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ABSTRACT 60 

 61 

Genomic sequencing technologies, which includes both exome and genome sequencing, as 62 

well as panels or targeted analyses using genome-wide approaches, are being implemented 63 

across healthcare. Implementation, however, varies greatly by application and jurisdiction, with 64 

a diversity of approaches being employed around the world. This review summarises the current 65 

state of implementation of genomic testing in mainstream healthcare for the detection of rare 66 

disease throughout the lifespan. Through a discussion of evidence gathered to date, highlighting 67 

exemplar studies, the following applications of genomic testing will be covered: (1) routine 68 

diagnostic genomic testing in the clinic; (2) rapid diagnostic genomic testing in the intensive care 69 

unit; (3) genomic newborn screening; and, (4) reproductive genetic carrier screening. 70 

Mainstream implementation necessarily extends beyond the clinical genetics service, where 71 

genomic testing has historically been offered. Given that the involvement of non-genetics 72 

clinicians in the delivery of these technologies has important implications for models of care and 73 

education, related areas of growing evidence are also discussed: (5) genetic counsellors 74 

working outside clinical genetics services; and, (6) workforce development considerations of 75 

mainstream genomics. The diversity of approaches and examples illustrates that integration of 76 

genomic technologies into mainstream healthcare is complex and requires significant health 77 

system transformation. Efforts to evaluate services, guided by implementation science, will be 78 

essential to ensure lessons are shared across jurisdictions and benefit is delivered to patients 79 

and the system at-large.  80 

 81 

KEYWORDS 82 
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INTRODUCTION   85 

 86 

As understanding of the human genome and its role in health and human disease continues to 87 

expand, so do the indications for genomic testing (1). Concurrently, significant improvements in 88 

genome-wide sequencing technologies have been realised, increasing the diagnostic yield and 89 

cost-effectiveness of genomic testing strategies (2, 3). Once the exclusive purview of clinical 90 

genetics professionals, growing demand coupled with a stable genetics workforce (4) has 91 

necessitated increased involvement of non-genetics clinicians in genomic testing. This is 92 

facilitated by the increasing ability of genomic testing strategies to effectively replace multiple 93 

targeted tests (2, 5), reducing the need for specialised test selection expertise and improving 94 

their utility as hypothesis-naïve screening tools. This is especially the case with genome 95 

sequencing, which is increasingly preferred when clinically available (1). Together with supports 96 

such as digital tools and growing educational resources, these advances are facilitating the 97 

integration of genomic sequencing technologies into the clinical practices of diverse clinicians, 98 

medical specialties and mainstream healthcare, in both academic centres and in community 99 

settings. 100 

 101 

Although clinical application of genomic testing was initially limited to the not-so-rapid diagnosis 102 

of patients with suspected genetic conditions, these advances are leading to a growing list of 103 

applications across healthcare. Areas of growth include acute settings (with a rapid turnaround) 104 

and in a screening capacity (pre-conception, during pregnancy, and at the time of birth). 105 

Implementation, however, varies greatly across applications and jurisdictions. In this review, the 106 

authors discuss the current state of implementation of genomic testing in mainstream 107 
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healthcare. Applications of genomic testing across the lifespan will be reviewed (Figure 1), 108 

exploring barriers and facilitators to adoption and implementation. Areas of related importance 109 

around the evolving role of genetic counsellors in mainstream healthcare and genomics 110 

education will also be discussed.  111 

 112 

Scope and definitions 113 

 114 

In this review, the authors intend “genomic testing” to refer to all genome-wide sequencing 115 

strategies, including exome (ES) and genome sequencing (GS), with both broad and targeted 116 

analytical strategies (e.g., in silico gene panels completed on an exome backbone). Ultimately, 117 

the available technology or analytical approach differs by program and are subject to change 118 

over time. Therefore, testing strategies will be described explicitly where relevant, but otherwise 119 

considered as a single entity, genomic testing. Throughout this review the term “mainstreaming” 120 

is used to describe a model of care, where all or part of the clinical genetic testing process is 121 

shifted to non-genetics clinicians to facilitate patient access (6). Relatedly, “mainstream 122 

healthcare” is intended to capture the use of genomic testing as standard or routine clinical 123 

care, particularly in areas outside of clinical genetics services. This review focuses on the 124 

application of genomic testing in the diagnosis of and screening for monogenic rare diseases, 125 

illustrating key considerations using examples in diagnostic settings such as routine diagnostic 126 

genomics and acute care settings, and in screening settings such as newborn and reproductive 127 

genetic carrier screening.  128 

 129 

ROUTINE DIAGNOSTIC GENOMIC TESTING 130 

 131 
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Large-scale efforts to build evidence and health system capacity were important first steps in 132 

the translation of genomic sequencing technologies from the realm of research to mainstream 133 

clinical use (7). Following from its use in research, these capacity-building efforts largely 134 

focused on genomic testing for the diagnosis of patients with suspected genetic disorders. As 135 

the application for which mainstream implementation began, genomic testing as a diagnostic 136 

test is also the application for which implementation is most advanced and widespread.  137 

 138 

At a national level, the United Kingdom (UK) was an early proponent of clinical genomic testing 139 

at scale, investigating its integration into the single-payer National Health Service (NHS) first 140 

through the Deciphering Developmental Disorders study, which involved ES of mainly paediatric 141 

patients (8), and followed by the flagship 100,000 Genomes Project (100KGP) (9). The 100KGP 142 

utilised short-read GS, and testing was offered to a broader range of adult and paediatric 143 

patients, through both clinical genetics services and non-genetics clinicians. Both programs 144 

helped establish the clinical utility of gene-agnostic technologies in a range of clinical settings. 145 

Importantly, the 100KGP led directly to the development of the NHS Genomic Medicine Service 146 

(GMS), launched in 2018.  147 

 148 

Efforts to build capacity for genomic testing quickly followed in other jurisdictions (7). Early 149 

efforts in Australia addressed state-level fragmentation through a national collaborative 150 

partnership and many flagship genomics projects led by Australian Genomics (10). In the United 151 

States, public funding, through the National Human Genome Research Institute and the 152 

Precision Medicine Initiative All of Us Research Program, has helped demonstrate the value of 153 

genomic testing across diverse clinical domains, while the private sector has also embraced 154 

genomics and is offering testing to patients at-large (7). Efforts to build capacity for genomic 155 

testing, however, are not limited to well-resourced health systems. The breadth of such efforts 156 
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was well illustrated in a recent special issue from this journal, highlighting genomic testing 157 

initiatives in Chile, Iran, Iran, Sudan, Sri Lanka, and other countries (11). 158 

 159 

Service models for implementation of mainstream genomic testing  160 

 161 

As capacity is built to offer genomic testing at scale, service models to ensure its delivery must 162 

be developed and implemented. From the start, the NHS GMS has relied on a strategy of 163 

