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Abstract

Background The adoption of whole genome and exome sequencing (WGS/WES)

is expanding rapidly, yet variant interpretation remains a critical bottleneck, limiting
diagnostic yield and delaying precision care. We present ACVI-Med (Accelerated
Candidate Variant Interpretation in Medicine), an open-source, on-premise platform for
comprehensive analysis of genomic data.

Results ACVI-Med integrates phenotype-aware filtering, ACMG-guided variant
classification, and secondary findings detection into a unified, containerized system
built for reproducibility and deployment across diverse institutional environments.
Designed for accessibility, ACVI-Med enables users without extensive bioinformatics
expertise to interpret variants from VCF (Variant Call Format) files through a flexible
interface supporting phenotype-driven filtering, ACMG-guided variant classification,
and integration of population, clinical, and predictive annotations. The software
incorporates modules for secondary findings detection, aligned with ACMG Secondary
Findings v3.2 recommendations, extending its utility beyond primary variant analysis.
ACVI-Med’s customizable filtering logic, real-time access to curated knowledge bases,
and interactive visualization tools support transparent and reproducible genomic
interpretation.

Conclusion ACVI-Med is an open-source software for genomic variant interpretation.
Unlike commercial solutions, ACVI-Med is cost-effective, containerized, and can be
institutionally self-hosted, reducing barriers to adoption in research settings.

Keywords ACMG guidelines, Variant interpretation, Medical genomics, Open-source
software, Secondary findings, Pharmacogenomics

Background

Medical genomics significantly impacts all areas of medicine, both in clinical practice
and research. While many medical professionals can easily suspect a genetic compo-
nent in a patient’s disorder, pinpointing the exact mutation often remains challenging.
Genomics England, who evaluated the overall percentage of successfully solved patient
cases, found that around 25-40% of rare disease cases could be definitively diagnosed,

using the most advanced sequencing technologies and clinical data integration. One of
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the major contributing factors to the number of unsolved cases is the annotation bot-
tleneck, which describes the difficulty in translating raw genomic data into clinically
actionable insights [1]. While sequencing has become faster and more affordable, the
interpretation of millions of variants per genome remains time-consuming and often
requires specialized expertise. Several efforts have been made to resolve the annotation
bottleneck, including variant interpretation and secondary findings frameworks by the
ACMG (American College of Medical Genetics) [2—4] and international data-sharing
standards like those developed by GA4GH (Global Alliance for Genomics and Health)
[5]. Tools such as the Genomics England PanelApp [6] and high-throughput genome
analysis pipelines like Illumina DRAGEN (7] demonstrate how comprehensive, scalable
genome interpretation is increasingly feasible in both research and clinical settings.

Variant interpretation pipelines typically involve several stages, including annota-
tion with tools such as Ensembl’s Variant Effect Predictor (VEP) [8], ANNOVAR [9], or
SnpEff [10], followed by filtering and prioritization using clinical databases like ClinVar
[11], gnomAD [12], and OMIM [13]. These tools form the backbone of most academic
workflows, yet they require considerable bioinformatics expertise and manual inte-
gration of multiple software components. To simplify this process, several web-based
and commercial platforms - such as VarSome [14], Congenica or Euformatics - offer
integrated variant analysis environments. These systems are closed-source, relatively
expensive, and reliant on third party infrastructure, which can raise data privacy and reg-
ulatory concerns, particularly in settings with real patient data. In parallel, open-source
solutions like Exomiser [15], seqr [16] and the Molecular Tumor Board Portal (MTBP)
[17] have emerged to support variant prioritization in research environments. Addition-
ally pathogenicity prediction and variant prioritization servers, such as MutationTaster
[18], focus on estimating the functional impact of individual variants and are commonly
used as components within larger analysis workflows. While these tools have substan-
tially advanced rare disease genomics, they typically address specific stages of the inter-
pretation process, such as variant-level pathogenicity prediction or phenotype-driven
prioritization, rather than providing fully standardized, transparent ACMG-based [2]
variant classification. Many require nontrivial setup and continuous maintenance, mak-
ing usage challenging for smaller institutions without dedicated bioinformatics support.
Beyond accessibility, a major obstacle in medical genomics is the lack of transparent and
reproducible pipelines for variant classification [19]. Most cloud-based systems do not
provide insight into the exact rules or thresholds applied when computing pathogenicity
tiers, complicating quality assurance and regulatory compliance [20].

