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Introduction: Rapid exome sequencing (rES) has become the first-choice genetic test for critically ill patients, mostly neonates, young infants, or fetuses in prenatal care, in time-sensitive situations and when it is expected that the genetic test result may guide clinical decision making. The implementation of rES has revolutionized medicine by enabling timely identification of genetic causes for various rare diseases. The utilization of rES has increasingly been recognized as an essential diagnostic tool for the identification of complex and undiagnosed genetic disorders.
Methods: We conducted a retrospective evaluation of our experiences with rES performed on 575 critically ill patients from various age groups (prenatal to adulthood), over a four-year period (2016–2019). These patients presented with a wide spectrum of rare diseases, including but not limited to neurological disorders, severe combined immune deficiency, and cancer.
Results: During the study period, there was a significant increase in rES referrals, with a rise from a total of two referrals in Q1-2016 to 10 referrals per week in Q4-2019. The median turnaround time (TAT) decreased from 17 to 11 days in the period 2016–2019, with an overall median TAT of 11 days (IQR 8–15 days). The overall diagnostic yield for this cohort was 30.4%, and did not significantly differ between the different age groups (e.g. adults 22.2% vs children 31.0%; p-value 0.35). However, variability in yield was observed between clinical entities: craniofacial anomalies yielded 58.3%, while for three clinical entities (severe combined immune deficiency, aneurysm, and hypogonadotropic hypogonadism) no diagnoses were obtained.
Discussion: Importantly, whereas clinical significance is often only attributed to a conclusive diagnosis, we also observed impact on clinical decision-making for individuals in whom no genetic diagnosis was established. Hence, our experience shows that rES has an important role for patients of all ages and across the broad spectrum of rare diseases to impact clinical outcomes.
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INTRODUCTION
Over the last decade, exome sequencing (ES) has significantly changed the field of medical genetic diagnostic testing without the a priori need to know the exact genetic defect, allowing untargeted analysis of all protein-coding sequences in a single testing modality (Vissers et al., 2010; Yang et al., 2013). Recent clinical studies have pioneered with rapid exome sequencing (rES), or even rapid genome sequencing (rGS) approaches for different patient groups, like critically ill neonates admitted to a neonatal intensive care unit or critically ill children later in life, for whom knowledge on the underlying genetic cause would facilitate an individualized management (Stark et al., 2018; Clark et al., 2019; Sanford et al., 2019; Kamolvisit et al., 2021; Krantz et al., 2021; Olde Keizer et al., 2023).
The optimized turnaround time of less than 2 weeks for rES has played a crucial role in its widespread adoption in prenatal diagnostics (Corsten-Janssen et al., 2020; Deden et al., 2020; Faas et al., 2023). The ability to comprehensively assess all known disease-causing genes for various types of variants, including single nucleotide variants (SNVs), small insertion/deletion (indels) events, and copy number variants (CNVs), has quickly established rES as a primary diagnostic test for fetuses with ultrasound-detected (multiple) congenital anomalies, as well as critically ill neonates admitted to a neonatal intensive care unit (NICU) (Olde Keizer et al., 2023; Lord et al., 2019; D’Gama et al., 2022).
Overall, there is a growing awareness of the genetic factors contributing to various diseases observed in patients admitted to intensive care units, encompassing both pediatric and adult populations (Dye et al., 2011; Wu et al., 2019). Combined with the marked reduction in sequencing costs, increased sequencing accuracy and improved variant detection methods, as well as optimized laboratory infrastructure, rES has opened new windows of opportunities for all individuals with a potential rare disease requiring an urgent genetic diagnosis (Kamolvisit et al., 2021). Previous studies on rapid exome testing have mainly focused on fetuses, infants, and children, particularly those in ICU settings. It might be expected that rES is equally useful in older individuals for whom knowledge on the genetic cause of disease may help in medical decision making, such as for instance for choosing specific cancer treatment informed by the underlying genetic cause. There is only limited information on reasons for clinical referral and the overall use of rES in the adult population. We therefore conducted a retrospective analysis of an unselected cohort of 575 individuals who consecutively received rES in our institute between 2016 and 2019. We characterized the diagnostic procedure, including the turnaround time of rES, the diagnostic strategies used and diagnostic yield obtained, and evaluated these parameters across different age groups and the full spectrum of rare disease.