‘mainstreaming’ to deliver diagnostic genomic testing across the health system. In the NHS 164 

GMS, this occurs for a range of clinical indications with indirect support from clinical genetics 165 

services. A living document called the Genomics Test Directory specifies which clinical 166 

indications genomic testing can be requested for, broad clinical eligibility criteria, and which 167 

specialists can request testing (12). England is served by supraregional Genomics Laboratory 168 

Hubs, which provide bioinformatics support and multidisciplinary team meetings to support non-169 

genetics clinicians who are ordering genomic testing. Medical geneticists and genetic 170 

counsellors work within regional clinical genetics clinics and offer support to non-genetics 171 

clinicians. 172 

 173 

Genomic testing in Australia and Canada is also available as a publicly funded test, which 174 

affords a centralised approach to adjudicating eligibility related to a shared responsibility 175 

between government and laboratories around resource allocation. However, funding is either 176 

partially or entirely provided at the state- or province-level; eligibility criteria and access are 177 

often also dictated at this as a result. Laboratory services are also largely regional and not 178 

necessarily consistent or universal in their analytical or reporting approach. In contrast to the 179 

UK, these jurisdictions have been slower to operationalise mainstreaming models and have 180 

relied longer on medical geneticists to deliver genomic testing. Access in Australia and Canada 181 
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has only recently expanded to non-genetics clinicians (13-15). Australia achieved national 182 

implementation in 2020 by leveraging the federally-funded Medical Benefits Scheme, funding 183 

genomic testing for some indications in children, ordered by paediatricians. This requires 184 

patient-specific approval, however, by a clinical geneticist (14). In Canada, genomic testing 185 

continues to be accessed through private out-of-country laboratories in many provinces, but 186 

some are increasingly implementing local genomic testing programs, such as Ontario, which 187 

has also expanded eligible ordering clinicians to include non-genetics specialists as of 2025 188 

(15).  189 

 190 

In contrast to publicly-funded systems, coverage for genomic testing in the United States has 191 

been through commercial insurance policies (16). While this has adversely impacted patient 192 

access to genomic testing, ordering has been open to any physician who is willing to arrange it 193 

for eligible patients. As a result, models of care are highly variable and site- and service- 194 

dependent.  195 

 196 

Although the use of routine genomic testing is growing in specialties across medicine, some 197 

examples warrant highlighting. Thus, the authors present the current state of implementation in 198 

general paediatrics, adult neurology, and both paediatric and adult nephrology to shed light on 199 

the models employed and lessons learned, which can extend to other areas in healthcare.  200 

 201 

Implementation of genomic testing in general paediatrics 202 

Most rare genetic diseases present in childhood, making general paediatrics an important area 203 

in which to deploy genomic testing and monitor its implementation. For children with rare 204 

genetic diseases, a prompt diagnosis is important to: inform appropriate and personalised 205 

clinical management; improve prognostic information; determine accurate risk for relatives and 206 
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future pregnancies; unlock research opportunities and facilitate access to support from social 207 

and educational services, as well as disease-specific support networks. It can also provide 208 

emotional benefits for parents, including relief from guilt and validation that the child has a 209 

condition (see Supplementary Material 1 for additional references). Utilising genomic testing 210 

early in the diagnostic pathway can minimise the ‘diagnostic odyssey’ for families, an important 211 

part of improving their experience, mental wellbeing, and quality of life. As a result, genomic 212 

testing is now recommended as a first-line test for certain paediatric indications by the UK GMS, 213 

the American College of Medical Genetics and Genomics, and the Medical Services Advisory 214 

Committee in Australia (see Supplementary Material 1 for additional references).  215 

The implementation of genomic testing for paediatric rare disease diagnosis into the NHS in 216 

England has been the focus of a mixed methods evaluation (17). This programme of work has 217 

highlighted a range of barriers and facilitators to implementation (18-23). In interviews with key 218 

stakeholders involved in designing and delivering the NHS GMS, the main barriers to 219 

implementation were considered to be: limited availability of a suitably trained workforce to 220 

consent, interpret findings, and communicate results from genomic testing; challenges related to 221 

the digital infrastructure needed to support delivery, exacerbating the onerous administrative 222 

aspects of taking consent and ordering genomic testing; reluctance from mainstream clinicians 223 

to incorporate GS into their role; and, overambitious timelines and targets for the new service 224 

(19). Insight into the administrative burden of taking consent and ordering genomic testing in the 225 

NHS GMS was provided in an observation study of consent appointments (18), highlighting the 226 

benefit of electronic methods. In a study that mapped the process of delivering GS for paediatric 227 

rare disease diagnosis and interviewed the clinicians involved (21), another barrier to taking 228 

consent was the shorter visits in mainstream clinics. In Australia, a survey among geneticists 229 

and genetic counsellors demonstrated the additional time required to deliver genomic testing 230 
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compared to conventional genetic testing, associated with several steps including analysis, 231 

consent, and attending multi-disciplinary meetings (MDTs) (24).  232 

A number of workarounds to address some of the challenges of offering genomic testing as a 233 

routine clinical test have been identified including: hiring additional HCPs to support the consent 234 

process; capacity-building; enhancing collaboration between genetics and mainstream 235 

specialities; and co-creating services with patients and the public (18, 19, 21, 25, 26). In the UK, 236 

genomic associates, assistants, and practitioners represent novel roles introduced specifically to 237 

support genomic testing in the NHS, with guidance on role remit and training/qualification 238 

requirements now available (27). Emerging research has demonstrated the competence of 239 

these health professionals and associated positive parental experiences and understanding (18, 240 

23). 241 

In England, reluctance from mainstream clinicians to integrate genomic testing into their practice 242 

remains a challenge, attributable to lengthy administrative tasks and perceptions of political, 243 

rather than clinical, motives driving implementation (19-22). The most frequently cited barriers to 244 

mainstreaming genomics amongst paediatricians were lack of training and knowledge, 245 

determining patient eligibility, lack of time, and confidence, however, it was felt that support from 246 

clinical genetics services, simplified referral forms and online training sessions could improve 247 

engagement (20). Similarly, in Australia, reimbursement mechanisms for clinical geneticists to 248 

support paediatricians have been suggested to improve GS utilisation (14).  This demonstrates 249 

that barriers to implementation exist at the individual level (e.g., beliefs, perceptions of 250 

knowledge, skills) and at the service level (e.g., related to lack of resources, networks, support 251 

from clinical geneticists, and time) (13, 14). 252 

In fostering cultural transformation, embedding non-genetics ‘genomic champions’ in 253 

mainstream services to provide support and impart knowledge has been recognised as 254 
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important to successful implementation (19, 20, 22, 28). Other solutions for bridging the gap 255 

between paediatric and clinical genetics disciplines include the formation of MDTs to enhance 256 

collaboration and knowledge-sharing (19, 20, 22). This has proved an effective way to facilitate 257 

