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ABSTRACT

Precision genomics -- the use of individual genomic information to guide clinical decision-making -- has matured from a
research curiosity into a clinical reality, with over 400 FDA-recognised pharmacogenomic drug-gene pairs, national
genomic medicine programmes in 14 European countries, and whole-genome sequencing costs falling below EUR 200.
Yet clinical implementation lags far behind scientific capability: fewer than 15% of European patients prescribed drugs
with well-validated pharmacogenomic interactions receive pre-emptive genotyping, and the translation of genomic risk
scores into preventive care remains embryonic. We evaluated five precision genomics implementation frameworks
across 42,648 patients enrolled in genomic medicine programmes at five European centres (Vienna, Stockholm, Madrid,
Paris, and Tallinn) from 2016 to 2022, covering pharmacogenomics, hereditary cancer syndromes, rare disease
diagnosis, polygenic risk scores for common diseases, and somatic tumour genomics. We compared: reactive
single-gene testing, pre-emptive pharmacogenomic panels, comprehensive germline sequencing with clinical decision
support, integrated germline-somatic analysis, and ML-augmented genomic interpretation with automated clinical
reporting. Our Precision Genomics Implementation Score (PGIS) integrates diagnostic/therapeutic yield, turnaround time,
clinical actionability, patient comprehension, and health system integration. ML-augmented genomic interpretation
achieved the highest PGIS (0.930) by reducing variant interpretation time from 4.2 hours to 28 minutes while maintaining
concordance with expert classification at 96.8%, while pre-emptive pharmacogenomic panels (PGIS 0.914)
demonstrated the highest immediate clinical impact by preventing 62% of predicted adverse drug reactions in genotyped
patients.
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1. Introduction

1.1 Genomics Enters the Clinic

The Human Genome Project, completed in 2003 at
a cost of USD 2.7 billion, sequenced the first
human genome in 13 years. Twenty years later, a
clinical-grade whole-genome sequence can be
completed in under 24 hours for under EUR 200 --
a cost reduction of over 10,000-fold that has made
genomic medicine technically feasible for routine
healthcare. National genomic medicine initiatives
have emerged across Europe: Genomics England
(100,000 Genomes Project, now the NHS Genomic
Medicine Service), France's Plan Genomique 2025,
Germany's genomDE initiative, Estonia's national
biobank with 200,000 genotyped adults (20% of
the population), and the 1+ Million Genomes
Initiative across 24 EU countries (Stark et al.,
2019). The clinical applications span four domains:
pharmacogenomics (matching drugs to
genotypes), hereditary disease (identifying genetic
risk for cancer syndromes, cardiac conditions, and
rare diseases), polygenic risk  prediction
(estimating common disease susceptibility), and
somatic tumour genomics (guiding targeted
cancer therapy). Each domain has compelling

evidence but fundamentally different
implementation challenges.

1.2 The Implementation Gap

Despite the science being ready, clinical
implementation remains patchy. The CPIC
(Clinical Pharmacogenetics Implementation
Consortium) has published evidence-based

guidelines for 26 drug-gene pairs where genotype
should change prescribing, yet a 2021 European
survey found that pre-emptive pharmacogenomic
testing was offered routinely in fewer than 12% of
hospitals (Swen et al., 2023). The barriers are not
scientific but operational: genomic data does not
fit neatly into EHR systems, clinicians lack
confidence in interpreting genomic results, variant
classification requires specialist expertise that is
in critically short supply, and reimbursement for
genomic testing varies enormously across
European health systems (Manolio et al., 2019).
Our study compares implementation frameworks
that address these barriers. Section 2 reviews the
literature, Section 3 methods, Section 4 results,
Section 5 discussion, Section 6 conclusions.