MATERIALS AND METHODS
Patients, counseling, and informed consent
Between 01 January 2016 and 01 January 2020, 575 critically ill patients with a suspected genetic disorder received rES. Referral for rES was based on consultation in a multidisciplinary team involving a clinical geneticist and was based on the clinical presentation of the patient, along with the expectation that the obtained genetic diagnosis could help the clinical decision-making process. The clinicians informed the patients (and/or parents) regarding the rES procedure. Written informed consent was obtained for each patient (or legal representative) as well as for all participating relatives. The study was approved by the Medical Research Ethics Committee Arnhem/Nijmegen under file numbers 2016–2486/NL57511.091.16 and 2020-7142.
Data collection
For each patient, we retrospectively collected all available clinical data. Furthermore, we gathered information regarding the laboratory workflow, such as the laboratory’s receipt date of the specimen, the date of report signing, and the diagnostic gene panel strategy. This encompassed the analysis of the requested in silico disease-gene panel(s) and/or Mendeliome. The Mendeliome comprises all genes linked to diseases listed in OMIM.
Rapid exome sequencing
DNA isolation for postnatal samples (n = 334) was performed from EDTA blood (n = 315) and umbilical cord blood (n = 19) using routine procedures (Diekstra et al., 2015). For prenatal samples (n = 241), DNA was either isolated from chorionic villus cells (n = 25) or amniotic fluid cells (n = 207). DNA from cultured cells (n = 9) was isolated using the Qiagen DNA Mini Kit (Qiagen, Hilden, Germany), whereas DNA from non-cultured cells was isolated using QIAmp MinElute Virus Spin Kit (Qiagen, Hilden, Germany), according to manufacturer’s protocols. For all DNA samples, quality control of the manual process included the analysis of a small set of dedicated SNPs (n = 55) prior to the rES procedure, allowing for comparison at variant level to confirm sample identity after the rES procedure.
DNA concentrations were quantified using the Qubit 3.0 system (dsDNA broad range kit; Invitrogen, Carlsbad, CA). A total amount of 50 ng was taken for enrichment and library preparation, which was performed using the SureSelect Human All Exon V5 exome enrichment baits in combination with the Agilent SureSelect QXT library preparation kit (both Agilent, Santa Clara, CA), according to the manufacturer’s instructions. Samples were barcoded with unique i7 and i5 barcodes. After purification by AmPure beads, the samples were quantified (Qubit 3.0 and Tapestation) for accurate equimolar pooling. The libraries were subsequently sequenced on Illumina NextSeq500 systems (High output, 2 × 151 cycles; Illumina, San Diego, CA), aiming for a minimal exome-wide coverage of 200-fold. After sequencing, the raw data was demultiplexed (bcl2fastq) and aligned to hg19 (BWA, samtools, picard) using a fully automated in-house bioinformatics pipeline which included standardized quality checks including, but not limited to: median insert size (>150 bp); % duplicated mapped reads (<30%); median coverage (>80x); 10x coverage (>90%) and 20x coverage (>80%); per base sequencing error rate (<0.015); % sequence on target (>70%).
Variant specific callers were used including GATK for SNVs, CoNIFER for CNVs and an in house-developed pipeline for Regions of Homozygosity (ROH). For each variant, annotation allowing prioritization was added, including, amongst others, variant effect prediction, population frequencies and previous reports of pathogenicity. In addition, for family-based sequencing, a trio-based analysis was included to allow for prioritization of de novo variants. To optimize the processing time, the alignment is run in parallel using FASTQ files per lane, as are calling and annotation for each sample and each caller. Once annotation was completed, an automated message was sent to the laboratory that the sample was ready for interpretation. Also in this part of the pipeline, automated quality control was performed, including variants to be called on all chromosomes; total number of variants (<75,000); number of premature stop codons (<150); Tv/Ti ratio (between 2 and 3); and a biological match for sex chromosomes based on the gender specified in our LIMS system.
