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Nanopore long-read sequencing for the critically ill facilitates
ultrarapid diagnostics and urgent clinical decision making
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Critically ill pediatric patients often have genetic disorders requiring a rapid diagnosis to guide urgent care decisions. Standard
genetic testing typically takes weeks and requires multiple tests. Nanopore long-read genome sequencing (LR-GS) delivers
genome-wide results within days as a one-test-fits-all solution. As one of the first centers in Europe, we implement ultrarapid LR-GS
for critically ill patients. We enrolled 26 critically ill patients (median age 2 months) suspected of having a genetic disorder at the
intensive care unit to perform (ultra)rapid nanopore LR-GS alongside standard genomic care. We compared diagnostic yield,
turnaround time (TAT), and evaluated the impact on clinical decision making. In 11/26 cases a genetic diagnosis was made with
(ultra)rapid LR-GS. From sample receipt to result, the average TAT was 5.3 days (range 2.0–10.8) for LR-GS and 18.4 days (range
6.1–29.1) for standard genomic care. DNA methylation analysis from LR-GS expedited the diagnosis in 3/26 cases. In 7/11 solved
cases ultrarapid LR-GS led to immediate adjustments in patient care, e.g., medication switch or termination of treatment. Our
findings underscore the clinical impact of ultrarapid LR-GS, including added value of methylation analysis, for critically ill patients
and highlight existing challenges, paving the way to ultrarapid LR-GS integration into standard diagnostics.

European Journal of Human Genetics (2026) 34:108–118; https://doi.org/10.1038/s41431-025-01959-x

INTRODUCTION
Critically ill patients, specifically children, often have a high
likelihood of having an underlying genetic disorder requiring a
rapid diagnosis. Rapid (<10 days) and ultrarapid ( <3-5 days)
genomic testing holds the potential to guide clinical manage-
ment, offer treatment options, enhance prognosis, shorten
irreversible suffering, shorten intensive care stays, reduce costs
in critically ill patients, and reduce parental distress [1–4]. Standard
genomic care, while comprehensive, has turnaround times (TAT)
of several weeks and typically requires multiple tests. Current
critical care demands swift decisions within a couple of days, so
the results from genetic testing often cannot be readily integrated
into treatment decision-making, delaying optimal care.
While various genome-wide approaches, such as short tandem

repeat testing, short-read exome sequencing (ES) and genome
sequencing (SR-GS), have been employed in rapid testing, they

rely on short-read sequencing and do not capture DNA
methylation (DNAm), requiring multiple tests for genetic and
epigenetic disorders[1, 2]. Recent advancements in nanopore
long-read genome sequencing (LR-GS) have enhanced sequen-
cing quality, enabling ultrarapid genomic testing without the need
for running samples in batches. Real-time native DNA LR-GS has
the ability to detect and phase not only single nucleotide variants,
but also structural variants, DNA methylation, repeat expansions,
and variations in mitochondrial DNA. Therefore, LR-GS delivers
comprehensive, clinically relevant insights—making it especially
effective in time-sensitive clinical scenarios[5–8].
In this study, we assess the clinical utility of ultrarapid LR-GS

sequencing for critically ill (pediatric) patients suspected of having
a genetic disorder at the intensive care unit, comparing LR-GS to
standard rapid genomic care, marking the first integration of
ultrarapid LR-GS into standard diagnostics. The cases presented
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highlight the potential of ultrarapid LR-GS to reduce the number
of tests needed, while enhancing clinical care and improving
outcomes for patients with genetic conditions.

METHODS
Participant inclusion
Individuals were included between May 2024 and May 2025. Individuals
were eligible if they were critically ill, admitted to the intensive care unit
(ICU) at Erasmus MC (Rotterdam, the Netherlands) or another hospital in
the Netherlands, had a suspected genetic condition, and for whom
standard rapid genomic care was requested at the clinical genetics
laboratory at Erasmus MC. Individuals with a clear non-genetic etiology, or
a previously confirmed genetic diagnosis, were excluded.

