevant to NDRS data submission; we did not survey on the
workflow used specifically for generation of the diagnostic clin-
ical report.

A How are post-QC variants from your pipeline outputs
currently transferred to your LIMs?

Predesigned ‘push-button’ transfer -

Manual copy-and-paste _
Manually typed out T

Attached as separate file -

Saved in separate location -

01 2 3 4 5 6

W CNVs Small Variants

Multiple, Separate Fields

Gene Transcript
BRCA1 NM_007294

Coding variant
c.3377del

Protein Impact
p.Pro1126fs

Single, Free-Text Field (Variant Details Only)

Variant
BRCA1 c.3377del (p.Pro1126fs)

Single, Free-Text Field (Clinical Report Wording)

Result

This patient was found to have the pathogenic variant c.3377del,
p.Pro1126fs in BRCA1.

Figure 1

RESULTS

Variant workflow from the NGS outputs into the LIMS

There was substantial variation in the workflow for managing
and documenting the process of technical verification and
variant classification upstream of entering the variants onto the
LIMS. The laboratories reported workflow by which one, two or
sometimes three generations of intermediary VCF-derived files
were generated and stored (online supplemental figure 1A). Vari-
ants listed on the VCF were typically associated with a sample
ID (15 of 17) which was usually also available in the LIMS, but
rarely with a patient name (3 of 17), and never with a Date of
Birth (0 of 17) or NHS number (0 of 17) (online supplemental
figure 1B).

Methods by which selected variants are entered into the LIMS
largely rely on manual processes (figure 1A). Eight of 17 labora-
tories reported manually typing out the variant details, while 4 of
17 laboratories reported a manual ‘copy-and-paste’ mechanism
for entering the variants into the LIMS. In two laboratories, the
variant data could be entered into the LIMS via an automated
‘push-button' transfer from the NGS outputs (although only one
of the systems serves both single nucleotide variants and CNVs).

B What best describes the way CSG variants are currently
stored in your LIMs?

In separate fields
In single field

In single field + report wording

Other

01 2 3 456 7 8 910

W CNVs Small Variants

D Which CSG variants are currently stored in your LIMs?

All rare and common variants

All rare variants
[all 3/ all 4/ all 5]

All reported variants
['hot' 3/ all 4/ all 5]

Responses from each laboratory for multiple choice questions pertaining to variant workflow from NGS pipelines to the LIMS. (A,B) All laboratory

responses describing the method of transfer from NGS pipeline output to LIMS, and how this information is stored within the LIMS. (C) Visual description of
differing LIMS storage formats. (D) All laboratory responses describing which detected variants are stored within an LIMS. CSG, cancer susceptibility gene;
LIMS, Laboratory Information Management System; NGS, next-generation sequencing; QC, quality control.
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For one laboratory, the variant data were not entered in the
LIMS but attached in the LIMS as a separate file. For two labo-
ratories, the variant details were not stored in the LIMS at all but
in a separate location outside of the LIMS.

Formatting of variant data within the LIMS was another key
area by which laboratories differed (figure 1B). In 4 of 17 labo-
ratories, small variant details were stored in the LIMS using
separate structured fields for gene, cDNA and protein change
(figure 1C). For 7 of 17 laboratories, these details were stored in
a single field, while for 5 of 17 laboratories, the variant details
were embedded within free text (typically comprising the full
report wording). For CNVs, separate structured fields were even
less frequently used (2 of 17) to store details of the variants.

Most laboratories decided which of the detected variants were
selected for storage in the LIMS dependant on if the variant was
reported clinically (figure 1D). Three of 17 laboratories reported
that all variants (rare and common) were stored in their LIMS,
while 4 of 17 laboratories reported that all rare variants were
stored in their LIMS (regardless of pathogenicity class). However,
for 9 of 17 laboratories, only variants included in their clinical
report were stored in their LIMS, which will therefore only
comprise variants classified as likely pathogenic/pathogenic and
occasional ‘VUS’ of particularly high suspicion (so-called ‘hot’
VUS).'® Some of these laboratories reported parallel systems by
which the other variants were stored against meaningful patient
identifiers, for example, using an additional in-house Excel file or
a separate database. When surveyed regarding their confidence
that their local system would allow reliable variant retrieval in
the event of a ‘cold” VUS being upclassified into pathogenic, 13
were extremely or very confident, 3 were quite confident and 1
was not very confident (online supplemental figure 2).