Diagnostic rES interpretation strategies and rES diagnostic outcomes
Variant interpretation of rES was analogous to routine exome sequencing, explained in detail in (17). In brief, interpretation is based on a two-tiered approach. Tier 1 included the analysis of variants restricted to genes known to be associated with the index’s condition by means of an in silico gene panel enrichment (Radboudumc, 2023). For instance, an “ID gene panel” could be requested in a prenatal phase based on the clinical observation of structural congenital brain anomalies during a fetal ultrasound imaging, or alternatively, during early childhood when developmental delay was noted. If the patient’s symptoms did not allow for selection of (a) disease-specific gene panel(s), the clinician could also request analysis of the Mendeliome, consisting of 3,839 genes with an OMIM-listed disease-gene association. In case no molecular diagnosis was obtained in tier 1, and the patient consented for further analysis, the analysis was followed by tier 2, allowing for prioritization, interpretation and classification of variants in the Mendeliome (if not already performed in tier 1) and those in genes without known disease-gene associations (so called “open exome analysis”).
During interpretation, SNVs were classified based on a 5-class system (Class 1–5) in accordance with the guidelines from the Association for Clinical Genomic Science (Wallis et al., 2013). Classification of CNVs was performed according to the 5-class system (Class 1–5) of the European guidelines for constitutional cytogenomic analysis (Silva et al., 2019). Of note, variants identified would only be validated using orthogonal methods if quality control metrics and/or visual inspection of the BAM files indicated this need. Upon the completion of variant interpretation, the laboratory specialist clinical genetics immediately communicated the results to the requesting physician. Simultaneously, a written report was made available via regular secured mail or through the electronic healthcare system.
The diagnostic outcome was either one of the following three options:
i) A conclusive diagnosis is reached: a (likely) pathogenic variant (class 4 or 5) is identified in a known disease gene which explains the patients’ phenotype.
ii) A possible diagnosis is obtained: a variant of unknown significance (class 3) is identified in a known gene which may explain the patient’s phenotype, or alternatively, a (likely) pathogenic variant (class 4 or 5) is identified in a candidate disease gene.
iii) A negative report: no variants (class 3, 4 or 5) were identified that may explain the patient’s phenotype.
Of note, in case of the identification of an unsolicited finding, referring to the identification of a (likely) pathogenic variant (class 4 or 5) in a gene unrelated to the patient’s phenotype but of clinical relevance, a routine procedure followed, involving the instant discussion of the variant in a committee advising on its disclosure (van der Schoot et al., 2022).
Statistical methods
Data analysis of the clinical variables was performed in Excel (version 2016). In more detail, normal distributed data were expressed in mean and standard deviation; Median and interquartile ranges were used in data with a skewed distribution. For categorical data statistical analysis was performed using descriptive and chi-square analysis, and for continuous variables a two-sided Fisher’s exact test was used.
RESULTS
Characteristics of the rES procedure
Between Jan-2016 and Dec-2019, rES was performed for 575 critically ill patients in whom a genetic disorder was suspected (Table 1; Supplementary Table S1). Upon the first introduction of rES, only very few patients were sequenced (n = 2 in all of Q1-2016), whereas this rapidly increased to ∼5/week (from Q1-2018 onwards) and subsequently to ∼10 each week (Q3-2019 onwards; Supplementary Figure S1). In fact, more than half (n = 322, 56%) of the cohort received rES in 2019. With a marked increase in the number of rES tests conducted per time interval, there was a reduction in the median turnaround time (TAT) from 17 days (IQR 14–19 days) in Q1-2016 to 11 days (IQR 8–15 days) in Q4-2019. The latter has been a direct consequence of optimization of the rES process, including further automation of the library preparation as well as performing multiple sequence runs per week (Supplementary Figure S2).
TABLE 1 | Characteristics patient cohort.
[image: Table 1]Diagnostic strategies for patients receiving rES
Trio sequencing was performed for 85% of the patients (n = 491), 14% (n = 80) was sequenced as singleton, and the remainder either as part of a duo (n = 1, <1%) or quartet (n = 3, <1%) (Table 1; Supplementary Table S1). To gain insight into the phase of life rES was performed, we categorized patients into seven age groups: prenatal (before birth), neonatal (0–4 weeks), infancy (1–23 months), preschool (2–5 years), childhood (6–12 years), adolescence (13–18 years), and adulthood (19 years and above). The majority of rES was performed in the prenatal phase (42%), followed by newborns (20%) and infants (20%) (Table 1; Supplementary Table S1).
