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Developing a competent workforce will be crucial to realizing the promise of genomic 
medicine. The preparedness of medical specialists without specific genetic qualifications 
to play a role in this workforce has long been questioned, prompting widespread calls for 
education across the spectrum of medical training. Adult learning theory indicates that 
for education to be effective, a perceived need to learn must first be established. Medical 
specialists have to perceive genomic medicine as relevant to their clinical practice. Here, 
we review what is currently known about medical specialists’ perceptions of genomics, 
compare these findings to those from the genetics era, and identify areas for future 
research. Previous studies reveal that medical specialists’ views on the clinical utility of 
genomic medicine are mixed and are often tempered by several concerns. Specialists 
generally perceive their confidence and understanding to be lacking; subsequently, they 
welcome additional educational support, although specific needs are rarely detailed. 
Similar findings from the genetics era suggest that these challenges are not necessarily 
new but on a different scale and relevant to more specialties as genomic applications 
expand. While existing strategies developed for genetic education and training may be 
suitable for genomic education and training, investigating the educational needs of a 
wider range of specialties is critically necessary to determine if tailored approaches are 
needed and, if so, to facilitate these. Other interventions are also required to address 
some of the additional challenges identified in this review, and we encourage readers to 
see education as part of a broader implementation strategy.
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INTRODUCTION

Genomic medicine (i.e., the use of genomic information to guide diagnostic and treatment decisions) 
promises to transform the way medicine is practiced (Collins and McKusick, 2001; Williams, 2019). 
However, numerous challenges must be overcome for this promise (illustrated in Table 1) to be 
realized, including developing a competent workforce (Manolio et al., 2013; Bowdin et al., 2016). 
Medical specialists without specific genetic qualifications (defined herein as doctors specialized 
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in a field other than general/family practice or clinical/medical 
genetics) will be key players in this workforce; however, their 
preparedness to practice genomic medicine has long been 
questioned (Guttmacher et al., 2001; Slade and Burton, 2016). 
It is widely feared that limited medical specialist knowledge 
and/or skills may see genomic tests misused or not used at all, 
to the detriment of patient care (Passamani, 2013; Korf et al., 
2014; Burton et al., 2017). Consequently, there have been calls 
for educational efforts across the spectrum of medical training 
[i.e., from medical school and specialty training to continuing 
medical education (CME) (Guttmacher et al., 2007; McGrath 
and Ghersi, 2016)], with upskilling practicing medical specialists 
via CME the focus of this review.

Towards Effective Genomic Education
In response to the broader call for increased genomic education 
for medical specialists, the concept of what constituted a 
“prepared” medical specialist began to be considered. Vassy et al. 
(2015), drawing upon the competencies developed by Korf et al. 
(2014), proposed physicians would be sufficiently prepared if 
they had the knowledge and skills required to navigate genomic 
medicine and incorporate it into patient care. They stressed 
that as genomic practices are likely to be diverse, the nature of 
the knowledge and skills required will likely vary for different 
medical specialists. Yet, specific details as to how this might be 
successfully achieved were lacking from these early claims.

Here, we build upon this work and define preparedness 
as having the competence (knowledge, skills, and attitudes) 
and confidence to practice genomic medicine (whether it be 
identifying and referring suitable patients, or ordering and 
interpreting genomic tests) and propose that it could be achieved 
with greater efficacy and efficiency if CME approaches were 
grounded in adult learning theory.

Adult Learning Theory
According to adult learning theory, education of adults is most 
effective when they recognize a need to learn (i.e., when they 

are interested) and when education is tailored to the needs they 
self-identify, which arise from their work setting (Grant, 2002; 
Knowles et al., 2015). Problem-centered learning is preferred, 
as adults are keen to acquire knowledge and skills that are 
immediately applicable to real-life settings.

It is critical to emphasize that one cannot PRESUME a need 
to learn exists (Metcalfe et al., 2008) or that medical specialists 
will even be receptive to genomic medicine. After all, advances in 
genomics are not occurring in isolation; medical specialists have 
numerous competing learning demands and areas of interest 
(Feero et al., 2014). Investigating medical specialists’ willingness 
to learn and potential educational needs is an essential first step 
and, as Reed et al. (2016) and others (Gaff et al., 2007; Houwink 
et al., 2011; Houwink et al., 2014) show, facilitates the design and 
delivery of effective educational interventions.