In consequence, there remains a need for an open, easily deployable system that com-
bines ACMG-compliant classification, phenotype-aware filtering, and secondary find-
ings detection within a secure, on-premise infrastructure (see Table 1).

We present an open-source and easy to use, yet powerful software solution designed
for academic institutions and independent researchers. This application enables a wide
range of genetic analyses on WGS or WES (Whole Genome Sequencing) data. It offers
comprehensive search capabilities, ACMG-compliant variant tiering, and includes mod-
ules for pharmacogenomics and secondary findings.
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Table 1 A comparison with existing tools. Placing ACVI-Med in the context of other established
open-source applications

Primary focus

ACVI-Med Exomiser seqr MTBP
Case-level variant Phenotype- Collaborative vari- Collaborative
interpretation driven variant ant analysis variant analysis

prioritization

Guided
classification

Phenotype
integration

Deployment
model

Target users

Automated ACMG classi-
fication, transparent rule
evaluation

HPO- and panel-based
filtering

On-premise/HPC
environments

Researchers without
dedicated bioinformatics

Automated ACMG
classification

HPO-base filtering

On-premise/HPC
environments

Bioinformatics-
supported research

Primarily manual

Phenotype annota-
tion and filtering

Cloud-hosted
(Broad)/On-premise
(Open-source)
Large collaborative
research projects

Automated
ESCAT-ranked
actionability
Clinical/patho-
logical staging &
disease hierarchy
Cloud-hosted/
On-premise
(Open-source)
Oncology medical
teams and Tumor

teams groups Boards
Additional Integrated PGx & ACMG ~ Manual (via gene Manual (via gene Automated trial
modules SFv3.2 lists) lists) matching & germ-
line screening
Implementation

System architecture

ACVI-Med is a containerized client-server software platform with a React JS frontend
and a Java Spring backend. Users access the application via their web browser. Genomic
data in the VCF format is imported via a custom parser, processed, and stored in a cen-
tral PostgreSQL [21] database, while user data, metadata about imported samples and
permissions are stored in a separate database. Each service runs in an isolated Docker
container and is managed collectively via Docker Compose, allowing simple deployment
on standard Linux systems and scalability across institutional environments. The main
backend service processes requests, checks permissions, and performs database queries.
User authentication, access control, and sample-specific permissions are managed cen-
trally, ensuring secure and auditable handling of sensitive genomic data. Additionally,
the backend handles periodically recurring tasks and automatically performs requests
to external APIs such as Genomics England PanelApp [6], HPO (Human Phenotype
Ontology) [22] or the ClinGen Criteria Specification (CSpec) Registry [23]. These exter-
nal APIs are queried daily at 02:00 a.m., and the retrieved results are cached locally to
ensure that the data required for further processing remains up to date. The frontend
application provides a Ul to interact with the backend by gathering input data and dis-
playing filtering results. The communication between these services occurs via a REST
API. ACMG-guided variant classification tiers [2] were implemented on a tier to tier
basis following ACMG/AMP recommendations. These rules are automatically evaluated

to enable standardized and reproducible variant interpretation.

VCF importer

The importer automatically detects and structures variant annotations, including pre-
dictive scores and allele frequencies, which facilitates downstream filtering and classifi-
cation. The system supports multiple isoforms per variant and can process VCF [24] files
containing differing numbers and types of INFO and consequence fields. During import
the application traverses the VCF file twice. During the first traversal the importer
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determines the number, names, formats and datatypes of the input file’s INFO- and con-
sequence fields, allowing dynamic inference of the appropriate database schema. After
completion a custom database table is created, consisting of default and interfered col-
umns. The second traversal inserts the data into the PostgreSQL database [21]. After
insertion, commonly queried fields such as allele frequency, impact, and gene symbol
are automatically indexed. A multicolumn index combining these fields further acceler-
ates ACMG-based tiering and complex filter combinations. In benchmarking tests, this
reduced query times on whole-genome datasets (~ 20 million variants) to a few seconds.