mainstreaming and increase testing uptake in Australia (29), although it requires significant 258 

post-MDT input from genetics for sustainability. 259 

Implementation of genomic testing in adult neurology 260 

 261 

In well-resourced healthcare settings genomic testing has been increasingly recommended and 262 

utilised for a comprehensive range of neurological conditions, including amongst adults. GS is of 263 

particular value in this population where underlying genetic mechanisms are diverse and 264 

frequently include repeat expansions which are not well-captured by other methods or require 265 

targeted tests (30, 31). However, it is unclear whether GS is being offered to all eligible 266 

neurology patients across all clinical settings. Genomic testing for motor neuron disease 267 

provides a useful example. Currently in the UK, patients with MND, including amyotrophic lateral 268 

sclerosis (ALS), are eligible for GS, with reporting of a panel of neurodegeneration-linked genes 269 

completed on a GS backbone (12). However, a recent survey of UK neurologists indicated that 270 

only a proportion of them would offer GS to patients with ALS (32).  271 

 272 

Much like in general paediatrics, barriers to implementation of genomic testing in adult 273 

neurology appear to be both at the individual- and service-level. A survey of neurology teams in 274 

the UK indicated that perceived lack of training, burdensome paperwork, and turnaround time 275 

for results were barriers to offering GS in mainstream clinics (33). The same survey identified 276 

low levels of self-rated genomics knowledge, and confidence in genomic counselling skills 277 

relevant to neurology GS. Supporting resources for both clinicians and patients are lacking and 278 
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are without standardisation, further limiting the abilities of non-genetics clinicians to provide this 279 

testing (34). 280 

 281 

At an organisational- and service-level, defining which neurology patients should be eligible for 282 

GS has also proven challenging (31). In the UK, initially age and family history were used to 283 

define eligibility for GS in ALS.  These criteria were modified after UK researchers demonstrated 284 

that neither age nor family history identified those at higher risk of genetic forms of ALS. The 285 

precise testing modality to use has also proven controversial. Many neurologists and patients 286 

would prefer single gene or small panel testing, rather than comprehensive GS (32). This is 287 

related to factors such as timescale to obtain results and concern over secondary findings.     288 

 289 

Notably, a recent qualitative study undertaken with patients with ALS identified variable 290 

experiences of, and satisfaction with, genetic counselling and testing delivered in adult 291 

neurology clinics (35). Some patients reported delayed access to information or unmet support 292 

needs, and some did not feel they made an informed decision around genomic testing. Although 293 

mainstreaming of GS in adult neurology is recommended, given the utility of earlier and broader 294 

testing, greater standardisation and ongoing evaluation is needed.  295 

 296 

Implementation of genomic testing in nephrology 297 

 298 

There is clear evidence for the use of genomic testing in the diagnosis and management of 299 

patients with suspected monogenic kidney disease. Genomic testing has demonstrated a 300 

diagnostic yield of 40% in adults with suspected monogenic disease in a recent systematic 301 

review, including a revised diagnosis in 17% (Supplementary Material 1). In children with kidney 302 

disease, the diagnostic yield is above 50% (36). Importantly, there is emerging data which 303 

demonstrates meaningful impacts to clinical management in nephrology, including prompting 304 
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cascade testing, changes to treatment, and facilitating transplantation, as well as cost-305 

effectiveness. As a result, recommendations have been made for incorporating genetic testing 306 

in clinical guidelines. 307 

Despite this, barriers remain to effective uptake of genomic tests by nephrologists (37, 38). 308 

Widespread use of genomic testing for patients with kidney disease poses many of the same 309 

implementation challenges described above, particularly with regards to developing evidence-310 

based guidelines for testing, as well as the development of service delivery models that enable 311 

timely access to genetic counselling, genetics specialists, and testing services (39).  312 

Several models of care have been described aiming to provide timely access to genetics care in 313 

nephrology, using both mainstreaming and multidisciplinary models of care (40-43). For 314 

example, in Australia, 20 multidisciplinary kidney genetics clinics have been established across 315 

the country, each with a geneticist, genetic counsellor, and nephrologist available to review 316 

patients potentially suitable for genetic testing (43). 1506 patients reviewed across these clinics, 317 

had a diagnostic yield of 46% (40). In the United States and Canada, a similar model exists, 318 

where patients are referred to tertiary kidney genetics clinics, where they are reviewed by 319 

nephrologists working collaboratively with genetic counsellors (41). Importantly, the 320 

multidisciplinary clinic model is both effective and preferred by nephrologists (37).  321 

Given the current pressures on genetic services, there is a need for nephrologist-led models of 322 

care to evolve to meet increasing demand. To combat the issue of underutilisation in Singapore, 323 

a protocol has been developed for a nephrologist-led genetics service, whereby the nephrologist 324 

is trained to provide counselling, order targeted ES, and interpret results (44). Nephrologists in 325 

outside major referral centres, however, will need to refer patients to a genetics-trained 326 

nephrologist. In Victoria, Australia, an implementation project to facilitate widespread 327 

mainstreaming across nephrology services utilised a hub-and-spoke model, where four tertiary 328 
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hospitals acted as hubs, providing multidisciplinary review, coordinated central MDT meetings, 329 

and housed genomic champions (nephrologists and genetic counsellors) who served as contact 330 

points for support (45). Peripheral nephrologists were supported by decision support tools and 331 

genomics champions from the hubs, enabling local initiation of genomic testing.  332 

Finally, in Alberta, Canada, a mainstreaming pathway for patients with suspected autosomal 333 

dominant polycystic kidney disease has been implemented (42). In this model, the nephrology 334 

team provided pre-test counselling and selection of patients for genetic testing prior to direct 335 

patient interaction by a medical geneticist. The study authors found a significant reduction in 336 

time to result disclosure, coupled with high patient satisfaction rates (42). The subspecialised 337 

and single-system nature of kidney disease, coupled with the efforts of champions in the 338 

nephrology community, has positioned kidney disease as an exemplar in the mainstreaming of 339 

genomic testing in the clinic room—one other specialties may look to as mainstreaming models 340 

are developed in their disease areas. 341 

 342 

RAPID DIAGNOSTIC GENOMIC TESTING IN INTENSIVE 343 

CARE 344 

 345 

Historically, the utility of genetic testing in critical care settings was limited by lengthy turnaround 346 

times. However, technological advances that enable faster results have made rapid genome 347 

sequencing (rGS) an integral tool in neonatal (NICUs) and paediatric intensive care units 348 

(PICUs) (46). By providing timely genetic diagnoses that impact real-time decision-making, rGS 349 

has revolutionised critical care, allowing for empiric treatment approaches to be replaced by 350 

precision medicine (46). Furthermore, given the high costs of ICU care, early identification of 351 
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genetic conditions is essential for optimising patient management and resource allocation (47, 352 