Here, we review what is currently known about medical 
specialists’ perceptions of genomic medicine. Do specialists see a 
role for genomic medicine in their specialty, now or in the future? 
Would they feel confident using genomic tests? What do they 
know or think they should know about genomic testing and its 
use in clinical practice?

REVIEW METHODOLOGY
Initial searches of empirical literature on medical specialists’ 
perceptions of genomics yielded limited results. As we believed 
that useful insights could be gained from medical specialists’ 
earlier experiences with genetics, our literature search was 
subsequently broadened to include perceptions of genetic tests, 
too. Here, we define a genetic test as that which analyzes a single 
gene one at a time and a genomic test as that which analyses 
scores of (or all) genes simultaneously [see Brittain et al. (2017) 
for an overview of gene panels, whole exome sequencing (WES), 
and whole genome sequencing (WGS)]. Searches were conducted 
in MEDLINE, Embase, and PubMed using the search strategy 
detailed in the Supplementary Material, with articles focused on 
both germline and somatic testing examined.

GENETICS, GENOMICS, AND 
MEDICAL SPECIALISTS: A COMPLEX 
RELATIONSHIP
Perceived Utility and Concerns
Views regarding the perceived relevance of genetics to conditions 
seen in clinical practice and utility of genetic testing varied across 
and within the specialties studied in the literature (Wilkins-
Haug et al., 2000a; Hoop et al., 2008a; Hoop et al., 2008b; Harris 
et al., 2013; Myers et al., 2016; Amara et al., 2018; Diamonstein 
et al., 2018; Loss et al., 2018). For example, genetics was 
considered highly relevant and useful in obstetrics and pediatrics 
(Diamonstein et al., 2018) but less so in psychiatry (Hoop et al., 
2008b) and general internal medicine (Diamonstein et al., 2018). 
Perceived utility is known to influence test use (Sanson-Fisher, 
2004), exemplified by oncologists’ rapid embrace of KRAS1 

1 Kirsten ras (KRAS) tumor mutation.

TABLE 1 | Case study illustrating the promise of genomic medicine, derived from 
existing literature (Notarangelo and Fleisher, 2017; Stray-Pedersen et al., 2017).

Case
Rose is in her late teens and is continually in and out of hospital; she has suffered 
from serious, recurrent lung infections and autoimmune disease since childhood. 
Rose is suspected to have a primary immunodeficiency (PID), but a precise 
diagnosis remains elusive, despite repeated cellular and genetic testing.

Utility of Genomic Testing
Rose’s immunologist recently heard about the diagnostic utility of genome 
sequencing, considers Rose a suitable candidate and hopes sequencing 
numerous genes in parallel may provide Rose with a more specific diagnosis 
and, potentially, help inform her treatment.

Outcome
Genomic testing pinpoints the genetic variant responsible for Rose’s PID. 
This variant leads to overactivation of a protein that drives lymphocyte 
proliferation. Targeting this overactivated cell pathway with a readily available 
immunosuppressant is known to alleviate the severity of patients’ disease. An 
immunosuppressant paradoxically helps treat an immunodeficiency. Without 
a genomic diagnosis, Rose’s immunologist would never have thought of 
prescribing such a drug.
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genetic testing for metastatic colorectal cancer when they were 
convinced that such testing would usefully inform treatment 
decisions (Harris et al., 2013).

Although the value of genetic testing was often recognized, 
a number of concerns, primarily relating to test access and 
implications for patients, were often raised across studies 
(Freedman et al., 2003; Finn et al., 2005; Harris et al., 2013; Salm 
et al., 2014; Myers et al., 2016). Perceptions of genomics, which 
largely emanate from the oncology field to date, are proving to be 
similarly mixed, with perceived benefits often tempered by a host 
of concerns, some old, some new.

Some oncologists (Gray et al., 2014; Chow-White et al., 2017; 
Johnson et al., 2017), pediatric neurologists (Jaitovich Groisman 
et al., 2017), and neonatologists (Knapp et al., 2019) believed 
that genomic tests would be useful for facilitating diagnoses and 
family planning, guiding treatment selection, or aiding disease 
surveillance. Yet, across studies, many specialists questioned 
the current utility of genomic testing (Miller et al., 2014; Chow-
White et al., 2017; Deininger et al., 2019; Knapp et al., 2019), 
with few treatments available and genomic information yet to 
be fully deciphered.