Variant classification

Also variable were the workflow and resources available to
clinical scientists for variant classification, which is typically
performed upstream of entry of the variant into the LIMS
(table 1). In 8 of 17 laboratories, the variants requiring classifica-
tion are viewed within a commercial or in-house ‘variant system’,
while in 5 of 17 laboratories, the variants are viewed in a spread-
sheet. Respondents from 9 of 17 laboratories reported that for
the variants requiring classification, there would be minimal or
no automatic annotations available in their workflow/system
(beyond basic population frequencies), meaning that proactive
manual accessing of multiple relevant data sources is required,
such as Alamut, ClinVar and CanVar-UK. Respondents from 7
of 17 laboratories reported that their system provided variant-
specific links out to most or many of the resources. Only one
laboratory reported most/many of the relevant data resources
being directly available within their variant system.

Regarding storage of detailed variant classification findings,
the primary divide was between laboratories storing classifica-
tion details as individual files versus those incorporating this
information within a database (table 1). Most common (5 of 17
laboratories) was some form of in-house variant database (sepa-
rate from the LIMS). Four laboratories store this information in
a commercial platform (eg, Alamut, Congenica systems). Other-
wise, there was a mix of approaches including dynamic per-
variant files (updated on each new observation of the variant)
or per-variant-per-patient files (generating a new file for each
observation of a variant). These variant files were then stored
in various locations including local drives or as attachments to
the LIMS. Some laboratories reported using multiple storage
methods (online supplemental table 2).

Table 1 Responses for questions surrounding variant classification
and storage of such information; for these questions, respondents
could select multiple options

No of
Interface for viewing variants requiring evaluation/classification  labs
Within a bioinformatic processing system/dedicated in-house variant 8
system
In a spreadsheet (eg, VCF, VCF-derived file) 5
Other 4
Within the interface from which you view variants requiring No of
interpretation, which description is most accurate? labs
Most/many of the relevant data sources have been pre-imported 1

There are variant-specific links out to most/many of the relevant data 7
sources

No or minimal annotations (eg, only population frequencies). Accessing 9
of relevant data sources (Alamut, CanVar-UK, ClinVar, literature) requires
manual interrogation (variant name is typed/pasted in)

Storage of variant evaluation/classification (laboratories may use No of
more than one system) labs
Dedicated in-house departmental variant data system 5
Commercial platform or software (eg, Congenica, Alamut) 4
LIMS (against specific patient) 3
Individual per-variant files. File is updated on each encounter of the 5

variant

Individual per-variant files. New file is generated each time the variantis 4
encountered

Individual per-patient episode files. May contain multiple variants 4
Per-gene files comprising multiple variants 1
Per-disease files comprising multiple genes (and multiple variants) 1

LIMS, Laboratory Information Management System; VCF, variant call format.

Phenotypical details and test context

In 15 of 17 laboratories, the details of the panel tested were
specified in the LIMS (figure 2); this historically comprised
series of gene names or local identifiers for their panels but since
the introduction of the National Test Directory, 12 of 17 labo-
ratories are routinely capturing the relevant clinical indication
(R-code) in their LIMS. Only 11 of 17 laboratories record clin-
ical details or phenotypical information in their LIMS (and this
is only when information was provided on the request form).
When small gene sets or single genes are reported from a larger
panel (online supplemental table 2), a roughly equal number of
laboratories reported listing the individual genes tested by name
versus annotating with a subpanel name.