DNA extraction and sequencing
High-quality genomic DNA was extracted from blood using either the
ReliaPrep Large Volume HT gDNA Isolation kit (Promega, Leiden, The
Netherlands) for larger blood volumes (>1ml) or the Chemagic DNA Blood
kit (Revvity, Baeswiler, Germany) for smaller blood volumes (<1ml) by
following the manufacturer’s instructions. DNA extraction followed
standard methods used for standard diagnostics rather than preparations
for ultrahigh molecular weight DNA. Following DNA fragmentation and
short fragment removal, the sequencing library was prepared using the
Oxford Nanopore Technology (ONT, Oxford, United Kingdom) ligation
Sequencing Kit SQK-LSK114 according to the manufacturer’s instructions.
For each individual, the library was loaded on two PromethION Flow cells
R10.4.1 and sequenced to obtain read depth of 30-40x (runtime ~24 h)
with read length targeting N50 ~ 15 kb. Samples were run as singletons or
in trios, depending on the availability of parental DNA and/or a strong
suspicion of a clinical diagnosis at the start of the isolation process.

Data analysis
Basecalling with modification, and alignment to the reference genome
(GRCh38) were performed live in MinKNOW v.24.02.19-v.24.11.11, using the
SUP v.4.3.0 mode. DNA methylation was summarized with modkit v0.3.0.
Variants were called using Clair3 [9], sniffles2 [10], SVision-pro [11] and
Spectre (https://github.com/fritzsedlazeck/Spectre) and reads were phased
using LongPhase v1.0.7 [12]. Variant annotation and Human Phenotype
Ontology (HPO)-based prioritization was performed with Exomiser [13]
including parental data when available. Exomiser annotations included
REVEL [14], CADD [15], AlphaMissense [16] and SpliceAI [17] in silico tools
for variant prioritization. Reported variants in the top 50 prioritized genes
or combined score >0.75 were reviewed by both laboratory specialists and
clinicians in relation to the patients’ presentation. Additional genes were
analyzed, if requested by the referring clinical geneticist. Reported variants
were validated by standard genomic care. Variants of interest were
visualized using Integrative Genomics Viewer (IGV) before reporting. For
variants of interest with low quality, targeted re-basecalling of loci of
interest was performed using the more accurate and compute-intensive
basecalling model SUP v5.0.0 using dorado (https://github.com/
nanoporetech/dorado).

DNA methylation signature analysis
As the available DNAm signature analysis is based on Illumina EPIC arrays,
the ONT-derived DNA methylation calls were processed with an in-house
script (https://github.com/f-ferraro/PseudoEpic-bedmethyl) to extract the
beta values of the Illumina EPIC array sites, creating “PseudoEPIC” file. The
beta values were submitted to EpigenCentral [18] for cases 1-9 and
MethaDory [19] for cases 9-26, which allows for DNA methylation-based
sample classification of 18 and 89 disorders, respectively.

Clinical utility analysis
To further explore the impact of nanopore LR-GS results on clinical
decision making, we applied the Clinician-reported Genetic testing Utility
InDEx (C-GUIDE, version 1.2a) [20]. For each patient included in this study,
the C-GUIDE questionnaire was completed retrospectively by the two
members of the team (V.J.M.V. and D.J.S.) who had been involved in the
diagnostic trajectory and disclosure of results for all cases. This approach
ensured consistency in scoring and allowed for a clinically informed
assessment of utility across the full cohort. Ratings included all relevant
modules (primary variants and secondary variants) reflecting the perceived

impact on care. Pharmacogenomic findings were not reported in this
cohort and were, therefore, not scored. C-GUIDE scores were calculated by
summing completed items across relevant sections (primary, secondary).
Items not applicable (e.g., absent secondary findings) were excluded from
scoring. C-GUIDE scores were interpreted contextually, with higher scores
reflecting a greater number of clinician-reported impacts across domains
such as diagnostic insight, management decisions, and psychosocial
considerations.