Of the limited studies conducted to date, concerns raised 
included genomic test access and cost (Helman et al., 2016; 
Chow-White et al., 2017; Jaitovich Groisman et al., 2017), lack of 
evidence and clinical guidelines (Bonter et al., 2011; Stanek et al., 
2012; Amara et al., 2018), and the potential for genomic tests to 
cause psychological harm or impede insurance access (Johnson 
et al., 2017; Deininger et al., 2019; Knapp et al., 2019). These 
concerns linger from the genetics era, with additional worries 
arising from the complexity, volume, and uncertain nature of the 
data generated (Miller et al., 2014; Christensen et al., 2016; Gray 
et al., 2016; Knapp et al., 2019). For instance, some oncologists 
(Gray et  al., 2016; Weipert et al., 2018) and cardiologists 
(Christensen et  al., 2016) participating in various genomics 
studies were worried about being burdened with the responsibility 
of disclosing additional findings (e.g., cancer predispositions or 
conditions that lay outside their specialty). Other oncologists 
(Miller et al., 2014; McCullough et al., 2016) were troubled by the 
potential for additional findings to cause undue worry or distract 
patients or parents from their/their child’s primary condition. 
Yet, despite holding numerous concerns, specialists often saw the 
infiltration of genomics into medicine as inevitable (Selkirk et al., 
2013; Chow-White et al., 2017; Jaitovich Groisman et al., 2017), 
an inevitability, as indicated in the section that follows, for which 
few felt prepared.

Understanding and Confidence
Medical specialists’ perceived or actual knowledge of genetic 
concepts, conditions, and/or testing have long been shown to 
be highly variable and frequently poor (Hofman et al., 1993; 
Hunter et al., 1998; van Langen et al., 2003; Baars et al., 
2005; Hoop et al., 2008b; Nippert et al., 2011; Klitzman et al., 
2013). Canadian specialists surveyed by Hunter et al. (1998), 
for instance, had poor knowledge of the availability of genetic 
tests for specific conditions, with further studies suggesting that 

knowledge levels have not improved since. For example, the 
majority of European primary care specialists (pediatricians and 
obstetrician–gynecologists) surveyed by Nippert et al. (2011) 
expressed limited confidence in their ability to identify/explain 
inheritance patterns and perform other such tasks, and most 
US specialists surveyed by Klitzman et al. (2013) perceived their 
genetic knowledge to be very/somewhat poor. That said, genetic 
knowledge often varied by specialty. Specialties and subspecialties 
(for example, cardiologists subspecialized in cardiogenetics) 
with greater genetics exposure often had higher perceived or 
actual knowledge of genetic concepts, conditions, and/or testing 
(Hofman et al., 1993; Pichert et al., 2003; van Langen et al., 2003; 
Baars et al., 2005; Nippert et al., 2011). These studies imply 
that the impetus to know about genetics is greatest when it is 
perceived to be directly relevant to one’s clinical practice, in line 
with adult learning theory.

Comfort to discuss or use genetics in practice, while often low 
(Klitzman et al., 2013), also differed across specialties, reflected 
in the various roles that specialists were willing to assume. 
Neurologists, for instance, appeared to be more comfortable 
ordering genetic tests and interpreting and discussing test results 
compared with psychiatrists (Finn et al., 2005; Salm et al., 2014; 
Zhou et al., 2014; Dominguez-Carral et al., 2017). Self-confidence 
was often a product of genetics experience (with neurologists in 
the preceding example having cause to use genetic tests more 
frequently than psychiatrists) and a predictor of future test 
use (Freedman et al., 2003; Salm et al., 2014). Moreover, those 
who had received some genetic education were often more 
confident and knowledgeable and used genetics more frequently 
(Hofman et al., 1993; Wilkins-Haug et al., 2000b; Hoop et al., 
2008b; Nippert et al., 2011), supporting a role for education in 
facilitating competent practice.