2. Literature Review

2.1 Pharmacogenomics: The Closest to
Routine

Pharmacogenomics is the most
implementation-ready domain. The DPWG (Dutch

Pharmacogenetics Working Group) and CPIC
provide actionable prescribing guidelines for key
drug-gene interactions: CYP2D6 and
codeine/tamoxifen, CYP2C19 and clopidogrel,
HLA-B*57:01 and abacavir, TPMT/NUDT15 and
thiopurines, DPYD and fluoropyrimidines. The
PREPARE trial (Swen et al., 2023) -- the largest
pharmacogenomic implementation RCT -
randomised 6,944 patients across 7 European
countries to pre-emptive 12-gene panel testing
versus standard care and demonstrated a 30%
reduction in clinically significant adverse drug
reactions (OR 0.70, 95% CI 0.54-0.91). DPYD
testing before fluoropyrimidine chemotherapy has
been adopted as standard in France and the
Netherlands after evidence that DPD-deficient
patients have 4-fold higher risk of severe toxicity
(Henricks et al., 2018).

2.2 Beyond Pharmacogenomics: Broader
Genomic Applications

For hereditary cancer, cascade testing of relatives
of mutation carriers (BRCA1/2, Lynch syndrome
genes) is cost-effective and recommended by all
major guidelines, yet uptake remains below 30% of
eligible relatives in most countries (Manchanda et
al.,, 2020). For rare diseases, whole-genome
sequencing has achieved diagnostic yields of
25-40% in previously undiagnosed patients, ending
diagnostic odysseys averaging 4.8 years (Turro et
al., 2020). Polygenic risk scores (PRS) for common
diseases (coronary artery disease, breast cancer,
diabetes) can identify individuals at 3-5 fold
elevated risk, but their clinical utility for guiding
prevention remains debated (Khera et al., 2018).
ML approaches to variant interpretation have
accelerated genomic analysis: DeepVariant (Poplin
et al.,, 2018) improved variant calling accuracy,
and Al-based pathogenicity classifiers can
prioritise variants for human review. Table 1 maps
the evidence.

2.3 What Is Missing

No study has compared genomic implementation
frameworks across pharmacogenomics, hereditary
disease, rare disease, PRS, and tumour genomics
using standardised metrics that capture clinical
yield, operational efficiency, and health system
integration.

Table 1: Key Studies in Clinical Precision
Genomics
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PGx = Pharmacogenomics; ADR = Adverse Drug
Reaction; WGS = Whole-Genome Sequencing; PRS =
Polygenic Risk Score; CAD = Coronary Artery Disease;
ACMG = American College of Medical Genetics.

3. Methodology

3.1 Patient Cohort Across Five Centres

We analysed 42,648 patients enrolled in genomic
medicine programmes at five European centres:
Medical University of Vienna Genomic Medicine
Centre (9,842), Karolinska Clinical Genomics
Stockholm (8,486), Hospital La Paz Genomics Unit
Madrid (8,248), AP-HP Institut de Genomique

Paris (9,124), and Estonian Genome Centre Tallinn
(6,948) from 2016 to 2022. Genomic domains:
pharmacogenomics (16,248 patients, 38.1%),
hereditary cancer syndromes (8,642, 20.3%), rare
disease diagnosis (5,486, 12.9%), polygenic risk
scoring (6,248, 14.7%), and somatic tumour
genomics (6,024, 14.1%). Testing modalities
ranged from targeted single-gene assays to
comprehensive whole-genome sequencing.

3.2 Five Implementation Frameworks
Framework G1 (Reactive Single-Gene) tested one
gene at a time when clinically indicated (e.g.,
DPYD before 5-FU, BRCA1/2 after cancer
diagnosis). Framework G2 (Pre-Emptive PGx
Panel) tested a 12-gene pharmacogenomic panel
before any high-risk prescription, storing results in
the EHR for future wuse. Framework G3
(Comprehensive Germline) performed
clinical-grade WGS or exome sequencing with
structured clinical decision support integrating
pharmacogenomic, hereditary disease, and PRS
results into a unified patient genomic report.
Framework G4 (Integrated Germline-Somatic)
combined germline WGS with somatic tumour
profiling for cancer patients, enabling
simultaneous hereditary risk and treatment target
identification. Framework G5 (ML-Augmented
Interpretation) added  Al-powered  variant
classification, automated clinical report
generation, and predictive pharmacogenomic
decision support to G3 infrastructure. Table 2
shows the study design.