Based on the clinical presentation of the patients, the clinicians choose a targeted diagnostic strategy for 278 patients (48%), involving the analysis of variants restricted to one (n = 192; 33%) or multiple disease-gene panels (n = 86; 15%, range of panels between 2 and 5) (Figure 1A). For 113 other patients (20%), the strategy involved analysis of variants in the Mendeliome (3,839 genes known to be involved in disease) plus one or more disease gene panels with particular focus to certain disease categories. For the remaining 184 patients (32%), the phenotype did not allow to select for a disease focus (e.g., too broad or too unspecific), resulting in analysis of the Mendeliome, without any other specific focus areas (Figure 1A). Interestingly, the diagnostic strategy of requesting rES varied not only among the age groups, with analysis of the Mendeliome (with or without addition of disease-gene panels) being more often requested in a prenatal setting and neonates (Figure 1B), but also the type of disease-gene panels tested across the various age groups showed marked differences (Figure 1C), with analysis related to craniofacial disorders restricted to prenatal requests until preschool age, whereas analysis for bone marrow failure/cancer was mostly observed in adolescence and adults.
[image: Figure 1]FIGURE 1 | Overview of cohort categorized by diagnostic strategies and age groups (A) Diagnostic strategies were classified into four categories: i) specific phenotypic presentation requiring the analysis of a single disease-gene panel, applied to 15% of patients; ii) clinical spectrum requiring the analysis of multiple disease-gene panels (33% of patients); iii) Mendeliome analysis with a specific emphasis on certain disease categories (20%), and iv) Mendeliome without a clear disease focus because of too non-specific and/or too broad phenotypic presentation (32%). (B) Distribution of diagnostic strategies across the different age groups. (C) Total number of requested gene panels and their distribution across different age groups.
Diagnostic yield
The overall diagnostic yield was 30.4% (in 175 of 575 individuals) across the different age groups and diagnostic strategies (Figure 2A). For 116 of them, a dominant disease was identified, in 47 a recessive, and in 11 an X-linked disorder; for one additional individual a dual diagnosis was established, consisting of a dominant and a recessive disease (Table 2). For 156 (89.1%) individuals, the causal variant(s) were SNV/indels, whereas CNVs were observed in 18 (10.3%) (Supplementary Table S2). For one individual (<1%), the recessive disorder was caused by the combination of an SNV + CNV. In addition to a conclusive diagnosis, 6.6% of individuals received a possible diagnosis (n = 38; Supplementary Table S3); in the remainder of individuals (63.0%, n = 362), a genetic cause remained elusive.
[image: Figure 2]FIGURE 2 | Overview of rES diagnostic yield categorized by diagnostic strategies and age groups (A) Pie chart showing the overall percentage of diagnostic yield obtained in 575 patients. (B) Diagnostic success rates across diagnostic strategies, (C) age groups and (D) disease gene panels.
TABLE 2 | Inheritance and variant type distribution for individuals with a conclusive diagnosis.
[image: Table 2]We then proceeded to evaluate potential variances in diagnostic yield across different diagnostic strategies and age groups (Figures 2B, C). Regarding diagnostic strategies, interpretation of rES data guided by a well-described clinical presentation (n = 391) did yield significantly more diagnoses (34.8%; n = 136) than interpretation of the Mendeliome (n = 184) without a clear clinical lead (21.2%; n = 39; Fisher’s Exact p = 0.003) (Figure 2B). The results indicated that the diagnostic yield was the highest in newborns (36%), and lowest in children (15%) and adolescents (15%), although not statistically different (Fisher’s exact p = 0.08 and p = 0.22, respectively Figure 2C). Additionally, there was no statistically significant difference in diagnostic yields when the cohort was split in individuals under 18 years of age (31.0%) and those aged 19 years and older (22.2%) (Fisher’s exact, p = 0.35). To determine whether specific clinical indications yielded a higher diagnostic yield than others, we subsequently analyzed the yields across panels (Figure 2D). In total 555 disease-specific panels (not including the Mendeliome) were analyzed in 391 individuals (average 1.4 per individual), of which intellectual disability (n = 96) and epilepsy (n = 83) were most frequently requested. Diagnostic yields across the panels varied between 0% (e.g., Severe combined immune deficiency, requested 3 times) and 58.3% for craniofacial anomalies (12 times requested).
Unsolicited findings
In addition to disease-causing variants, three unsolicited findings (UF) were identified in this cohort (0.52%) (Supplementary Table S4). This incidence is similar to the incidence of 0.58% previously reported in routine postnatal care based on disease-gene panel strategies, as well as when corrected for the interpretation of the Mendeliome (1.01% in this cohort, and 1.03% in literature, Fisher’s exact test p = 1.0) (Wallis et al., 2013).