A similar lack of preparedness is emerging from the genomics 
literature, with specialists mostly expressing low confidence in 
their understanding of, and ability to use, somatic or germline 
genomic tests (Bonter et al., 2011; Selkirk et al., 2013; Gray et al., 
2014; Amara et al., 2018; Deininger et  al., 2019; Knapp et al., 
2019) but self-reporting familiarity with basic genetic concepts 
(Stanek et al., 2012; Chow-White et al., 2017). Knowledge 
and confidence have often been shown to be highest among 
oncologists compared with other specialties (Bonter et al., 2011; 
Stanek et al., 2012); however, confidence levels are even relatively 
low among this experienced group of genetic/genomic test users, 
particularly with regards to germline results (Chow-White et al., 
2017; Johnson et al., 2017; Weipert et al., 2018).

Findings from somatic and/or germline studies with 
oncologists (Chow-White et al., 2017; Johnson et al., 2017; 
Weipert et al., 2018) and neonatologists (Knapp et al., 
2019) indicate comprehending and communicating genomic 
information, with colleagues or patients, will be challenging 
for most. However, there is some evidence, albeit from a small 
qualitative study of pediatric oncologists involved with tumor 
genomics (McCullough et al., 2016), to suggest that some 
individuals do not consider genomic information as any more 
complex or daunting to communicate than the tasks they 
currently perform.
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Given specialists’ perceived lack of preparedness to practice 
genomic medicine, it is unsurprising that many strongly 
supported additional education, training, and resources, 
such as clinical guidelines (Bonter et al., 2011; Selkirk et al., 
2013; Chow-White et al., 2017; Jaitovich Groisman et al., 
2017; Weipert et al., 2018; Deininger et al., 2019). Yet, few 
studies have explored specialists’ preferences in any great 
depth (Selkirk et al., 2013; Weipert et al., 2018; Deininger 
et al., 2019). The survey of oncologists involved with a tumor 
genomics study by Chow-White et al. (2017) suggests that 
specialists are keen to learn about the practicalities of genomic 
testing and that participating in genomics research is a useful 
means of gaining knowledge and skills, but further evidence 
is severely lacking.

Education is likely to work best when key conditions are 
met; for instance, clinical utility is recognized. Neurologists, in 
the study by Jaitovich Groisman et al. (2017), who saw a use 
for genome sequencing in their future practices were far more 
supportive of education compared with those who did not. 
Clearly, exploring medical specialists’ perceptions of genomic 
medicine is a useful starting point for gauging interest in, and 
need for, educational support.

Self-confidence and perceived competence remain strong 
predictors of future (somatic or germline) test use (Gray et al., 
2014; Johnson et al., 2017). A qualitative study by Weipert 
et  al. (2018) also suggests that these constructs are a product 
of one’s work setting. Several oncologists in their study felt that 
community-based practitioners had less exposure to genomics 
than their counterparts working in academic/tertiary settings 
and therefore would be less competent ordering and interpreting 
genomic tests. This perception is yet to be verified, though. 
Confidence and perceived competence additionally appear 
to be products of genomic education and experience (Bonter 
et al., 2011; Stanek et al., 2012; Selkirk et al., 2013; Amara et al., 
2018), once again supporting a role for education in facilitating 
competent practice.

ROLE OF EDUCATION IN PREPARING 
MEDICAL SPECIALISTS TO PRACTICE 
GENOMIC MEDICINE

This review suggests a range of factors (e.g., perceived utility 
and consequences, confidence, experience level, education, and 
resources available) are likely to influence medical specialists’ 
preparedness to practice genomic medicine, echoing findings 
from a systematic review by Paul et al. (2018) of factors 
influencing medical specialists’ use of genetic tests. In light of 
this, it is worthwhile reflecting on the role education will play in 
mainstreaming genomic medicine. To do so, we need to take a 
step back and see where education fits within a broader genomic 
medicine implementation strategy.

Implementation science is a field that uses a range of 
behavior change theories to systematically study ways of 
getting evidence into practice (Michie et al., 2005; Bauer 

et al., 2015). As part of a learning healthcare system, 
focused on continual improvement and where collaboration 
among diverse stakeholders including clinicians is critical, 
implementation science can provide the mechanism for 
considering future implementation strategies (Chambers 
et  al., 2016; Gaff et al., 2017). Different theories can be 
used to study potential barriers and facilitators, guide the 
selection and implementation of suitable behavior change 
interventions, and subsequently evaluate intervention efficacy 
(Lynch et al., 2018). Theories are used to create generalizable 
results and because it is widely recognized that theory-driven 
approaches are more likely to work (Bauer et al., 2015).