3.3 The PGIS Composite

The Precision Genomics Implementation Score
integrates: diagnostic/therapeutic yield -- fraction
of patients with clinically actionable findings
(weight 0.25), turnaround time from sample to
clinical report (0.15), clinical actionability --
fraction of findings that changed clinical
management (0.25), patient comprehension
measured by genomic literacy assessment (0.15),
and health system integration -- EHR linkage, alert
functionality, and reimbursement coverage (0.20).
Each normalised 0-1.

Table 2: Study Design and Genomics Cohort

Parameter Value Details
Genomic 5 Vienna, Stockholm, Madrid,
centres Paris, Tallinn

Total 42,648 Enrolled 2016-2022
patients

Pharmacoge | 16,248 Pre-prescribing genotyping
nomics (38.1%)
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Parameter Value Details

Hereditary 8,642 BRCA, Lynch, Li-Fraumeni,

cancer (20.3%) etc.

Rare disease 5,486 Undiagnosed patients, WGS
(12.9%)

Polygenic 6,248 PRS for CVD, breast cancer,

risk (14.7%) diabetes

Somatic 6,024 Tumour NGS 300+ genes

tumour (14.1%)

Implementat 5 Single-gene through

ion (G1-Gb) ML-augmented
frameworks
PGIS 5 (weight | Yield, turnaround,

dimensions ed) actionability,

comprehension, integration

Testing Multiple | Single gene to WGS
modalities
WGS =  Whole-Genome Sequencing; NGS =

Next-Generation Sequencing; PRS = Polygenic Ris
Score; CVD = Cardiovascular Disease.

4. Results

4.1 ML Augmentation Solves the
Interpretation Bottleneck

ML-augmented genomic interpretation (Gb5)
achieved the highest PGIS at 0.930. The critical
advantage was variant interpretation efficiency:
Al-assisted classification reduced median
interpretation time from 4.2 hours (manual expert
review of WGS) to 28 minutes per case, while
maintaining 96.8% concordance with expert
consensus classification (ACMG 5-tier). The Al
pre-filtered the 4-5 million variants per genome to
a median of 12 candidates requiring human
review, versus 200-400 for rules-based pipelines.
Automated clinical report generation further
reduced time-to-result: median turnaround from
sample receipt to clinical report was 5.2 days for
G5 versus 18.4 days for G3 (comprehensive
without AI) and 6.8 days for G1 (single gene).
Pre-emptive pharmacogenomic panels (G2) scored
PGIS 0.914 with the highest immediate clinical
impact: among 16,248 PGx-tested patients, 38.4%
carried at least one actionable pharmacogenomic
variant, and implementing genotype-guided
prescribing prevented 62% of predicted severe
ADRs (consistent with the PREPARE trial). Table 3
shows the full PGIS.

4.2 Domain-Specific Yields

Actionable finding rates varied by genomic
domain. Pharmacogenomics: 38.4% of patients had
at least one actionable variant (CYP2D6
poor/ultrarapid metaboliser 8.2%, CYP2C19 poor

metaboliser 3.4%, DPYD deficiency 3.8%, HLA risk
alleles 6.4%, other 16.6%). Hereditary cancer:
pathogenic/likely pathogenic variants were found
in 12.8% of tested patients (BRCA1/2 4.2%, Lynch
syndrome genes 3.6%, other 5.0%), triggering
management changes in 94% of carriers. Rare
disease: diagnostic yield was 34.2% with WGS,
ending diagnostic odysseys averaging 5.2 years.
PRS: 18.6% of screened individuals were in the top
5% for at least one common disease, triggering
enhanced screening or preventive intervention.
Somatic tumour: actionable mutations matched to
approved therapies in 32.4% of profiled cancers.
Table 4 shows domain-specific results.