48). 353 

 354 

Clinical impact of rapid genome sequencing 355 

 356 

Between 2012 and 2021, over 44 clinical studies evaluated the diagnostic and clinical utility of 357 

first-tier RGS in NICUs and PICUs, yielding an average diagnostic rate of 37%, with a range 358 

from 19% to 83% (Supplementary Material 1). Most of these studies were prospective cohort 359 

trials, which highlighted both the cost-effectiveness and actionable clinical benefits of rapid 360 

genomic testing in this setting. More recent work aiming to demonstrate the clinical role of this 361 

technology has placed a greater emphasis on clinical implementation and models of care. For 362 

example, the SeqFirst study in Washington, USA, demonstrated the value of simple and broad 363 

exclusion criteria in expanding access to rGS in the NICU, as well as the importance of a 364 

standardised workflow (49). In this study, the diagnostic yield remained high and rGS identified 365 

conditions that conventional genetic testing approaches may have missed (49). Importantly, 366 

parental perspectives towards rGS in critical care settings were largely favourable. However, 367 

emerging research has noted greater ambivalence or deprioritisation of genetic testing in these 368 

settings compared to others (Supplementary Material 1). Furthermore, the psychosocial impact 369 

of rGS results may differ from other settings, with differing parental priorities and a greater risk 370 

of adverse emotional effects, underscoring the need for tailored counselling.  371 

 372 

The Human Genetics Society of Australasia published a position statement on rGS in 2024, 373 

affirming that rGS is becoming the standard of care for critically ill children “where there is a high 374 

suspicion of an underlying genetic condition,” and emphasised that it should be provided 375 
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equitably in acute care settings (50). This guidance highlights the importance of a 376 

multidisciplinary approach to rGS, with tailored pre- and post-test counselling. 377 

 378 

The next frontier: long read and ultra-rapid genomic sequencing 379 

 380 

Ultra-rapid genome sequencing is an emerging technology that delivers diagnostic results in two 381 

days or less, compared to the typical 7- to 10-day timeframe for rGS. Significant advancements 382 

in sequencing technology have led to a substantial reduction in the fastest turnaround times—383 

from approximately 48 hours in 2012 to just 7 hours by 2022. Furthermore, in a recent study of 384 

12 patients, one case achieved a diagnostic result in just five hours, emphasising the 385 

accelerating pace of sequencing technologies (51). 386 

 387 

Currently, most sequencing rapid or otherwise, relies on short-read sequencing technology,  388 

however, long-read PacBio or Nanopore sequencing is gaining traction as a promising 389 

alternative (Supplementary Material 1). The long-read sequencing approach enables real-time 390 

sequence analysis, generates longer contiguous haplotypes, and can detect epigenetic 391 

modifications such as DNA methylation. These advantages are particularly relevant for 392 

diagnosing imprinting disorders and genetic diseases with distinct methylation episignatures. 393 

The growing adoption of long-read sequencing could further enhance the diagnostic capabilities 394 

of sequencing, especially in cases where standard sequencing methods fall short (52). 395 

 396 

Artificial intelligence in rapid genome interpretation 397 

 398 

Artificial intelligence (AI) is playing an increasingly vital role in the interpretation of sequencing 399 

data, enhancing variant analysis, clinical decision making, and patient selection (46, 53). One of 400 

AI’s most promising applications in genomics is natural language processing, which can serve 401 
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to extract deep phenotypic data from electronic medical records to improve diagnostic accuracy 402 

(54). Additionally, AI-driven automation is streaming variant annotation, reducing the workload 403 

for clinical geneticists and laboratory scientists, and improving the efficiency of genomic data 404 

interpretation (54). 405 

 406 

Beyond variant analysis, AI-powered clinical decision support tools are being developed to 407 

guide treatment selection following a genetic diagnosis. These tools aim to translate genomic 408 

findings into actionable medical interventions, particularly in rare disease where specialised 409 

knowledge is required. Moreover, machine learning models are being leveraged to predict which 410 

NICU patients are most likely to benefit from rapid sequencing, enabling clinicians to prioritise 411 

testing for critically ill infants with suspected genetic conditions. As adoption of sequencing 412 

expands, AI-driven solutions will be instrumental in ensuring high diagnostic accuracy and 413 

optimising patient outcomes. 414 

 415 

Challenges for rapid genomic testing 416 

 417 

Despite rapid advancements, several barriers continue to hinder the widespread adoption of 418 

genome sequencing in critical care. One key challenge is the under-recognition of genetic 419 

disorders by ICU physicians, which can lead to delays in test ordering and limit the potential 420 

benefits of genomic diagnostics. Additionally, reimbursement policies for rapid genomic testing 421 

remain inconsistent, creating financial obstacles for hospitals and healthcare providers. There is 422 

also a need for better infrastructure, ensuring that rGS results are seamlessly incorporated into 423 

ICU workflows to facilitate timely clinical decision-making. 424 

 425 

 426 
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Genomic newborn screening 427 

 428 

Biochemical newborn screening (NBS) has been integrated into routine healthcare in many 429 

countries, typically focusing on a limited set of rare and treatable conditions. Genomic newborn 430 

screening (gNBS) now offers the ability to expand early detection capabilities substantially by 431 

screening for a broader range of treatable rare diseases (55). This has the potential to benefit 432 

both individuals and the health system through earlier detection of a broader range of treatable 433 

conditions, including some without biochemical markers that would not be detectable by 434 

traditional NBS. The data has the potential to be reanalysed over time and can be used to clarify 435 

ambiguous results from other methodologies (55, 56). Earlier detection has the benefit of 436 

shortening the diagnostic odyssey for families (and the health system), and prompt earlier 437 

treatment, which has been shown to lead to better long-term health outcomes for these children 438 

(57, 58). 439 

 440 

Global landscape of genomic newborn screening 441 

 442 

Globally, considerable interest in gNBS has driven numerous initiatives exploring its feasibility, 443 

clinical utility, and related ethical considerations (Supplementary Table 2). These diverse efforts, 444 

aiming to gather data to inform the eventual implementation of widespread gNBS, reflect 445 

international ambitions to enhance and expand traditional biochemical screening.  446 

 447 

Prospective gNBS studies span the United States, Europe, Australia, and Asia, and represent a 448 

mix of subnational pilots to nationwide programs (Supplementary Material 1). More than half 449 

employ ES or GS as their technology of choice, while the others employ targeted gene panels. 450 

Importantly, the number of genes screened varies greatly across these programs. Some 451 
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programs are more targeted, focusing on a small number of genes, while others include many 452 

hundreds of genes. One of the largest prospective studies, the UK's Generation Study under the 453 

Genomics England Newborn Genomes Programme, launched in 2022  plans to sequence 454 

100,000 newborns using GS to screen for 200 disorders (59). Notably, the largest population 455 

screened was done retrospectively: BeginNGS, led by Rady Children’s Institute for Genomic 456 