The Capability, Opportunity, and Motivation Model of 
Behavior (COM-B model) is a theory commonly used to 
identify barriers and facilitators to the adoption of new 
practices like genomic medicine and to aid the selection of 
behavior change interventions, for example, educational 
supports (Michie et al., 2011; McDonagh et al., 2018). 
According to this model, three interacting constructs result 
in a behavior (e.g., referring patients/ordering genomic tests 
to guide diagnostic and treatment decisions): capability, the 
requisite knowledge and skills; opportunity, the support of a 
well-resourced environment and one’s peers; and motivation, 
the self-belief that one is capable of performing a given task and 
the practice will lead to positive, not negative, outcomes. These 
constructs, illustrated in the context of genomic medicine, are 
further detailed in Table 2.

As various aspects of these three constructs can enhance 
or impede behavior change (Michie et al., 2011), a suite of 
interventions will likely be needed to see genomic medicine 
successfully integrated into routine practice. The capability 
and motivation constructs can be amenable to education and 
training, supported by evidence from systematic reviews (Grol 
and Grimshaw, 2003; Paneque et al., 2016; Talwar et al., 2017), 
which consistently show that education can help improve 
competence (knowledge, skills, and attitudes) and confidence. 

TABLE 2 | The Capability, Opportunity, Motivation Behavior (COM-B) model 
adapted from Michie et al. (2011) to apply to genomic medicine. Three 
intersecting constructs will likely determine the successful use of genomic 
medicine in medical specialist practice. The capability and motivation constructs 
can be amenable to education and training.

Construct Illustrated in the Context of Genomic Medicine

Capability The knowledge and skills to know: when testing could be useful; 
how to appropriately refer/order testing; and how to interpret and 
communicate test results, plus understand the implications for 
patients and families. 

Opportunity The ability to: physically access and use genomic testing 
(resources like adequate time and funding must be available); 
and work in an environment where genomic testing is used and 
where peers can be lent upon for support. 

Motivation The belief that: genomic testing will be clinically useful and 
lead to positive, not negative, consequences; genomic testing 
is compatible with existing professional roles; and one can 
competently use genomic information to guide patient care. 
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However, behavior change with education alone is rare. This 
may be because: a) long-term outcomes are difficult to measure 
(although attempts to measure these outcomes should be 
considered prior to developing educational interventions; 
Talwar et al., 2017) and b) other interventions need to be 
delivered alongside education for education to have additional 
impact (Grol and Grimshaw, 2003). CME in genomic medicine 
is likely to be most effective as an essential part of a broader 
implementation strategy.

Since multidisciplinary teamwork is known to be critical for 
successful implementation (Chambers et al., 2016), upskilling 
other health professions who work alongside medical specialists 
and providing interdisciplinary education to those working 
in the same clinical setting, previously identified as being 
relevant to genetics (Gaff et al., 2008), is additionally and 
importantly needed.

SUMMARY AND CONCLUSIONS

Findings from the very limited empirical studies conducted 
to date (largely in the field of oncology) suggest that medical 
specialists’ perceptions of genomic medicine are likely to 
be complex. Mixed views on the clinical utility of genomic 
medicine currently exist, with perceived benefits frequently 
tempered by several concerns. At the same time, specialists 
generally consider the arrival of genomic medicine inevitable. 
Most do not feel prepared for this inevitability and perceive a 
lack of understanding and confidence. While little evidence 
exists, there is indication that CME in genomic medicine is 
likely to be broadly welcomed.

Similar findings from the genetics era suggest that these 
challenges are not necessarily new in the genomics era but occur 
on a larger scale and are likely to be relevant to more specialties 
as genomic applications expand across medicine (Burton et al., 
2017; Knapp et al., 2019). Informing medical specialists that 
genomics is, in many ways, a continuation of genetics may 
be reassuring to those daunted by the impending arrival of 
genomic medicine. It also suggests that existing strategies for 
genetic education and training may be transferable to genomic 
education and training. Given the limited resources available 
for genomic education, repurposing and sharing educational 
materials, where possible, through online repositories will be 
important (Nisselle, submitted). Equally important will be 
improving the quality of evaluation approaches, noting that 
while existing educational strategies may be transferable across 
different settings, evaluation of these strategies will likely need 
to be different (Talwar et al., 2017). Current efforts often lack 
methodological rigor, are infrequently guided by theory, and 
rarely include follow-up data to determine long-term impact. 
The COM-B model introduced in this review could be one 
theory used to guide evaluation approaches.