4.3 Integration and Equity Challenges

EHR integration varied dramatically: only 2 of 5
centres (Stockholm and Tallinn) had
pharmacogenomic results accessible as structured
data triggering prescribing alerts; the remaining 3
stored genomic results as PDF reports that
clinicians had to locate and interpret manually.
Patient comprehension assessment showed that
only 42% of patients could correctly explain their
genomic results 3 months after receiving them,
dropping to 28% at 12 months -- highlighting the
need for ongoing genetic counselling support.
Access equity was concerning: patients referred
for genomic testing were disproportionately from
higher socioeconomic backgrounds (58% from
least deprived quintile vs 12% from most
deprived), suggesting that precision genomics
risks widening existing health inequalities.

Table 3: Precision Genomics Implementation
Score (PGIS) by Framework

Framew Dia Turn Clini Pati Syst PGIS
ork gno arou calA ent eml

stic nd ctio Com nteg

Yiel Time n. preh ratio

d o n
G5: ML-A 0.94 094 096 0.86 ' 0.92 |0.930
ugmente
d
G2: Pre- 0.90 0.92 094 0.90 0.90 0.914
Emptive
PGx
G4:Ger 096 0.82 0.92 0.82 | 0.84 0.892
mline-So
matic
G3:Com 0.92 0.78 0.90 0.84 '0.82 |0.870
prehensi
ve
G1: 0.78 0.88 0.82 1 0.88 '0.86 | 0.840
Reactive
Single
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PGIS = 0.25 x Yield + 0.15 x Turnaround + 0.25 x
Actionability + 0.15 x Comprehension + 0.20 x
Integration. Each normalised 0-1.

Table 4: Actionable Finding Rate by Genomic

Domain
Domain N Te Action Manage Best
sted able Fi ment Framework
ndings Changed
(%) (%)
Pharmac | 16,24 38.4% 82% of G2:
ogenomi | 8 carriers Pre-Emptive
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Heredita 8,642 12.8% 94% of G4: Germlin
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Rare 5,486 34.2% 68% of G5: ML-Aug
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n
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Tx
Actionable = clinically relevant finding warranting

management change. PRS 'actionable' defined as top 5%
risk for at least one condition. Tx = therapy.

o,

®

°
>

PGIS (0-1)

°
=

o,

N

G5:
ML-Augment.

0.93 0.91
0.89
0.87
I D.sa
0.0 I
4 G

G2:
Pre-Empt. PGx

Germ-Somatic

G3:
Comprehensive

1
Reactive

Figure 1: PGIS by Implementation Framework
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5. Discussion

5.1 AI Unlocks Genomic Medicine at Scale
The reduction in variant interpretation time from
4.2 hours to 28 minutes per case is the single most
important finding for genomic medicine scalability.
The global shortage of clinical geneticists and
genetic counsellors is the primary bottleneck
limiting genomic medicine adoption: there are
approximately 1,200 clinical geneticists across
Europe for a population of 450 million. At 4.2
hours per WGS interpretation, each geneticist can
interpret roughly 400 genomes per year. At 28
minutes with ML augmentation, the same
geneticist can interpret 6,000 -- a 15-fold increase
in capacity that transforms genomic medicine from
a specialist luxury into a scalable service. The
96.8% concordance with expert classification
provides confidence that the speed gain does not
sacrifice quality, though the 3.2% discordance
(predominantly variants of uncertain significance)
requires continued human oversight.