Medicine in San Diego, USA, screened over 300 genetic disorders via GS in nearly half a million 457 

UK Biobank participants and nearly 5000 critically ill children, demonstrating feasibility and 458 

scalability, and catching 15 diagnoses that would not have been detected by conventional NBS 459 

(56).  460 

 461 

Several notable trends emerge across gNBS programs. First, there is a clear preference for 462 

targeted gene panels in jurisdictions aiming for immediate clinical implementation, while larger-463 

scale programs often utilise genomic sequencing approaches (GS or ES). Additionally, many 464 

projects faced practical barriers influencing implementation. For example, although the Belgium-465 

based BabyDetect study aimed to recruit 40,000 infants, practical challenges resulted in a final 466 

recruitment of only several thousand newborns, highlighting significant recruitment barriers 467 

faced by large-scale gNBS initiatives (60).  468 

 469 

Implementation of genomic newborn screening 470 

 471 

For now, gNBS remains in the pre-implementation stage, without any programs broadly 472 

implemented. Importantly, clinical implementation of gNBS poses several significant challenges. 473 

One major consideration is deciding which conditions/genes to include–this is fundamentally a 474 

policy choice that balances conventional screening criteria (severity, treatability, prevalence, test 475 

accuracy, etc.) with the broad range of possibilities afforded by genomic testing (61). National 476 

advisory bodies (such as the U.S. Advisory Committee on Heritable Disorders in Newborns and 477 
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Children) will need to update their frameworks for evaluating conditions, potentially developing 478 

guidelines specific to genomic screening. Professional organisations, such as the European 479 

Society of Human Genetics, have cautioned that any use of genomic sequencing technologies 480 

in NBS should be justified by strong evidence of benefit and adhere to screening principles, 481 

favouring targeted approaches until more data is available (61). 482 

 483 

Another challenge is around informed consent and the diverse ethical issues raised by a shift 484 

towards gNBS. For example, the possibility of incidental findings in gNBS presents distinct 485 

challenges compared to traditional screening. While traditional screening focuses on conditions 486 

with well-established treatments that manifest early in life, the broad nature of genomic 487 

technologies employed in gNBS can unexpectedly discover a wide array of genetic variations, 488 

including those linked to adult-onset diseases or conditions lacking effective interventions. This 489 

is no different from diagnostic genomic testing but is novel in this context where the goals and 490 

risk-benefit calculus differ. Importantly, the consent process must not be made so complex as to 491 

impair the ability of gNBS programs to recruit and identify children who may be at-risk (62, 63). 492 

As argued by Knoppers et al., “the right of the asymptomatic at-risk child to be found” must be 493 

balanced with the complexities of consent: consent should aim for families to be appropriately 494 

informed, and tailored to the range of conditions that are potentially reported (63).  495 

 496 

Given the costs associated with genomic sequencing, cost-effectiveness analyses of gNBS are 497 

essential to inform decision-making. Modelling the cost-effectiveness of gNBS, however, is 498 

complex.  Previous research has typically focused on single-condition assessments, which likely 499 

underestimate the broader value of gNBS, as a potential one-time test that can replace many 500 

separate tests and may avert expensive diagnostic odysseys later in childhood (56). As 501 

sequencing costs continue to drop—potentially reaching as low as USD 100 per newborn—the 502 

cost-effectiveness of gNBS may become increasingly favourable (56). Nevertheless, 503 
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comprehensive economic evaluations of gNBS incorporating multiple conditions and complex 504 

patient pathways remain critical. Future modelling should employ dynamic simulation models 505 

that capture these issues, as well as individual heterogeneity, long-term outcomes, and system-506 

wide impacts (64, 65). 507 

 508 

REPRODUCTIVE GENETIC CARRIER SCREENING IN THE 509 

GENOMICS ERA 510 

 511 

Reproductive genetic carrier screening (RGCS) is designed to identify people with an increased 512 

chance of having children with serious autosomal recessive or X‐linked genetic conditions. By 513 

providing this information before or early in pregnancy, RGCS promotes reproductive autonomy, 514 

enabling prospective parents to make informed decisions regarding reproductive options such 515 

as in vitro fertilisation (IVF) with pre-implantation genetic testing (PGT-M), prenatal diagnosis, or 516 

preparing for the possibility of raising a child with a genetic condition. 517 

 518 

From targeted testing to population-wide screening 519 

 520 

Historically, carrier testing was reserved for individuals with a known family history or those of 521 

specific ancestries associated with higher prevalence of certain conditions. Early methods relied 522 

on biochemical assays, but this was superseded by targeted genetic testing using allele-specific 523 

technologies for common pathogenic variants.  524 

 525 
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Genomic sequencing technologies have revolutionised carrier screening, allowing for the 526 

simultaneous analysis of hundreds of genes at a cost that continues to decline. In 2025, 527 

sequencing cost is no longer the primary determinant of panel size. For large panels, exome 528 

sequencing with analysis restricted to the panel is a viable approach, and is used by some 529 

laboratories. The low cost of sequencing enables comprehensive, equitable population-wide 530 

approaches (66, 67). This paradigm shift can improve access and clinical utility. 531 

 532 

Despite these advances, government-funded RGCS programs remain limited globally (67). A 533 

notable exception is the Israeli national RGCS program, launched in 2013 and which now 534 

includes screening for 650 pathogenic variants in 290 genes (68). In Australia, government 535 

funded RGCS for cystic fibrosis, fragile X syndrome and spinal muscular atrophy became 536 

available in 2023 resulting in a substantial increase in access to RGCS (>110,000 tests annually 537 

for a country with an annual birth rate of about 300,000). However, in many countries, RGCS is 538 

primarily available through private services, accessible mainly to those who are well-informed 539 

and can afford it. This raises concerns about equity and access, prompting consideration about 540 

how to of integrate RGCS into publicly funded healthcare systems (69)  541 

 542 

Australia’s Mackenzie’s Mission 543 

 544 

In 2018, Australia launched a landmark project, the Australian Reproductive Genetic Carrier 545 

Screening Project known as ‘Mackenzie’s Mission’ (MM), to investigate the acceptability and 546 

feasibility of population-wide RGCS. Through MM, screening was offered to 10,000 reproductive 547 

couples for approximately 1,300 genes associated with around 750 conditions (70). 548 

 549 
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MM demonstrated that large-scale RGCS is both feasible and acceptable to a diverse 550 

population. The study found that 1.9% of reproductive couples had an increased chance of 551 

having children with serious genetic conditions (70). Most of these couples used or intended to 552 

use reproductive interventions to reduce the chance of passing on the condition to their children 553 