ClinVar integration and precomputation
To accelerate variant classification, ACVI-Med incorporates precomputed ClinVar data-
sets containing variant identifiers, clinical significance, associated phenotypes, and pro-
tein-level annotations. These are compressed and stored locally in four structured files
that can be efficiently queried during tier evaluation, substantially improving ACMG
classification performance.

A detailed description of the annotation workflow, the implementation of ACMG-
guided variant classification, and further technical background is provided in the Sup-
plementary Methods.

Results

We developed a software tool optimized for the analysis of whole genome and whole
exome sequencing data called ACVI-Med (Accelerated Candidate Variant Interpretation
in Medicine). This tool allows medical professionals with little or no particular experi-
ence in the field of genetics to analyze their samples and identify causative mutations
for observed phenotypes. The tool is designed to process standard VCF (Variant Call
Format) [24] files and provides a structured framework for variant interpretation. Our
software aids medical professionals in prioritizing, filtering, and conducting agnostic
inspections of variants, as well as in sharing their findings with colleagues. Figure 1 pro-
vides an overview of the ACVI-Med workflow and its main functional modules.

Filtering Variant Details

- gnomAD

ACMG Tiering - TOPMed Bravo
- Locus Reference Genomic (LRG)
- Franklin Genoox

VCF ACVI-Med - UCSC Genome Browser

- VarSome

PGx - Clinvar
- Ensembl
- UniProt
- PubMed

- Mastermind (Genomenon)

Secondary Findings - Genomics England

Fig. 1 Workflow overview. Starting from an Ensembl VEP [8] (Variant Effect Predictor) annotated VCF file, our soft-
ware enables variant filtering and ACMG-compliant tiering [2] to identify candidate variants. Each variant can be
individually inspected with links to a wide range of external data sources. In addition to variant prioritization, the
tool includes modules for ACMG-recommended secondary findings and pharmacogenomics (PGx) analysis
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Variant explorer and filtering

One of the core functions of ACVI-Med is filtering the patient’s sequenced variants
by gene, panel, genotype or a range of other variant attributes. This is used to identify
pathogenic mutations, allowing users to quickly sift through the vast amount of variants
and identify those of importance to the phenotype. Additionally, users can sort the data
by a number of variant attributes (such as pathogenicity prediction scores or allele fre-
quency) in ascending or descending order. The filtering page was designed to allow users
to freely filter variants without constraining them to a fixed number of logical opera-
tions or a rigid structure, using an intuitive graphical user interface. Researchers may
place conjunctions (AND, OR) between expressions and set parentheses around state-
ments. This allows for a straightforward definition of a filter, without being limited to
preset selection criteria. Building a filter consists of four steps, which the user is guided
through via a graphical interface:

1. Selecting a number of genes or panels to be included in the search results. These genes
and their associated panels are automatically retrieved from the Genomics England
Panel App API on a daily basis [6].

2. Filtering for variant attributes such as protein impact, pathogenicity scores (SIFT
[25], PolyPhen [26], DANN [27], GERP [28] among others) and allele frequencies as
included in our annotation pipeline which is available as part of the software.

3. Filtering for a genotype of the patient or genotype combinations if the patient’s
relatives are included in the analysis (trio). This allows for e.g. the identification of
recessive mutations where patients exhibit a genotype of 1/1 while parents are only
carriers with 0/1.

4. Selecting columns to sort the result by.

Once the filter is applied, the number of variants displayed is reduced to those match-
ing the filter. Clicking on a search result redirects the user to the variant’s summary page

containing all associated information.