RESULTS
Diagnostic implementation of an (ultra)rapid Long-Read
Genome Sequencing pipeline
Patients were offered ultrarapid LR-GS after consultation at the
ICU by a clinical geneticist. Following blood draw from both
proband and parents (if available), both ultrarapid LR-GS and
standard genomic care were initiated in parallel. We compared
turnaround time, diagnostic yield and effect on clinical decision
making after standard genomic care was finished (Fig. 1A).
Twenty six critically ill patients (23 children and three young

adults) at the ICU of Erasmus MC were offered (ultra)rapid
nanopore LR-GS. The median age at inclusion was 2 months,
ranging from 3 days to 31.4 years. The final cohort consisted of 15
males and 11 females.
Using LR-GS, we obtained a genetic diagnosis for 11 out of 26

participants (42%; Fig. 1B). The average time from sample(s) receipt
to result was 5.3 days (range 2.0-10.8 Fig. 1C) for LR-GS and
18.4 days (range 6.1-29.1) for standard genomic care. Ultrarapid LR-
GS was significantly faster than standard genomic care (p= 4.01e-
09, Mann-Whitney test). For LR-GS, the average sample preparation
time was 2.0 days (range 5.7 h–5.2 days), the average sequencing
time was 1.6 days (range 18.5 h–5.8 days) and the average data
analysis and interpretation time was 1.6 days (range
30min–4.67days). Ultrarapid LR-GS is a single test, while standard
genomic care averaged 1.9 tests requested per patient (range 1–4).

Ultrarapid long-read genome sequencing identifies diverse
DNA variant types
The primary molecular findings included various variant types,
including SNVs/indels (heterozygous, compound heterozygous,
homozygous, as well as heteroplasmic) and CNVs (Table 1/Fig. 1B).
Importantly, LR-GS provided additional information (Fig. 2) for
increasing diagnostic yield in a single test and/or reducing TATs.
For example, LR-GS enabled direct phasing of compound
heterozygous pathogenic variants in PLA2G6 from the singleton
patient data, confirming the autosomal recessive PLA2G6-asso-
ciated neurodegeneration diagnosis (case 10; MIM#610217;
Fig. 2A). Further, in case 4, we identified a pathogenic hetero-
plasmic (70%) mitochondrial DNA variant (m.8344A>G), leading to
a diagnosis of MERRF syndrome (MIM#545000; Fig. 2B). For two
cases, DNAm contributed to an early diagnosis. Case 1 was
classified as CHARGE syndrome based on the DNA methylation
signature, before genetic variants were called by the pipeline
(Fig. 2C). This allowed for a targeted analysis of CHD7, which led to
the identification of a CHD7 frameshift variant within 48 h and
confirmed the diagnosis of CHARGE syndrome (MIM#214800).
Also, in case 3, a 15q11.2q13 deletion was found, for which
methylation information enabled direct inspection of the known
imprinted locus and recognition of a paternal allele deletion
before parental sequencing data was available, confirming Prader-
Willi syndrome diagnosis (MIM#176270; Fig. 2D). Additionally, we
identified silencing of one of the MMACHC alleles in case 23. This is
likely a secondary epivariant due to readthrough with the
downstream gene [19]. While the partial gene deletion is
diagnostic in this case, this showcases that LR-GS can also identify
pathogenic epivariants, which is a common mechanism for several
genes, including MMACHC [19] (Fig. 2E).
A challenge we faced during manual curation of the variants in

IGV was distinguishing true from false positive truncating variants
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in homopolymer repeats, given by the current error rate of
the ONT technology in these regions. In these instances,
manual targeted re-basecalling using an updated basecalling
model (SUP v5.0.0), not yet included in the latest MinKNOW, was
resolutive.
Importantly, we identified a number of differences between LR-