DISCUSSION
Research on the clinical utility of rES has so far primarily focused on the value of rES for fetuses, neonates, and infants in different ICU settings, and has shown great successes in establishing genetic diagnoses and impacting clinical decision-making (Meng et al., 2017; Stark et al., 2018; Sanford et al., 2019). The evidence for the clinical utility of rES for older children and adult patients is, however, limited. We therefore retrospectively examined the outcomes of rES of 575 critically ill patients over a 4-year time period. All these patients received rES as it was expected that genetic insight into their disease would help in clinical decision-making. Our results demonstrate that rES is useful for all critically ill patients across all ages equally, and across the broad spectrum of rare disease.
The overall diagnostic yield achieved in our study was 30.4%, which is comparable to the yield of 20%–45% described in previous studies performed, albeit that these mostly focused on critically ill neonates, infants and prenatal samples (Kingsmore et al., 2019; Sanford et al., 2019; Deden et al., 2020; McDermott et al., 2022; Faas et al., 2023). Based on the inclusion of different age groups, we were able to determine the diagnostic range, which varied between 15% (for children/adolescents) to 35% (for newborns). Although the individual groups vary in size, we noted that there were no statistical differences in diagnostic yield across these different age groups. So far, few studies have been performed on adults receiving rES, also limiting the possibilities for formal comparisons. One such study, however, comparing adult rES outcomes to pediatric rES also noted that there is no difference in diagnostic yield between these groups (Kamolvisit et al., 2021). Of note, the overall diagnostic yield of 57% for adults in this published study (for 4/7 patients) was higher than obtained in our cohort (22%, for 8/36). Whereas this can be explained by the small numbers, it might also be explained by the different (adult) phenotypes investigated and underlying diagnostic strategies impacting diagnostic yield as well as a more stringent clinical pre-selection for the likelihood of the disease being of genetic origin.
In addition to 30.4% conclusive diagnosis, we also observed a possible diagnosis in 6.6% of patients. Interestingly, this percentage seems lower than possible diagnosis reported in exome sequencing studies performed in a non-rapid situation. For instance, for neurodevelopmental disorders, possible diagnoses often reflect (de novo) variants in genes without an established disease-gene association (e.g., candidate disease gene) (de Ligt et al., 2012; Vissers et al., 2017; Wright et al., 2023). The latter may suggest that when performing exome sequencing in a rapid scenario, there is a stronger focus on reporting variants in genes with known disease-gene associations, resulting in less variants of unknown clinical significance, and less reports of candidate disease-genes. This hypothesis would make sense as the rapid exomes are performed to inform clinical decision making, which notably can only be made on the basis of (likely) pathogenic variants in genes with well-established genotype-phenotype associations.
In our retrospective analysis, we conducted various subgroup analyses and substantiated that clinical pre-selection, typically based on phenotype, along with differing diagnostic strategies, significantly impact diagnostic yield. For instance, in a prenatal setting, congenital malformations visible upon ultrasounds provide a strong suspicion for a genetic disorder and provide an overall high diagnostic yield (Deden et al., 2020; Slavotinek et al., 2023). When combined with a clinical phenotype providing clues towards the origin, such as for instance “craniofacial anomalies”, we noted that the diagnostic yield raised to 58.3%, despite the large genetic heterogeneity of the associated phenotypes. Contrastingly, we also confirmed the observation previously made by us and others that perinatal phenotypes were often non-specific or too broad to hint towards certain clinical entities, as could be observed by the frequent request of the Mendeliome without additional specification: the Mendeliome was requested 43% for prenatal and neonatal cases, in contrast to only 5%–19% of the other age groups (Normand et al., 2018; Deden et al., 2020). In line with the reasoning that clinical characteristics may become more recognizable and/or specific is substantiated by our data that with increasing age, more often disease-specific gene panels were requested, although the panels differed among age groups, focusing on those diseases most acutely presenting during the respective phase of life.