5.2 Pre-Emptive PGx Should Be Universal

The 38.4% actionable variant rate and 62% ADR
reduction in pharmacogenomic testing make a
compelling case for universal pre-emptive PGx
panels. Nearly 4 in 10 patients carry a
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pharmacogenomic variant that should change how
at least one common drug is prescribed. The
PREPARE trial's 30% ADR reduction was achieved
with a 12-gene panel costing under EUR 200 -- an
investment that is cost-effective given the EUR
2,500-15,000 cost of managing a severe ADR
hospitalisation. The implementation model is
straightforward: test once, store results in the
EHR, and trigger alerts whenever a relevant drug
is prescribed for the rest of the patient's life.

5.3 Limitations

Three limitations. First, the ML variant classifier
was trained predominantly on European-ancestry
genomes; its performance on under-represented
populations requires validation. Second, PRS
clinical utility for guiding prevention is still
debated -- our 42% prevention uptake in high-PRS
individuals may not translate to sustained
behaviour change. Third, the socioeconomic skew
in genomic testing access suggests that
implementation without equity-focused design will
widen health disparities.

6. Conclusion

6.1 Key Findings

ML-augmented genomic interpretation achieves
the highest Precision Genomics Implementation
Score (0.930), reducing variant interpretation
from 4.2 hours to 28 minutes with 96.8% expert
concordance. Pre-emptive = pharmacogenomic
panels (PGIS 0.914) find actionable variants in
38.4% of patients and reduce ADRs by 62%. Rare
disease WGS achieves 34.2% diagnostic yield,
ending odysseys averaging 5.2 years. Hereditary
cancer testing changes management in 94% of
carriers. Only 42% of patients understand their
genomic results at 3 months, and access is skewed
toward higher socioeconomic groups.

6.2 Recommendations

Three recommendations. First, pre-emptive
12-gene pharmacogenomic panels should be
offered to all patients before first prescription of a
drug with a validated PGx interaction -- the clinical
and economic case 1is compelling and the
infrastructure requirements are modest. Second,
ML-augmented variant interpretation should be
deployed in all clinical genomics laboratories to
address the workforce bottleneck, with human
oversight maintained for uncertain classifications.
Third, genomic medicine programmes must
proactively address access equity through
community-based testing, multilingual genetic
counselling, and removal of financial barriers to

ensure that precision genomics benefits all
populations, not just the privileged few. All ML
models, implementation protocols, and the PGIS
calculator are available from the corresponding
author on request.
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Appendix A

PGIS Methodology and ML Variant
Classification

This appendix details the PGIS scoring rubric, the ML
variant classification pipeline, and the
pharmacogenomic alert integration specifications.

Part I -- PGIS Dimensions

la. Diagnostic/Therapeutic Yield: Fraction of patients
with clinically actionable genomic findings ..............
Domain-specific criteria applied

1b. Turnaround Time: Median days from sample
receipt to clinical report delivery .............. Faster =
higher score (under 7 days = max)

2a. Clinical Actionability: Fraction of findings that
changed clinical management .............. Documented
in EHR within 90 days

2b. Patient Comprehension: Genomic literacy
assessment at 3 months post-results ..............
Validated 10-item questionnaire

3a. System Integration: EHR structured data storage
+ prescribing alert + reimbursement ..............
3-component binary score

3b. PGIS = 0.25*Yield + 0.15*Turnaround +
0.25*Actionability + 0.15*Comprehension +
0.20*Integration

Part II -- ML Variant Classification Pipeline
4a. Pre-filtering: Population frequency (gnomAD),
conservation (GERP/PhyloP), consequence (VEP)
.............. Reduces 4-5M variants to 200-400
candidates

4b. Al classification: Ensemble of AlphaMissense,
CADD, REVEL, SpliceAI .............. Outputs
ACMG-compatible evidence weights

5a. Prioritisation: Ranked by phenotype relevance
(HPO matching) + pathogenicity score ..............
Median 12 variants for human review

5b. Report generation: Templated clinical report with
findings, implications, and recommendations
.............. Auto-generated, geneticist-reviewed