GS and regular testing results. In two cases, pathogenic variants
were missed by the LR-GS pipeline. In case 9, a pathogenic SAMD9
variant was not prioritized by Exomiser likely due to benign in
silico prediction scores (REVEL= 0.03; AlphaMissense = 0.463),
highlighting limitations of AI-driven variant prioritization and the
need of expert curation. In case 13, structural variant caller
sniffles2 did not identify an EFTUD2 ~14kb intragenic deletion
even though it was clearly evident in the LR-GS read data, while an
adjacent de novo EFTUD2 missense variant, likely a product of the
reparation process, was identified and prioritized [21]. As the
EFTUD2 missense variant was reported by LR-GS, the clinical
diagnosis did not change after the results from standard genomic
care. This case highlights the challenges of current tools to detect
small CNVs (in the range of read N50). After adjusting the
bioinformatic pipeline with additional tools, we were able to
retrospectively detect the EFTUD2 deletion, and could also identify
an MMACHC deletion of similar size (case 23).
In contrast, due to poor genotype–phenotype matching of the

gene description in OMIM, standard analysis software missed a
VUS in ERG (Lymphatic Malformation 14, MIM #620602) in case 25,
which was detected by LR-GS. The patient had suspected
hemophagocytic lymphohistiocytosis, and recent reports link
ERG variants to a bone marrow failure phenotype [22], possibly
explaining the presentation better than the available OMIM entry.
This results in a diagnostic yield of 46% (12/26) for standard
genomic care. Additionally, in two cases (case 10 and 14), standard
testing revealed a pathogenic variant that was interpreted as a
second diagnosis or as an incidental finding with important
implications for future management. In case 10, in addition to the
compound heterozygous PLA2G6 variants already reported after
ultrarapid LR-GS, standard genomic care identified a heterozygous
pathogenic variant in IRF2BPL (Neurodevelopmental disorder with
regression, abnormal movements, loss of speech, and seizures;
MIM#618088). This variant was considered a second diagnosis and
had been missed by LR-GS due to an error in the Exomiser
pipeline. In case 14, a hemizygous BCAP31 variant was considered
incidental, as the presenting features did not match the BCAP31-
associated phenotype (Deafness, dystonia, and cerebral hypo-
myelination, MIM #300475) and did not explain the patient’s initial
presentation. In total, in three cases (case 9, 14 and 25), differences
in the results between LR-GS and standard genomic testing
were due to the different platforms employed for variant
prioritization and interpretation and in two cases (cases 10 and
13) – because of the technical limitations of the utilized LR-GS
bioinformatic pipeline, which were resolved after the adjustment
of the pipeline.
Fifteen of the cases remained without a genetic diagnosis, also