Variant summary page

The summary page contains all information associated with the variant that was added
through our annotation process as well as hyperlinks specifically generated for each vari-
ant, pointing to associated information in external databases (Fig. 2). This combination
of locally annotated information and links to external sources should enable the user
to evaluate the pathogenicity of the variant in each particular case. The links are gener-
ated from variant identifiers, gene symbols, protein ids and other data stored with the
variant. Linked databases include gnomAd [12], TopMed Bravo [29], LRG [30], Frank-
lin, UCSC [31], Varsome [14], ClinVar [11], CCDS [32], Ensembl [33], Uniprot/Swiss-
Prot [34], UniParc [35], PubMed, Mastermind [36] and Omim [13]. On the very top of
the summary page a brief overview of the most important annotations of each variant
- such as chromosome and position, reference allele, alternate allele and the filter field
indicating the quality of the variant - as well as the fields GT (genotype), GQ (genotype
quality), DP (depth, number of reads in a specific locus) and AD (allelic depth) are dis-
played for each person included in the sample. A polar area chart is displayed, showing
the predicted effect on the gene product as determined by the available pathogenicity
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Fig.2 Variant summary page. A screenshot of the variant summary page. Besides basic information about the vari-
ant, we display various pathogenicity prediction scores, population statistics and - when available - IGV [44] data

prediction scores including SIFT 4G [37], PolyPhen [26], DANN [27], GERP [28],
FATHMM [38], PrimateAl [39], MetaSVM [40], REVEL [41], MVP [41] which should
allow for a quick first evaluation of the variant before starting a more in-depth analysis.
Pathogenicity prediction scores are normalized to a 0-100% scale, with 100% indicating
the most damaging effect of the variant. A bar graph shows the allele frequencies of the
variant in different populations, sorted from most to least frequent. If a CRAM (Com-
pressed Reference-oriented Alignment Map) [42] or BAM (Binary Alignment Map) [43]
file is provided, the Integrative Genomics Viewer (IGV) [44, 45] is displayed on the vari-
ant overview page, to allow inspection of the actual raw data leading to the variant call.
All remaining INFO and consequence fields of the variant as stored in the VCF file are
displayed in a predefined order, hierarchically grouped. Alongside each variant attribute
a description of the selected property and - if available - a link to the original publi-
cation describing the property is given. Variant attributes such as scores or percentage
values are displayed as bar charts. In case the variant or its gene is listed in ClinVar [11]
or Genomics England PanelApp [6] the data available from both sources is displayed in

separate information boxes.
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ACMG tier-based filtering “Quick-Tiering”

To provide researchers with a simple way to perform a standardized screening of a
patient’s genome, an additional search function with a subsequent tiering of variants
was implemented. Tiering variants according to the guidelines provided by the Ameri-
can College of Medical Genetics (ACMG) assigns each variant one or more ACMG tiers
which can either support or oppose a variant’s claim to pathogenicity [2].

The ACMG-based tiering process starts with the selection of one or more Genom-
ics England Panel App panels and/or HPO (Human Phenotype Ontology) [22] terms
that in combination best describe the condition of the patient in the analyzed sample.
This tiering requires at least one HPO term or PanelApp panel. Our software converts
each HPO term into a number of loci by searching the ClinVar database for the term’s
id and gathering all loci associated with it. It is important to note that for many HPO
terms no association has been recorded in the ClinVar database, it is therefore advisable
to choose multiple terms and use them in combination with Genomics England panels.
The combination of HPO terms and Genomics England panels allows for the creation of
a query used to select variants for tiering and further analysis. Besides terms and panels,
queries can contain a variant allele frequency threshold of 10%, which decreases overall
processing time, while simultaneously avoiding eliminating possibly pathological vari-
ants. Each variant included in the result set is evaluated based on the tiering rules estab-
lished by ACMG [2]. This process results in a number of tiers for each variant in the
initial result set (Fig. 3). To improve transparency, our tool provides detailed descrip-
tions of each assigned tier. This description includes the list of conditions that have been
met by the variant which led to the tier being selected and features the exact values
that were used as a basis to determine if the tier applies. Out of the total 16 ACMG
tiers supporting pathogenicity, our application implements 11, and out of the 12 tiers

@ Logged in as username My Studies My Notes Logout

Patient-sample-name

Possible causative variants

305 variants found in 0.11 seconds
@ Click on the name of a tier in order to view its definition.