DISCUSSION

The responses from this survey describe the heterogeneous work-
flow used across the surveyed 17 laboratories for evaluating,
classifying and storing germline variant data ahead of national
centralised submission. Many of the reported elements in this
workflow render potentially challenging and time-consuming
the retrieval and centralised submission of variant data for
national amalgamation. Workflow is often laborious and low-
throughput, with manual steps which introduce opportunities
for error. Given the commonality of many of these challenges
across centres, we propose recommendations for workflow rede-
sign that target the key challenges across workflow in variant
data transfer, storage and retrieval.

Variant workflow
The survey showed that the highly structured VCF file
output from NGS is frequently processed downstream using
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How do you capture test context information in your LIMs?

————l

Test indication R number

Clinical/Phenotypic details where supplied on
test/referral form

Other (please specify)

None

0 1

W After Test Directory

3 4 5 6 7 8 9 10 11 12 13 14 15

Before Test Directory

Figure 2 Comparison of testing context information captured by each laboratory before and after the National Test Directory was implemented. LIMS,

Laboratory Information Management System.

non-automated approaches which generate multiple interme-
diary files, potentially introducing opportunity for human error
with manual or copy—paste transcription of variants.

The existing laboratory processes were designed to ensure
relevant results are included accurately on the clinical diag-
nostic report for each patient. They were not designed with
large-scale national data amalgamation in mind. Consequently,
the laboratories vary in whether they store rare variants (other
than reported pathogenic and likely pathogenic variants) in their
LIMS. Therefore, the majority of variants (especially rare VUS)
may not universally be stored in the LIMS alongside patient
identifiers and patient information. Instead, these variants might
solely reside in stored VCF files which typically do not contain
patient identifiers. Only with decryption using Sample and Run
identifiers might these variant data be reunited with patient
identifiers/phenotype information.

Our survey indicates that transformation of highly structured
VCF variant data into the clinical information stored in an LIMS
typically means that this final variant information (1) is for only
a small subset of detected variants, (2) is in a variously less-
structured format than a VCF (eg, free text) and (3) has poten-
tially been subject to human transcription errors (although this
has been shown to be infrequent).'® These three factors have the
following implications: (1) they impact the ability to search for
variants (when they are encountered by a laboratory again, or to
identify patients with a certain variant), (2) the varied structures
make data amalgamation challenging and (3) variable capture in
local LIMS means the true frequency of rare VUSs in amalgam-
ated data may be underestimated.

From the survey responses, the distilling of voluminous
technically unverified variant data from a VCF across into
clinically classified variants in an LIMS/EHR would appear to
be a universal challenge, and few laboratories appear to have
informatic systems within which this variant workflow can be
comprehensively automated, executed and documented.

Variant classification

The workflow reported for performing and capturing variant
evaluation/classification was also highly heterogeneous and
often labour-intensive. The reported workflow often necessitates

not only accessing each of the required data sources manually
on a variant-by-variant basis, but also then manual population
of the findings in per-variant documents or files. Retrieval of
per-variant files stored on local drives will also be subject to the
inconsistencies of file-naming practices (especially where there
is high staff turnover). Systems by which multiple per-patient-
per-variant files for a given variant are maintained will also be
potentially vulnerable to temporal inconsistencies.

Phenotypical context and gene panels

The survey also revealed that there is substantial variation in the
extent of capture of phenotype or testing context (panel name
or constituent genes) against the detected variant(s) in the LIMS.
The personal and/or familial phenotype and the context of the
gene panel requested are highly informative regarding the likely
clinical significance of a detected rare variant. For example, the
new evidence towards pathogenicity is much greater for a rare
TP53 variant detected in a context with high phenotypical speci-
ficity (for example, testing of only one gene, TP53, in an adoles-
cent with rhabdomyosarcoma and a family history of young-onset
cancers) compared with a context with low phenotypical spec-
ificity (for example, testing of a 40-gene panel in a 68-year-old
woman with breast cancer and no family history).'”2° 2! Without
data on the tested gene panel and phenotype, the two instances
of the variant would not be distinguishable. The value of variant
data for longer-term advancement of risk estimation and variant
classification locally, nationally or globally is greatly diminished
if the concomitant phenotype data and testing context are not
captured. Use of clinical indications (R-codes) from the National
Test Directory will give some indication of testing context.
However, the associated eligibility requirements for each R-code
are broad and both these and the gene sets for a given code have
changed considerably since inception of the National Test Direc-
tory in 2018 (and are likely to continue to change).