following standard genomic care, including later data reanalysis
prompted by novel symptoms. In two cases (case 19 and 25),
variants were reported that require further follow-up. In case 19, a
heterozygous pathogenic variant in GDF1 (Congenital heart defects,
multiple types 6, MIM #613854) was identified. The patient’s main
phenotype was cardiomyopathy, which resolved with treatment,
alongside a small ventricular septal defect in an otherwise normal
heart. As GDF1 is mainly associated with complex congenital heart
defects, this variant was considered an incidental finding in this
context. In case 25, a VUS in ERGwas reported that could potentially
be linked to the phenotype, as described in the preceding
paragraph. In all other unsolved cases, no variants were prioritized
or reported after comprehensive analysis. One unresolved case
(case 7) presenting with central hypoventilation improved over time
and is no longer suspected of having a genetic condition.Ta
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Impact of ultrarapid long-read genome sequencing on clinical
decision making
Seven of the individuals with a genetic diagnosis identified via LR-
GS (64%; Table 1/Fig. 3) received significant and immediate
adjustments to their clinical management and/or therapeutic
approaches. In three cases, a medication switch was implemented.
In case 4 with MERRF syndrome (MIM#545000), mitochondrial-
toxic drugs were avoided. In case 5 with KCNQ2-related
Developmental and epileptic encephalopathy 7 (MIM#121200),
vigabatrin was initiated based on literature-reported efficacy [23]
seven days prior to standard genomic care results, but due to a
lack of effect, treatment was discontinued (Fig. 3A). In case 15 with
Biotin-thiamine-responsive basal ganglia disease (MIM#607483),
biotin and thiamine therapy was initiated to prevent further
deterioration ten days before diagnostic SR-GS confirmed the
(ultra)rapid result [24] (Fig. 3B). In two cases, the diagnosis enabled
targeted treatment options. In case 6 with Griscelli syndrome type
2 (MIM#607624) the diagnosis on day 3 led to initiation of
dexamethasone, intrathecal prednisolone, and methotrexate for
hemophagocytic lymphohistiocytosis, with subsequent eligibility
for HSCT (Fig. 3C). In case 23 with cobalamin C deficiency
(MIM#277400), the genetic diagnosis enabled targeted treatment,
improved understanding of the phenotype, and informed the
clinical prognosis. Notably, case 23 was admitted following
abnormal findings in the national newborn screening program.
This case illustrates that ultrarapid LR-GS can also play an
important role in rapidly confirming abnormal newborn screening
results, thereby supporting early diagnosis and clinical decision-
making (Fig. 3D). In two cases (case 5 with KCNQ2-related
Developmental and epileptic encephalopathy (MIM#121200) and
case 13 with EFTUD2-related Mandibulofacial dysostosis, Guion-
Almeida type (MIM#603892)), the diagnoses prompted discussions
regarding termination of treatment, including the involvement of
the pediatric comfort team due to poor prognosis [25].
To systematically evaluate the impact of LR-GS on clinical

decision making, we applied the C-GUIDE instrument to each case
(Table 1). Total C-GUIDE scores ranged from -1 to 23, with a
median of 5.5 (IQR 19.5). Among the genetically solved cases
(n= 11), total scores were consistently higher, with a median of
21.0 (IQR 6.0; range 15.0–23.0), reflecting that LR-GS contributed
meaningfully to diagnostic resolution, informed clinical manage-
ment, and supported patient-centered care.

DISCUSSION
This study demonstrates the feasibility and clinical utility of (ultra)
rapid genetic testing with LR-GS, providing both DNA variant and
methylation analysis, for diagnosing critically ill individuals. This
approach improves clinical management and guides personalized
care by significantly reducing TATs and enables the detection of
diverse genetic and epigenetic variant types while reducing the
number of tests needed per patient.
The use of ultrarapid genetic testing shortened the time to

diagnosis by nearly two weeks and directly impacted clinical
management in almost two thirds of cases with an identified
genetic diagnosis. While shortening of the TAT for ~2 weeks has
previously been shown to have significant impact on clinical
outcome and costs-of-care, our ultimate goal would be to deliver a
genetic diagnosis within 48–72 h [3, 26]. In four of the cases
presented here, this goal was achieved (Fig. 1B). The initiation
phase of our study highlighted several challenges towards
consistently reaching this TAT, including blood sample logistics,
technical setbacks (e.g., the need for additional DNA extraction
because of the required amount of DNA for ultrarapid LR-GS on
two flowcells), analytical complexities, access to equipment and
limitations in available specialized personnel during out-of-office
hours. Further streamlining of these aspects will contribute to
reducing TAT to the aimed 48–72 h.

Most of the differences observed between (ultra)rapid LR-GS and
regular testing could be attributed to the alternative variant
prioritization and interpretation platforms employed, which will be
resolved by the adoption of a single platform in the next stage of
implementation. Furthermore, we identified limitations of the
employed structural variant caller (case 13), also used by other
(ultra)rapid LR-GS studies [7], which prompted the adoption of
multiple tools for SV calling (e.g., SVision-pro). LR-GS bioinformatic
tools are still improving and ongoing optimization of the utilized
tools and the bioinformatic pipeline is necessary. Similarly, future
improvements in the basecalling algorithms will decrease the
number of false positive truncating variants in homopolymer repeats,
reducing curation time and facilitating variant curation. Addressing
these challenges will be essential to enhance yield and processing
speeds and to be most impactful in urgent clinical settings. Moreover,
follow-up studies will be required to evaluate the experiences from
parents and caregivers, as well as the cost-effectiveness of this
technique. While sequencing costs for are currently higher for LR-GS
than SR-GS, both are currently reimbursed equally in the Netherlands,
while ultrarapid LR-GS has broader economic impact, including
reductions in additional clinical testing and ICU stay duration.
Because this requires detailed multi-faceted evaluation, we are
conducting a dedicated cost-effectiveness study which will compre-
hensively assess both direct and indirect healthcare costs associated
with ultrarapid LR-GS implementation at ICU.
While recent studies showed the additional diagnostic yield