¥ chr11:6617154 ciick t

NST00000299427.12:c.5¢

euoncad

PVS1

PVS1 - Very strong evid
Null variant (nonsense, fra
function (LOF) is

f pathogenicity
onical +/-1 or 2 splice sites, initiation codon, single or multi-exon deletion) in a gene where loss of

Causes for why PVS1 applies to this variant
v Impact: HIGH
v Gene: TPP1

v Number of pathogenic o likely pathogenic null variants on gene: 105

ST PATHOGENIC
ST PATHOGENIC

Fig. 3 ACMG-based tiering. A screenshot of the ACMG-based tiering results [2]. Each variant matching the pheno-
type in the search query is shown with the corresponding evidence tiers (e.g.,'PVS1,'PM1,'PM2’) and the resulting
classification (e.g., ‘Pathogenic’). The reasoning for each tier and the final classification is shown separately to help
users verify their accuracy
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Automated ACMG-Tiers in ACVI-Med

ACMG-Tiers supporting pathogenicity (16)

5 not automated

ACMG-Tiers supporting benignity (12)

7 not automated

Fig.4 Implemented ACMG-Tiers. Out of the 16 tiers supporting pathogenicity our application implements 11. Out
of the 12 tiers supporting benignity, our application implements 5

supporting benignity, it implements 5 (Fig. 4). In the final step of the ACMG-based tier-
ing process the tiered variants are sorted by ACMG tiers starting with the most severe

” «

variants. Using these tiers the variants are classified as either “pathogenic’, “likely patho-
genic’, “uncertain significance’, “likely benign” and “benign” according to the rules rec-
ommended by ACMG [2]. This approach simplifies identification of causative mutations
by researchers, since the most damaging variants are displayed on the top of the results
list and can easily be investigated further.

For variants located in genes under the purview of a ClinGen Variant Curation Expert
Panel (VCEP) [21], the interface identifies the availability of specialized rules by cross-
referencing the data from the ClinGen Criteria Specification (CSpec) Registry. While
baseline ACMG criteria are automated, this feature allows users to manually select gene-
specific evidence codes and strength modifications. These parameters are evaluated via
the CSpec Reasoner SVI API [23], ensuring the final classification conforms to expert-
level interpretations that supersede the general Richards et al. 2015 guidelines.

Additional capabilities

Secondary findings

In a 2013 paper the American College of Medical Genetics published a consensus paper
in which they acknowledge that with the greater availability of WES and WGS the ques-
tion of how to interpret incidental findings becomes a frequent practical concern [4].
Their working group established a list of conditions, genes and variants where findings
should always be reported, no matter the original indication for ordering the test. Their
list focuses on disorders that have an established treatment, a high penetrance and tend
to be asymptomatic for a long time [4]. In order to comply with these recommendations,
we added a secondary findings module based strictly on the ACMG SF v3.2 reporting
guidelines [3]. The implementation of this feature requires the user to enter whether the
patient is an adult or a child and if the patient is male (single X-chromosome) or female
(multiple X-chromosomes) which is required to accurately follow ACMG recommen-
dations on secondary findings. Once this information is entered, the software tiers all
variants located on genes in the ACMG SF v3.2 list. Depending on the individual rec-
ommendations from said list only pathogenic or both pathogenic and likely pathogenic
variants are reported in the final result which shows the number of identified variants
per gene as well as detailed information on the identified variants. The ACMG-curated
secondary findings list includes prominent genes such as BRCA1, BRCA2 and APC -
that oftentimes were not the target of the primary investigation but nonetheless cause
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potentially treatable dispositions, hoping to strike the right balance between over-
reporting and missing critical diagnoses. Having knowledge about the patient’s carrier
status of these actionable variants allows the researcher to potentially start preventive
treatment early on and facilitate a better overall outcome for the patient.