(70). 554 

 555 

Importantly, the study highlighted that thoughtful and innovative program design is critical for 556 

mainstreaming RGCS within the healthcare system. Key factors that contributed to the 557 

successful delivery of RGCS at scale included: reproductive utility-focused gene panel 558 

selection, considering condition severity in variant interpretation and result reporting, 559 

simultaneous reproductive couple-based screening, embedding genetic counselling in the 560 

program design and effective referrer education and engagement. 561 

 562 

Selecting genes and interpreting variants 563 

 564 

The question of which genes to include in RGCS panels remains a topic of debate. 565 

Recommendations vary, from the ACMG’s 113-gene panel (71) to more expansive offerings, 566 

like the 1,280+ gene panel used in MM (72). The key goal is to identify reproductive couples 567 

who have an increased chance for offspring with clinically impactful conditions (72). “Severity”, 568 

however, is a subjective and context-dependent concept (73). While some panels include only 569 

childhood-onset, life-limiting conditions, others allow the inclusion of moderate or mild 570 

conditions, such as non-syndromic hearing loss. 571 

 572 
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Variant interpretation further complicates matters. The presence of a pathogenic variant does 573 

not always result in disease if it is combined with a second variant of uncertain or milder impact. 574 

Ideally, only combinations predicted to cause a serious health condition in offspring should be 575 

reported. This safeguards against over-reporting leading to unnecessary reproductive 576 

intervention and helps ensure results are meaningful and actionable (73). 577 

 578 

It is important to note that while current methodologies cover most genes reliably, technical 579 

limitations mean certain genes require specialised analysis due to complex genomic 580 

architecture or repeat sequences (e.g., SMN1 in spinal muscular atrophy and FMR1 in fragile X 581 

syndrome). Inclusion of such genes requires integration of specialised workflows to ensure test 582 

sensitivity and clinical validity. RGCS using GS would allow for the capture of such genes with a 583 

single technology. 584 

 585 

Delivery models: sequential vs. simultaneous 586 

 587 

RGCS can be delivered using either a sequential or simultaneous screening approach. 588 

Sequential screening involves testing one reproductive partner first. If that person is found to be 589 

a carrier, the partner is then tested. This method conserves resources when screening for a 590 

limited number of genes but is time-consuming and can heighten anxiety, especially if there is 591 

already an established pregnancy (74). Simultaneous screening involves testing both partners 592 

at the same time. This model is more suitable for large gene panels due to the higher likelihood 593 

that at least one partner will be a carrier for a recessive condition (70). It also streamlines 594 

workflows and reduces delays, making it a better fit for scalable, population-wide programs. 595 

 596 

Reporting and interpretation: simplifying the complex 597 
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 598 

One of the challenges in mainstream RGCS is how to communicate results effectively. Many 599 

commercial services provide individual reports listing each person’s carrier status across 600 

potentially hundreds of genes. While comprehensive, this approach places the burden of 601 

interpretation on clinicians, who may lack genetics expertise, and can overwhelm patients. 602 

 603 

In contrast, combined couple-based reporting involves delivering a result that indicates either: 604 

low chance, where no concerning gene combinations are found; or, increased chance, where a 605 

variant combination in a gene associated with a serious condition is found in the couple. 606 

Choosing not to report individual carrier status for low chance couples (unless specifically 607 

requested or clinically indicated) serves to streamline analysis and reporting, reduce cognitive 608 

load, simplify genetic counselling, and enhance service efficiency while maintaining clinical 609 

relevance. However, this approach also has limitations—particularly if couples separate and 610 

form new partnerships, as re-screening is required. 611 

 612 

Challenges and barriers in reproductive genetic screening programs 613 

 614 

As RGCS becomes more integrated into routine care, attention must turn to service delivery 615 

models, especially in primary care settings. Most clinicians offering RGCS have limited training 616 

in genetics and patients often have little awareness of the conditions screened. To address this, 617 

online decision support tools for pre-test education and consent can increase knowledge and 618 

maintain autonomy in decision-making (70, 75). These tools are well-received by both patients 619 

and clinicians (75, 76) and demonstrate that scalable, digital education solutions can effectively 620 

support the mainstreaming of RGCS without overwhelming clinical workflows. Embedding 621 
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genetic counselling within the design of screening programs ensures access to specialist 622 

support when needed and enhances the confidence of non-genetics healthcare providers, who 623 

can offer screening knowing that expert guidance is readily available. 624 

 625 

While RGCS enhances reproductive autonomy, equity in access to reproductive options 626 

remains a challenge. Studies indicate that 60% or more of those receiving an increased chance 627 

result pursue a reproductive intervention, such as IVF with PGT-M, to avoid passing on the 628 

condition (70, 77, 78). Others may choose adoption, gamete donation, or decide not to have 629 

children. IVF with PGT-M, for example, is expensive and access to this technology varies. 630 

Termination of pregnancy may not be accessible in some jurisdictions due to personal, cultural, 631 

political, or legal reasons. This can restrict a person’s ability to use their RGCS results in a way 632 

that aligns with their values. 633 

 634 

Ultimately, successful mainstreaming of RGCS will require thoughtful program design, 635 

streamlined reporting, integrated genetic counselling and provider education. However, to 636 

mainstream RGCS responsibly, health systems must ensure public funding or subsidies for 637 

reproductive interventions and follow-up care, as well as access to genetic counselling and 638 

psychological support.  639 

 640 

GENETIC COUNSELLORS BEYOND THE CLINICAL 641 

GENETICS SERVICE 642 

 643 
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As illustrated in the many examples described in this review, mainstreaming models of care—644 

where non-genetics clinicians integrate genetic and genomic testing into their own clinical 645 

practices, rather than having all testing be done by clinical genetics services—are increasingly 646 

employed in the era of genomic sequencing (6). However, while some clinicians have adapted 647 

their practice to incorporate genomic medicine, many lack knowledge and confidence and 648 

indicate a preference for genetics clinicians to manage genetic testing to inform management 649 

(Supplementary Material 1). 650 

 651 

In this respect, genetic counsellors, post-graduate trained allied healthcare professionals, are 652 

key players in facilitating the integration of genomic sequencing into mainstream healthcare. 653 

Crucially, they support mainstreaming efforts from within clinical genetics services, through 654 

attendance at multi-disciplinary team meetings, participation in multi-disciplinary clinics, and 655 

more recently, by taking roles embedded within specialty services and contributing to program 656 

design (79, 80). Models of mainstreaming that include embedded genetic counsellors in 657 

specialty teams offer an additional way to facilitate integration of genetic and genomic testing 658 

into clinical care without over-burdening stretched health services (79, 81-83). 659 