Data sharing and national submission

There has been substantial global focus on improving national
and international genomic data-sharing, with high-profile
endeavours from the Global Alliance for Genomics and Health
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(GA4GH), such as the GA4GH ‘Beacon’ Project and the Match-
maker Exchange designed to enable cross-identification across
the world of other instances of a given variant.”> In addition,
the LOVD and ClinVar resources provide international portals by
which clinical diagnostic laboratories can share observations and
classifications of clinically observed variants.” %’ While submis-
sion to ClinVar is undertaken by CanVIG-UK for their consensus
variant classifications, participation by individual laboratories in
these international endeavours is potentially limited by the LIMS
data architectures."

The UK national CSG genomic data amalgamation is a world
first—a reflection of the challenging logistics and the complexity
of related governance structures. However, this has been
achieved largely despite of rather than because of the design of
the laboratory data systems and workflow. The utility of sharing
of the variant data between laboratories is complemented by
the national interlaboratory discussion forum afforded by the
CanVar-UK platform, which provides opportunity for discussing
how the variant frequencies are applied for variant interpretation,
for sharing other de-identified clinical information (eg, tumour
testing) and for discussing consensus variant classifications.

Limitations of the survey

The laboratory workflow and practices are as reported from
a single clinical scientist survey response for each laboratory.
Although we contacted multiple clinical scientists per laboratory
to facilitate consensus response, and we checked directly with
respondents where there were any inconsistencies within the
information supplied, there is opportunity for misinterpretation
of questions or supply of erroneous responses. In addition, there
is the possibility that questions or multiple choice options may be
interpreted differently by different laboratories, or of difference
in opinion between those working within the same laboratory.
By piloting, we sought in our survey design to present for each
question the most clear and relevant enumerations; neverthe-
less, additional information was provided as free text with many
responses. This we have sought to share (where not identifiable).

RECOMMENDATIONS
Workflow redesign in a laboratory can be a sizeable under-
taking, especially if this involves tighter integration of upstream
sequencer VCF workflow into the LIMS and/or redesign of LIMS
data storage/outputting. From our survey findings, we identified
the following as priority recommendations to be considered in
any laboratory data workflow redesign:

1. Transfer of variant data across the workflow from the VCF
to the LIMS/EHR should be automated (informatic). This
will reduce the risk of errors in variant names (introduced by
manual and/or copy-and-paste transcription) and will ensure
consistent variant nomenclature.

2. Variants (including CNVs) should be stored in a structured
format, with separate fields for genome build, transcript,
gene, cDNA and p. protein annotation (to standardised
Human Genome Variation Society (HGVS) recommenda-
tions?®). This will support both individual variant querying
and broader amalgamation/analyses.

3. All rare variants (preferably all variants) should be stored
against the patient record, either within the primary LIMS
or within a linked data system which contains meaningful
patient identifiers. This will ensure that relevant historical
patients can be identified if a variant is reclassified or pro-
spectively introduced for clinical testing.

4. All rare variants should be stored against details of the clin-
ical indication for testing/gene set analysed and (where pos-
sible) details of patient phenotype. This will ensure that the
variant data are most informative for variant interpretation.

5. Local variant classifications (and the contributory evidence)
should be stored as unique entries within a single structured
data system (or within the LIMS) rather than as individual
files. This will improve data retrieval and reduce the occur-
rence of multiple discordant entries of the same variant. Where
possible, and avoiding the release of patient-identifiable infor-
mation, local variant classifications should be shared nation-
ally (eg, CanVar-UK) and internationally (eg, ClinVar).