Pharmacogenomics

We additionally implemented a pharmacogenomics module which allows users to pre-
dict potential drug responses based on the patient’s genetic makeup. The pharmacoge-
nomics module in ACVI-Med integrates data from PharmGKB [46] by directly mapping
identified variants to clinical annotations via their rsID. This approach focuses on indi-
vidual variant-drug associations rather than translating combinations into star (*) alleles.
The module reports findings based on the presence of specific variants detected in the
VCEF file, and it does not infer or report on missing variants that would be required
for full haplotype reconstruction. For each identified interaction, the module provides
detailed information, including the gene involved, the specific variant, and the predicted
effect on drug metabolism or efficacy. This information is presented in a user-friendly
format, allowing researchers to quickly assess the potential impact of genetic factors on
drug therapy. By incorporating pharmacogenomics into the ACVI-Med tool, we aim to
enhance the utility of genomic data analyzed.

Conclusion

ACVI-Med provides a user-friendly tool for variant interpretation, secondary findings
identification, and pharmacogenomics analysis in genomics. ACVI-Med’s accessibility is
a key strength, allowing medical professionals with limited genetics experience to ana-
lyze genomic data using any VCF file. The tool’s integration of ACMG-conform tiering
and flexible filtering options enhances the efficiency of identifying causative mutations.
Additionally, the secondary findings and pharmacogenomics modules extend its utility,
offering insights into relevant mutations and drug response predictions, respectively.

One of the main advantages of ACVI-Med is its cost-effectiveness and open-source
nature, which makes it an attractive alternative to commercial solutions like Var-
some [14], Euformatics, and Congenica. Unlike these commercial tools, ACVI-Med is
on-premise and fully containerized, allowing small institutions to effectively analyze
samples. However, this also means that ACVI-Med lacks the dedicated support and
extensive community features that commercial solutions can offer. Users need to rely on
their own hardware and expertise to troubleshoot issues, which could be a limitation for
some institutions.

Furthermore, we want to address the limitations of ACVI-Med’s ACMG-based tier-
ing. While we implemented the majority of the ACMG tiers, not all can be computed
in an automated way. Given that ACMG only provides guidelines on the implementa-
tion of tiers, some details are open to interpretation. While we have tried to stay true
to the exact definition, sometimes adaptations were necessary to ensure automated
processing is possible. Lastly, it is important to note that since not all tiers were imple-
mented, the final classification may be skewed. In order to ensure full transparency, we
provide a list of all ACMG-tiers and their respective implementations or adaptations in
our Supplementary Methods. Further limiting factors of ACVI-Med’s effectiveness are
the completeness and accuracy of external databases, out of which especially ClinVar
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and Genomics England Panel App play an important role. Another critical consideration
is the privacy and security of patient data. Genomic data, particularly BAM [43] files,
can be identifiable and have to be handled with utmost care. While ACVI-Med provides
access protection to safeguard this information, the institution hosting the application
needs to ensure their infrastructure’s security. Even rare single variants might make
patients identifiable which warrants careful consideration of researchers when sharing
results. One benefit of ACVI-Med in this context is that the analysis can remain entirely
in-house.

We believe ACVI-Med offers a valuable solution for genomic data analysis, addressing
the annotation bottleneck and providing a cost-effective alternative to commercial tools.
Bridging the gap between high-end prioritization tools like Exomiser [15] and large-scale
platforms like seqr [16], ACVI-Med offers a unique, transparent ACMG-based workflow
(Table 1) for the research community. By empowering academic institutions and inde-
pendent researchers, ACVI-Med facilitates the integration of genomics into research.
Future improvements could focus on optimizing data processing times and expanding
compatibility with new genomic data formats.

Although ACVI-Med is currently restricted to research use due to regulatory consid-
erations, we hope it will inspire further collaboration between researchers, clinicians and
developers, driving innovation in genomic medicine and accelerating the transition of
genomics into everyday clinical care. By lowering barriers to advanced genomic analysis,
we envision ACVI-Med playing a role in democratizing access to precision medicine and
ensuring that cutting-edge genomic insights are within reach for institutions of all sizes.
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