after using LR-GS compared to short-read sequencing [27], all
variant types identified in this cohort were also reported from
standard care, but multiple assays were required (1.9 on average;
Table 1). We additionally experienced the added value of LR-GS
technology, including (genome-wide) methylation analysis, iden-
tification of a mitochondrial DNA variant, as well as the use of
phasing; not only to increase diagnostic yield, but also to provide
the final diagnosis quicker, without the need of consecutive
testing (e.g., segregation of a recessive variant, identification of
DNAm signature or confirming PWS in a case with the 15q11.2q13
deletion) [28]. Importantly, as the number of known DNAm
signatures and pathogenic epigenetic variants continues to grow
[29], the added value of DNAm detection from LR-GS is likely to
become increasingly significant for rapid diagnosis.
Various genetic techniques, including targeted panels, ES, and SR-

GS have been applied in rapid genomic testing initiatives [30–32].
Although SR-GS is also feasible within ultrarapid timeframe
( < 3–5 days) [26], it requires sample pooling, has limited capacity
for variant phasing, detecting structural variants [33], and does not
allow for methylation detection, all of which are possible with LR-GS.
In published (ultra)rapid genomic testing studies, LR-GS approaches
are scarcely examined. Gorzynski et al. demonstrated the feasibility of
ultrarapid nanopore LR-GS for the first time in critically ill patients,
achieving a diagnosis in 5 of 12 cases, with a shortest time-to-
diagnosis of 7 h and direct clinical impact [5]. However, they utilized
48 R9 flowcells per sample, which is not achievable in diagnostic
settings (cost-wise, or sample-volume-wise). Nyaga et al. utilized
rapid nanopore LR-GS in an acute care setting in 14 trio samples in
research lab settings, reaching a 5-workday average turnaround time,
but did not provide absolute day count [6]. Kamolvisit et al. assessed
the use of singleton rapid nanopore LR-GS as a first-tier genetic test
in critically ill patients, diagnosing 61% of 18 enrolled cases with a
median turnaround time of 9 days and treatment adjustments or
procedural interventions implemented in 61% [8]. Our findings
further confirm the utility of (ultra)rapid LR-GS, with the addition of
DNA methylation, for critically ill patients in a clinical diagnostic
setting. We have used a trio rather than singleton approach in the
majority of the cases, while also achieving the fastest reported
turnaround times for (ultra)rapid nanopore LR-GS. Notably, our
approach incorporated methylation analysis, which contributed to
expedited diagnoses in specific cases. We demonstrate a high
diagnostic yield (42%) achieved with (ultra)rapid LR-GS, an average
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time-to-diagnosis of 5.9 calendar days from consultation, prompting
changes in clinical decision making in 63.6% of the solved cases, as
further supported by systematic C-GUIDE analyses showing high
clinical utility scores.

In conclusion, this report demonstrates the road to the first
implementation of (ultra)rapid nanopore LR-GS into standard
genomic care for critically ill (pediatric) patients. Our findings
demonstrate ultrarapid diagnostics provided by this single
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technology, which has an important impact on critical care
management by enabling timely, informed clinical decisions that
may significantly improve patient outcomes.

DATA AVAILABILITY
All reported findings are provided in this manuscript. Genome sequencing data is not
available due to the sensitive nature of the data.
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