CONCLUSIONS

The reconfiguration of the NHS genomics laboratories, devel-
opment of a National Test Directory, widening of testing indica-
tions and expansion of whole-genome sequencing offer potential
for the UK to be a major contributor of national data to variant
interpretation initiatives. However, this survey has revealed the
workflow required for data amalgamation is frequently labour-
intensive and potentially culminates in storage within the LIMS
of variant data that may be incomplete, poorly structured, may
incorporate rare manual transcription errors and lack corre-
sponding phenotype data. Larger gene panels are being added to
the National Test Directory and the volume of genetic testing in
the NHS is increasing. With this volume increase, there is poten-
tial for current local and national data amalgamation processes
to become compromised and for clinical diagnostic delivery to
become increasingly burdensome, a particular concern given the
current limited availability of trained clinical scientists.

The laboratory workflow taking VCFs into clinically processed
variant data is inherently complex, with unavoidable require-
ment for human variant review. There is further complexity
where integrated pathology reporting necessitates downstream
integration of molecular genetics findings with results from other
pathology disciplines (for example, in cancer reporting). Rede-
sign of this workflow and LIMS architectures is therefore far
from straightforward and will only be successful where consulta-
tive design involves substantial dedicated time from experienced
clinical scientists and clinical bioinformaticians (who must be
released from service delivery). However, considered invest-
ment in the redesign of this workflow will be of high value in
empowering laboratory scientists for the proposed expansions
in genomic analyses. It will also position the UK clinical genetic
testing community to make the best use of the data generated to
contribute to national and international initiatives in data amal-
gamation, thus supporting improved variation interpretation for
our patients.
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A) How many types/tiers of VCF-derived files do you generate and store?

Generate Store
o o N
- -
2 2
; W ; W
0O 2 4 6 8 10 12 14 16 0O 2 4 6 8 10 12 14 16
B CNVs Small Variants B CNVs Small Variants

Which of the following identifiers are present against a detected variant

B
) in the output of your NGS pipeline (VCF file and derived files)?

Sample ID (that is also present in LIMs)
Run/NGS ID (that is also present in LIMs)
Sex/Gender

Run/NGS ID (not present in LIMs)

Other

Patient Initials

Patient Name

Sample ID (not present in LIMs)
DOB
NHS Number

012 3 456 7 8 9101112131415

Supplementary Figure 1: Additional questions pertaining to variant workflows. A: Approaches to
storing intermediary files generated as part of the workflow. B: The range of patient identifiers
available within the workflow upstream of entry in the LIMs.
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In the event a ‘Cold’ VUS is re-classified, how confidently/readily could you
identify all patients in whom that variant had been identified?

Key:
. Extremely confident: All variants stored in LIMs in
structured format

. Very confident: All variants stored in LIMs but
manually entered, subject to typos

Quite confident: ‘Cold’ VUS likely not stored in
LIMs, but are stored in searchable VCFs/derived files

Not very confident: ‘Cold’ VUS likely not in LIMs,
and VCFs/derived files stored in multiple locations

Supplementary Figure 2: Confidence of responding laboratories in ability to reliably retrieve ‘cold’
VUS variant information in the event of reclassification.
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SUPPLEMENTARY METHODS

Initial creation of survey (Pilot Phase 1)

The initial survey questions and format were iterated and reviewed through discussion with
the CanVIG-UK Steering and Advisory Group (CStAG), an expert panel supporting Cancer
Variant Interpretation Group UK (CanVIG-UK) activities, and consisting of 8 senior clinical
scientists and 3 consultant clinical geneticists from across the Genomic Laboratory Hubs.

After initial discussions, the survey was piloted by 4 CStAG members to assess the survey
clarity and content. Following integration of comments during the pilot, a post-pilot version was
confirmed by consensus, which contained 29 multiple choice questions split across 6
categories in total. Broadly, these categories can be summarised as ‘Respondent Details’,
‘NGS Workflow’, ‘Variant Classification’, ‘Phenotypic Context’, ‘LIMs Status’ and ‘Central
Submission’. These questions were added to an electronic survey format and user-tested for
functionality by the CanVIG-UK leadership team prior to questionnaire release.