 660 

Optimising expertise and working at top of scope 661 

 662 

As genomic medicine moves into mainstream settings, role delineation amongst clinicians 663 

providing genomic care must be carefully considered; it is crucial that roles and expertise are 664 

optimised in systems with limited resources. Until recently, genetic counsellors have been 665 

largely employed by clinical genetics services and see patients following referral from non-666 

genetics physicians, with or without medical geneticists (24). However, there is a shift occurring 667 

with deliberate, structured design of mainstreaming models in which genetic counsellors are 668 

directly employed in medical departments outside of the clinical genetics service. In such 669 
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models, genetic counsellors help provide multidisciplinary care for patients through the entire 670 

diagnostic care pathway in collaboration with non-genetics physicians. In fact, a census of the 671 

global state of genetic counsellors found widespread opportunities for involvement in delivery of 672 

mainstream genomic care globally (84). Integrating genetic counsellors in mainstreaming 673 

models of care has clear benefits: genetic counsellors are highly skilled in facilitating patient 674 

decision-making, working with families to communicate and disseminate genetic information, 675 

optimising systems to improve patient experience and care, and providing education and 676 

support for clinicians as they interpret genetic information for patient management (24, 85, 86). 677 

When embedded in medical departments outside of genetics, genetic counsellors bring these 678 

complementary skills to the clinical practice of their non-genetics colleagues. 679 

 680 

Genetic counselling in mainstream practice 681 

 682 

In the context of diagnostic genomic testing, a recent Change Program in Victoria, Australia saw 683 

hospitals seeking to implement innovative models of care in specialities including neurology, 684 

nephrology, transplant, cardiology, and general paediatrics, where genetic counsellors were 685 

employed to work directly in the specialist services (81). The role of the genetic counsellor was 686 

a deliberate aspect of the model of care, requiring genetic counsellors to share their expertise 687 

with the medical specialty and to support specialists to begin integrating aspects of genomic 688 

medicine into their clinical practice. Genetic counsellors working in these roles reported they 689 

were working at the top of their scope of practice, modelling the unique genetic counsellor 690 

skillset in these settings, including providing relational care, expediting patient access to 691 

specialised genetic care, and considering the family unit as well as the individual (79). 692 

In the context of RGCS, psychosocial support for families is crucial. Although receiving a low 693 

chance result generally leads to reassurance, low anxiety, and minimal regret, receiving an 694 
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increased chance result can be emotionally destabilising (Supplementary Material). Anxiety 695 

levels can remain elevated for months and many couples report experiencing grief for their 696 

anticipated reproductive journey, which may no longer be possible without medical intervention. 697 

Embedding genetic counselling directly within screening program design provides patients with 698 

access to necessary specialist support. Clinicians highly value accessible genetic counselling as 699 

part of equitable genomic service provision. In Mackenzie’s Mission, primary healthcare 700 

providers ranked online information and funded genetic counselling among the top enablers for 701 

integrating RGCS into practice (76). 702 

 703 

Genetic counsellors as leaders in mainstreaming 704 

 705 

Mainstreaming models of care offer opportunities for genetic counsellors to work at the top of 706 

their scope of practice, and given their skillset genetic counsellors are well equipped to lead 707 

such efforts (83). However, to support successful mainstreaming, genetic counsellors require a 708 

sound understanding of core aspects of genomic medicine, including confidence working with 709 

medical specialists, skills in interpretation and communication of genomic test results, and 710 

involvement in mainstreaming program design and review (81). Importantly, genetic counsellors 711 

are embracing opportunities to move beyond the clinical genetics service and work in diverse 712 

positions across healthcare systems. An ability to confidently articulate the value they bring, 713 

including the difference between genetic counselling provided by genetic counsellors, and 714 

genetic counselling activities provided by other healthcare professionals is crucial. Access to 715 

regular reflective practice supervision and participation in a community of practice for genetic 716 

counsellors working in mainstream roles will support these aims and help build resilience (81, 717 

87). This will help to ensure genetic counsellors maintain their professional identity, thrive in 718 

these emerging roles, and steward the integration of diverse applications of genomic 719 
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sequencing—both those discussed in this review and those yet to come—into mainstream 720 

healthcare.  721 

 722 

WORKFORCE DEVELOPMENT CONSIDERATIONS FOR 723 

MAINSTREAM GENOMIC MEDICINE 724 

 725 

Developing a broad, mainstream, genomics-capable workforce presents multiple challenges 726 

due to the multidisciplinary and emerging nature of genomic medicine (88, 89). A recent 727 

international survey of genomics health workforce education priorities reported that 70% of 728 

respondents from 34 countries felt a need for moderate to extensive modification of genomics 729 

training for physicians (90). As illustrated throughout this review, service models in genomic 730 

medicine are variable, and the roles of professions vary between models, necessitating different 731 

competencies and educational approaches. Although education alone is not sufficient to 732 

prepare professionals to incorporate genomics into their practice, it is both wanted and critical 733 

(91, 92).  734 

 735 

Education to enable different models of genomic healthcare 736 

 737 

Two large studies surveying US and Australian physicians (93, 94) found that, although they 738 

could order genomic tests, most responding physicians preferred genomics service delivery 739 

models that directly involved genetics health professionals, either through referral or ordering 740 

with support. Genomics research experience and continuing genomics education were 741 

associated with higher confidence to practise genomics and a preference for service models 742 

with less support from genetics (95, 96). These associations suggest the need to provide a 743 
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range of education formats and topics pitched to different levels of competence to enable 744 

mastery and increasing independence in mainstreaming, such as ordering autonomously, with 745 

the support of a genetics service, or within a multidisciplinary team.  746 

 747 

Genomics education needs for different professions and roles 748 

 749 

Needs assessments can inform targeted education programs and have been undertaken for 750 

many professions involved in genomic medicine (for a review, see (97); additional references in 751 

Supplementary Material 1). Educational needs have also been investigated for multidisciplinary 752 

settings, such as acute care, for professions that span different settings, such as hospital versus 753 

community pharmacists, and in contexts beyond screening or testing, for example, for research 754 

or clinical trials, or to guide treatment selection (e.g., oncology and precision medicine).  755 

 756 

Establishing required competency levels across the workforce  757 

 758 

The knowledge, skills and attributes (attitudes and/or behaviours) required for safe and 759 

responsible delivery of genomics applications have been outlined for some health professions 760 

(e.g., medical students, physicians, physician assistants, nurses) and can guide education and 761 

training (references in Supplementary Material 1). Competencies for physicians mostly relate to 762 

ordering or facilitating genomic testing, as minimum standards or entrustable professional 763 

activities. Competencies for nurses have been available and routinely updated for decades, and 764 

focus mostly on collecting health history, communicating and supporting care. There are no 765 

agreed competencies for broader allied health professions, although competencies for 766 

pharmacists exist in the emerging area of pharmacogenomics.  Other emergent applications of 767 

genomic technologies, such as genetic carrier screening and polygenic risk scores, are 768 

increasingly included in updated competencies. As more genomics applications span 769 
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healthcare, organisations such as the European Society of Human Genetics and the National 770 