The overall diagnostic yield does thus not differ from those obtained in non-acute settings for the respective diseases (Normand et al., 2018; Corsten-Janssen et al., 2020; Deden et al., 2020), suggesting that the main and only difference is the time from clinical referral to diagnosis, which is especially important in clinically critical situations as a prompt diagnosis will usually result in a quicker initiation of optimal treatment. In our hands, the median rES turnaround time is 11 days (range 8–15 days) which is within the general range from previous publications for rES studies (Saunders et al., 2012; Kingsmore et al., 2019; Sanford et al., 2019), and significantly shorter compared to standard ES analyses (136 days) (Stark et al., 2018). To stabilize this turnaround time despite the increasing number of diagnostic requests, we optimized the workflows by increasing sequencing throughput, automation of laboratory work, and prioritization of data in the bioinformatic pipelines and clinical interpretation. In recent years, there has been a significant increase in demand for rES, resulting in substantial growth in numbers and further solidifying the workflows within our center. Others have already shown examples of 4 days from request to report, underscoring that a faster time-to-diagnosis might still be feasible, albeit to be determined at what scale further technical and infrastructure optimization is required to perform this at a large scale (Vissers et al., 2010; Kingsmore et al., 2019). One obvious choice might be the step from rES to rapid genomes, as this would overcome the time lost for targeted enrichment of the exome (Clark et al., 2019; Kingsmore et al., 2019; Sanford et al., 2019).
The timing of rES is essential, especially for situations where clinical decision-making can be impacted by knowledge on the genetic underlying cause (Powis et al., 2020). Compelling evidence on impacting medical management have been shown in neonatal situations (Meng et al., 2017; Freed et al., 2020; Kamolvisit et al., 2021; Krantz et al., 2021; McDermott et al., 2022), but less examples are presented on the adult population, although the impact on the patient’s outcome is similar. For example, a male adult suffering from myelofibrosis and autoinflammatory symptoms underwent rES, with results available within 9 days. The analysis identified a somatic variant in MPL (related to myelofibrosis) and a heterozygous variant in ACP5 (associated with immune dysregulation disorder), both matching the patient’s phenotype. Based on these findings, the patient’s medication was modified, resulting in a significant improvement in the patient’s condition. Another interesting observation for the use of rES in the adult population involved the requests for the disease-gene panel associated with intellectual disability, given the few possibilities for medical interventions upon identification of the cause of disease. More detailed evaluation revealed that these requests mostly dealt with (ongoing) pregnancies of a blood relative of the index, and were thus not performed to impact the medical decisions of the index but that of direct family members (data not shown). The fact that rES was now possible allowed these siblings to make better informed decisions on reproductive options. Of note, although rES is primarily performed to find the genetic cause of disease, even when rES does not lead to a specific genetic diagnosis, it can still impact clinical management by allowing for the continuation (or discontinuation) of intensive therapy in the absence of a lethal condition (Duyzend, 2020), end-of-life decisions (Krantz et al., 2021), and/or perinatal choices (Deden et al., 2020).
Ethical concerns have been raised with regard to performing rES for patients in relation to unsolicited findings. On one hand, these include pre-test counseling and the patients being able to make an informed decision with respect to understanding the risk of unsolicited findings, given the time and emotional pressure inflicted by the critical medical situation (Olde Keizer et al., 2023). On the other hand, the unsolicited findings relate to possible filtering and prioritization strategies of genetic variants and the impact on the identification of UFs. With regards to the time and emotional pressure, we recently reported that parents of children admitted to the neonatal intensive care unit who underwent rES seemingly experienced no increased distress resulting from the time pressure when opting for rES (Olde Keizer et al., 2023), and the risk on UFs. Little is, however, known on the incidence of UFs in rES when compared to “regular ES”, for which reports have shown that the incidence of UFs varies between 0.04% and 1.03%, depending on diagnostic strategies (gene panel(s) vs Mendeliome, respectively) (van der Schoot et al., 2022). Our retrospective analysis now contributes two additional observations. Firstly, our analyses show that approximately half of all rES is performed using disease-gene panel strategies, thus limiting the risk on UFs. Secondly, in our cohort, only three UFs have been disclosed, suggesting that–after correction for diagnostic strategy–the incidence of UFs in rES is equal to the incidence of UFs in a routine postnatal ES setting.
In conclusion, this study highlights the efficacy of rES as a first-tier genetic test for critically ill patients, encompassing the full range of rare diseases, and more widely generalizable to clinical practice beyond (neonatal/pediatric) intensive care units, and with similar clinical importance across all age groups.
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