Participant Identification

Participants were identified from a list of persons previously involved with cancer susceptibility
gene data submissions to Public Health England (PHE) or NHS Digital (NHSD), which was
shared from the PHE data team with the CanVIG-UK leadership team. These persons were
contacted to confirm that they were previously involved in one or more of the below activities:

e Variant Data Restructuring and Submission
e Design of Laboratory Information Management Systems (LIMs) or data flow between
NGS outputs and LIMs

¢ Design of database structure for capture and storage of variant classifications

Involvement in these activities was deemed baseline for sufficient knowledge in completing
the survey. The CanVIG-UK leadership also contacted the full CanVIG-UK membership to
identify further individuals meeting these criteria, and in total 51 individuals were contacted to
complete the survey. Individuals at the same laboratory were asked to co-ordinate and submit
a single submission from their lab rather than submit individually in order to generate an overall
answer to represent their lab workflow and prevent duplicate responses.

Web Survey (Pilot Phase 2)

The survey link was sent out to the selected pool of 51 individuals using SurveyMonkey
(http://www.surveymonkey.com) and was live between February 2022 and April 2022. In the
invitation email, participants were provided with details of the purpose behind the survey, how
all their responses would be utilised as part of feedback to NHS England (with confirmation
that individual participant or laboratory identifiers would not be included in any presentation of
the data, including through any additional comments made). Incentives were not offered for
participation. The investigators for the survey were confirmed as Prof Clare Turnbull, the
CanVIG-UK team, and the PHE team, and participants were provided an approximate length
of time the survey would take (around 10 minutes). Personal details (name, role, email
address) were collected for the purposes of re-contacting respondents in order to deliver
feedback in the first instance, to identify unique visitors or duplicate submissions, and to clarify
responses given. This information was downloaded from SurveyMonkey and held for the
duration of study analysis on a secure drive in a folder with access provided only to the
investigators.

Questions were not randomised, and were split across 7 pages, one for each category plus
an additional page for centralised data submissions. Number of questions per page varied as
a result, between 1 and 11. All questions had a comment box and an ‘Other’ option. Most
questions were required, however one question was reliant on specific selection from the
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previous answer and was therefore optional to answer. All questions provided an ‘other’ or
‘unsure’ option. Respondents were able to save their progress and return to the survey to
change answers or complete the survey at any point before the survey closed. If the same
individual submitted multiple times, the most recent responses were retrieved and all other
responses removed. Completion was reviewed after the questionnaires were submitted.

The web survey received a total of 27 responses, 18 of which were complete and from unique
participants (17 responses from across all 16 submitting labs in England, and 1 response from
the All Wales Medical Genomics Service). Following survey closure, a feedback meeting was
held in May 2022 to discuss findings from this version of the survey and gather detailed
feedback, which involved CanVIG-UK leadership, those involved with informatics at several
Genomic Laboratory Hubs, and the survey respondents. This meeting highlighted that updates
to several laboratory data management systems were ongoing, as well as responses which
did not fit the multiple choices provided.

Email Survey (Final responses)

The survey was updated following the Web Survey to incorporate some common answers
provided as ‘Other’ (for example, the addition of ‘Patient Initials’ and ‘Patient Sex’ as workflow
identifiers in Question 1). One additional question was also included relating to NHS
centralised data submission of variants of uncertain significance, bringing the total questions
asked to 30.

To allow time for implementation of management system updates, the final iteration of the
survey was sent out one year after the web survey, and was open between April and June
2023. To assist those responding, the final survey was sent to all 18 previous respondents as
a pre-filled Microsoft Word document containing their previous answers. Any new questions
or options were highlighted. Respondents were asked to review their answers in the context
of new LIMs updates, and update or add to any comments made from the previous year. The
invitation to complete this survey, in addition to the consent provided for the Web Survey, also
described the investigators intent to publish responses from this final survey iteration.