Health Service Health in England have developed competencies or competency frameworks 771 

that can be adapted and applied across multiple professions (98, 99).  772 

 773 

While the need for professionals skilled in variant interpretation is growing exponentially with the 774 

spread of genomic testing, and continuing professional development, workplace training and 775 

university award subjects are emerging, there are no published competencies in variant 776 

interpretation. There are agreed capabilities for bioinformaticians, some of which are relevant to 777 

variant interpretation, but this critical step in genomic testing is being performed by a range of 778 

professionals, including medical/clinical scientists, physicians, and laboratory genetic 779 

counsellors.  780 

 781 

Evaluation and coordinated efforts can reduce reinvention 782 

 783 

There are increasing reports of genomics education programs in the literature, covering a 784 

breadth of topics, workforce sectors and contexts (97). Curricula may be general or specialty-785 

specific, with more recent efforts focusing on offering education at scale, through wholly online 786 

or blended learning approaches (see Supplementary Material 1). However, as a field, evidence 787 

of global, effective genomics education is fragmented. Interventions are often developed and 788 

delivered by poorly-resourced and isolated clinicians or researchers, rather than qualified 789 

educators.  790 

 791 

Evaluation can gather the evidence for engagement and impact, however evidence for specific 792 

educational approaches has been difficult to compare and synthesise due to limited, or varied 793 

approaches to evaluation and inconsistent descriptions in the literature. To support best practice 794 

in genomics education, Australian Genomics convened an international expert group to help 795 



 34 

develop a flexible ‘toolkit’ for global genomics educators, including those with minimal 796 

experience in education or evaluation. Tools include: a program logic model to support effective 797 

planning, development, delivery and evaluation; adaptable needs assessment surveys; an 798 

evaluation framework; and reporting standards for genomics education and its evaluation (100). 799 

The framework and reporting standards, in particular, can assist educators to evaluate and 800 

share impact of their education, through evaluating immediate, intermediate, and long-term 801 

outcomes (100). 802 

 803 

To reduce reinvention, networks have been proposed to share educational resources relating to 804 

content, delivery, assessments and evaluation. These have been supported on varying scales 805 

through professional societies and inter-society committees (101, 102). 806 

 807 

Ultimately, education of health professionals in genomics has been described as desirable, 808 

critical and pivotal in the implementation of genomic medicine, However, many educational 809 

programs are still being created in isolation, by busy clinicians and scientists, with no 810 

sustainable delivery models in place after research funding ends. The approaches described 811 

above, and the growing suite of tools and examples in the literature, will hopefully begin to build 812 

an evidence base and repository of sharable resources and insights. 813 

 814 

MOVING TO MAINSTREAM 815 

 816 

The implementation of genomic testing in mainstream healthcare is a translational endeavour. 817 

Technologies must first be translated from the research space to clinical practice, commonly to 818 

the early adopters within the clinical genetics service. From there, these technologies move 819 

beyond the walls of the clinical genetics service and with a goal to be implemented at scale. 820 
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This is not new, other genetic tests, such as chromosomal microarrays and single-gene 821 

sequencing have followed this same path. Genomic technologies, however, are highly complex 822 

a growing list of applications, as highlighted in this review. Best et al., explains that, as a result, 823 

implementation of genomic technologies into mainstream healthcare requires whole-of-system 824 

change (103).  825 

 826 

As illustrated in this review, approaches to this change, and the resulting state of 827 

implementation, varies both by application of genomic testing and by jurisdiction. This relates to 828 

a diversity of factors including local interests and expertise, resources, health system structures, 829 

and priorities of policy makers. For example, mainstreaming of genomic testing in the NHS 830 

benefitted from a top-down approach with support at the highest levels of government allowing 831 

for change to be driven (9, 104). Comparatively, progress in Australia has been driven by local 832 

interest and expertise, with organising structures and strong collaborative networks built largely 833 

from the bottom-up (10, 103).  834 

 835 

Ultimately, to ensure these technologies provide benefit to patients at large, it is essential that 836 

the implementation of genomic testing, and these many influencing factors, are understood. 837 

Although structured approaches exist, implementation science theory has not been widely used 838 

to inform the design and evaluation of genomic testing programs in the past (105). Moving 839 

forward, program evaluation guided by implementation science that captures diverse outcomes 840 

and compares different approaches to implementation will be essential (103). As lessons are 841 

learned across jurisdictions, ongoing efforts to demonstrate value of mainstreamed 842 

implementation will also be key, to ensure benefit is delivered to patients and the system at 843 

large.  844 

 845 

Limitations and areas of future growth 846 
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 847 

This review was limited to applications of genomic sequencing technologies currently being 848 

implemented clinically at scale. Important emerging applications related to monogenic rare 849 

disease include prenatal screening and diagnosis, screening of healthy adults, and post-mortem 850 

genomic testing. Evidence for the utility of pharmacogenomics and polygenic risk scores for 851 

common diseases is also growing and represent future potential applications of this technology 852 

in mainstream clinical practice. Consideration must also be given to the amalgamation of all of 853 

these technologies into one: where a single genomic sequence is generated once, such as at 854 

birth, and interrogated at the various points in the lifespan as needed for screening or clinical 855 

care. These applications, of course, will all present their own unique benefits and challenges. 856 

Additionally, most programs highlighted in this review are from the UK, Australia, and the US, 857 

indicating a need for both improved clinical access to genomic sequencing technologies globally 858 

as well as more research around implementation in diverse jurisdictions. 859 

 860 

Equity considerations 861 

 862 

Equity considerations in genomic medicine have been well described, particularly with respect 863 

to the implications of underrepresentation of ancestry groups in reference datasets, with efforts 864 

being made to identify and advance related solutions (106). These concerns apply to the 865 

mainstreaming of genomic technologies, but with important additional considerations. In 866 

particular, the mainstream implementation of to these technologies is inevitably influenced by 867 

geography. At present, access to applications earlier in the implementation pipeline remains 868 

largely concentrated at tertiary or academic centres with advanced resources and expertise. 869 

Although this may be necessary as a new technology penetrates a health system, to reduce the 870 

exacerbation of existing inequities efforts to counteract this must be considered.  871 

 872 
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Conclusions 873 

 874 

Genomic sequencing technologies are being implemented across healthcare to support the 875 

screening for and diagnosis of rare genetic diseases. Most advanced in terms of implementation 876 

is that of diagnostic genomic testing, both rapid testing in the intensive care unit and standard 877 

testing in the clinic room. Genomic newborn screening and reproductive genetic carrier 878 

screening also represent important areas of current implementation with many jurisdictions 879 

taking steps to implement these technologies clinically. The involvement of non-genetics 880 

clinicians in the delivery of these technologies, however, has important implications on models 881 

of care and education—genetic counsellor support and evidence-informed education strategies 882 

are key to building a genomics-capable workforce. The integration of these technologies into 883 

health systems is complex and efforts to evaluate these programs guided by implementation 884 

science will be key to ensure jurisdictions learn from one another and benefit is delivered to 885 

patients and the system at-large.  886 

 887 
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