By June 2023, 17 of the previous respondents had replied with completed questionnaires and
had updated their answers as appropriate (94.4% response rate). 1 respondent did not reply
as a member of their laboratory had already provided responses for the email survey.
Responses were received as Microsoft Word documents, which were manually collated into a
‘master’ Microsoft Excel database for review.
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Supplementary Table 1: Current CStAG Membership and representation across the UK GLHs

Genomic Laboratory Hub (GLH) Number of CStAG Representatives
Central and South GLH

East GLH

North West GLH

North Thames GLH

South East GLH

South West GLH

North East and Yorkshire GLH
N/A - Ireland (Dublin)
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Supplementary Table 2: Full response breakdown for the 18 questions pertaining to laboratory workflows. To preserve anonymity, free-text comments are not provided.

Question

Options

Number of
Responses

1 |Which of the following identifiers are present
against a detected variant in the output of your
NGS pipeline (VCF file and derived files)?

Hospital Trust ID

NHS Number

DOB

Sample ID (not present in LIMs)
Patient Name

Patient Initials

Run/NGS ID (not present in LIMs)
Sex/Gender

Run/NGS ID (that is also present in LIMs)
Sample ID (that is also present in LIMs)
Other

0

O U1 L1 W W N O O

[uny
wv

2 |How are the QC’ed small variants (eg SNVs and
indels) from your NGS pipeline outputs (VCF or
VCF-derived file) CURRENTLY transferred to your
LIMs?

Saved in separate location

Attached as separate file

Manual copy-and-paste

Automatic and invisible (no action required from scientist)
Manually typed out

Predesigned ‘push-button’ transfer

Other

3 |For small variants: How many types/tiers of VCF-
derived files do you generate?

>3
3

A N O|lON WO P~ KL NWw

=
o

4 |For small variants: How many types/tiers of VCF-
derived files do you store?

= Ol

[uny
w =

5 |How are the QC’ed CNVs (eg exon-level deletion)
from your pipeline outputs (from VCF, VCF-
derived or MLPA workflow output) CURRENTLY
transferred to your LIMs?

Saved in separate location

Attached as separate file

Manual copy-and-paste

Automatic and invisible (no action required from scientist)
Manually typed out

Predesigned ‘push-button’ transfer

Other

6 |For CNVs: How many types/tiers of VCF-derived

>3

OO »r W O &~ L NN
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files do you generate? 3 1
2 0
1 15
0 1
7 |For CNVs: How many types/tiers of VCF-derived |>3 0
files do you store? 3 1
2 0
1 14
0 2
8 |What best describes the way CSG small variants |In a single free text/unstructured field (which also includes additional clinical report wording) 5
are CURRENTLY stored on your LIMs? In a single free text/unstructured field (just contains variant name) 5
As a single field of strict formal hgvs notation, ie: gene + transcript + genomic location + coding (c.) change + protein (p.) change 2
As separate fields for gene/transcript/genomic location/coding (c.) change/protein (p.) change 4
Stored outside of a LIMs system 1
9 |What best describes the way CSG CNVs are In a single free text/unstructured field (which also includes additional clinical report wording) 4
CURRENTLY stored on your LIMs? In a single free text/unstructured field (just contains variant name) 9
As a single field of strict formal hgvs notation, ie: gene + transcript + genomic location + coding (c.) change + protein (p.) change 1
As separate fields for gene/transcript/genomic location/coding (c.) change/protein (p.) change 2
Stored outside of a LIMs system 1
10 |Which CSG variants are CURRENTLY stored in All variants detected (rare and common) 3
your LIMs? All rare variants detected (all class 3 and above, may also include rare class 1/2) 2
All rare variants detected (all class 3 and above, no rare class 1/2) 2
Most rare variants of relevance (all 4/5 and most interesting VUS) 5
Only variants included in the clinical report 4
No variants stored in the LIMs / No LIMs system 1
11 [In the event of a variant re-classification (for 5: extremely: all variants are stored in LIMs/current storage system in accurate structured format 5
example, up-classification of a previous cold 4: very: all variants are stored in LIMs/current storage system but have been manually entered, so subject to typos 8
class 3), how confidently/readily could you 3: quite: cold class 3 variant likely not in LIMs/current storage system. Would require a comprehensive search of various historic 3
identify all patients in whom that variant had bioinformatics systems/VCFs/derived files but these are stored so as to be easily searchable
been identified (since inception of your current |2: not very: cold class 3 variant likely not in LIMs/current storage system. Would require a comprehensive search of various historic 1
system)? (if not using a LIMs system for this bioinformatics systems/VCFs/derived files which are stored in multiple locations
process, please specify which system would 1: poorly: cold class 3 variant likely not in LIMs/current storage system. Would require a comprehensive search of various historic 0
instead be used to identify all patients) bioinformatics systems/VCFs/derived files which are not readily accessible
12 [From what type of interface are the variants Within a bioinformatics processing system/dedicated in-house variant system 8
requiring interpretation viewed? In a spreadsheet (eg VCF, VCF-derived file.) 5
Other (please specify) 4
13 [Within the interface from which you view Most/many of the relevant data sources have been pre-imported 1
variants requiring interpretation, which There are variant-specific hyperlinks to most/many of the relevant data sources. 7
description is most accurate? No/minimal annotations (eg only population frequencies). Accessing of relevant data sources (Alamut, CanVar-UK, ClinVar, 9
literature) requires manual interrogation (variant name is typed/pasted in).
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Other 0

14 [Following interpretation of a CSG variant, where |Dedicated in-house departmental variant datasystem 5
do you store your updated detailed Individual per-VARIANT files (excel, word, other document). Updated for recurrent viewings of variant. 5
findings/pathogenicity classification (eg scoring |Individual per-VARIANT files (excel, word, other document). New file time a variant is encountered. 4
on ACMG sub-elements)? Individual per-PATIENT EPISODE files (excel, word, other document) (may contain multiple variants) 4

Commercial platform or software (eg Congenica, Alamut) 4
LIMs (against specific patient) 3
Individual per-GENE files (excel, word, other document). 1
Individual per-DISEASE files (excel, word, other document). 1
LIMs (against variant) 0
Dedicated single departmental excel/spreadsheet 0
Variant classifications are only documented on the patient report and not elsewhere stored 0
Other (please specify) 0

15 |How did you capture test context information in |Clinical details/Phenotype information from test request or referral form 10
your laboratory patient-level datastorage system|Test/panel requested 15
(LIMs) prior to the GMS test directory? None 1

Other (please specify) 1

16 |How do you capture test context information in |Clinical details/Phenotype information from test request form or referral form 11
your laboratory patient-level datastorage system|Test/panel requested 14
(LIMs) since the GMS test directory Test indication R number (since publication of the National Genomic Test Directory) 12
implemented? None 0

Other (please specify) 1

17 |Following implementation of the GMS test 0-24% 0
directory, please estimate what % of CSG test 25-49% 2
requests now contain some clinical 50-74% 8
details/phenotype information (in addition to 75-100% 6
test requested/R number).

18 |When a single gene/small gene set is reported  |Genes analysed are listed by name in LIMs against patient (free text entry eg list with commas) 4
from a larger panel/exome, how is the gene set |Name of subpanel(s) listed in LIMs against patient (structured entry) 4
which is analysed captured in your LIMs? Genes analysed are listed by name in LIMs against patient (structured entry eg selected from a drop-down list, imported from a 2

separate portal)

Name of subpanel(s) listed in LIMs against patient (free text entry) 2
Mixture of genes and subpanels (free text entry) 2
Genes/panels analysed not documented in LIMs; requires reference to other files within NGS workflow 1
Exported as a list from commercial platform and attached to LIMs record 1
Other (please specify) 1
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