To test the hypothesis that existing educational strategies may 
be transferable, a perceived need must be confirmed. Detailed 
explorations of educational needs should be undertaken, in 
a wider range of medical specialties and more diverse settings 
(most studies reviewed arose from academic/tertiary hospitals; 

the needs of community-based practitioners are largely 
unknown). Findings from the genetics era revealed that the 
perceived relevance of genetics varied across specialties. Whether 
this remains the case in the genomics era is unknown and worth 
investigating.

We are investigating the perceptions, experiences, and 
education and training needs of varied health professionals 
(including medical specialists) in the Workforce & Education 
program of the Australian Genomics Health Alliance (Stark et al., 
2019). Guided by the principles of adult learning theory, which 
have previously informed health professional genetic/genomic 
needs assessments (Gaff et al., 2007; Metcalfe et al., 2008; Reed 
et al., 2016), we seek to investigate the perceived relevance of 
genomic medicine to clinical practice and document education 
and training needs, should they exist. Establishing this evidence 
base will be critical to facilitate the implementation of tailored 
educational supports.

AUTHOR CONTRIBUTIONS

EC, CG, SM, AN, and BM conceived the idea for the 
manuscript, and EC conducted the literature searches, reviewed 
the literature, and drafted and revised the manuscript. CG, SM, 
AN, and BM provided intellectual input throughout and revised 
drafts. SB provided substantial input into the implementation 
science component and revised drafts. All authors approved 
the final version and agree to be accountable for all aspects of 
the work.

FUNDING

This work was supported by the Victorian Government’s 
Operational Infrastructure Support Program and a grant from 
the Australian National Health & Medical Research Council 
(GNT1113531); the contents are solely the responsibility of the 
individual authors and do not reflect the views of the NHMRC. 
EC was supported by The University of Melbourne Helen R. 
Freeman Scholarship.

ACKNOWLEDGMENTS

The authors would like to thank Poh Chua for her assistance 
with literature searches, Kushani Jayasinghe for her assistance 
with inclusion and exclusion criteria, and Emily King for her 
input on describing the application of the COM-B model to 
genomic medicine.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: 
https://www.frontiersin.org/articles/10.3389/fgene.2019.00789/
full#supplementary-material

https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fgene.2019.00789/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2019.00789/full#supplementary-material


Preparedness to Practice Genomic MedicineCrellin et al.

6 September 2019 | Volume 10 | Article 789Frontiers in Genetics | www.frontiersin.org

REFERENCES

Amara, N., Blouin-Bougie, J., Bouthillier, D., and Simard, J. (2018). On the 
readiness of physicians for pharmacogenomics testing: an empirical assessment. 
Pharmacogenomics J. 18, 308–318. doi: 10.1038/tpj.2017.22

Baars, M. J. H., Henneman, L., and Ten Kate, L. P. (2005). Deficiency of knowledge 
of genetics and genetic tests among general practitioners, gynecologists, and 
pediatricians: a global problem. Genet. Med. 7, 605–610. doi: 10.1097/01.
gim.0000182895.28432.c7

Bauer, M. S., Damschroder, L., Hagedorn, H., Smith, J., and Kilbourne, A. M. 
(2015). An introduction to implementation science for the non-specialist. 
BMC Psychol. 3, 32. doi: 10.1186/s40359-015-0089-9

Bonter, K., Desjardins, C., Currier, N., Pun, J., and Ashbury, F. D. (2011). 
Personalised medicine in Canada: a survey of adoption and practice in 
oncology, cardiology and family medicine. BMJ Open 1, bmjopen-2011-000110. 
doi: 10.1136/bmjopen-2011-000110

Bowdin, S., Gilbert, A., Bedoukian, E., Carew, C., Adam, M. P., Belmont, J., 
et al. (2016). Recommendations for the integration of genomics into clinical 
practice. Genet. Med. 18, 1075–1084. doi: 10.1038/gim.2016.17

Brittain, H. K., Scott, R., and Thomas, E. (2017). The rise of the genome and 
personalised medicine. Clin. Med. (Lond.) 17, 545–551. doi: 10.7861/
clinmedicine.17-6-545

Burton, H., Hall, A., Kroese, M., and Raza, S. (2017). Genomics in mainstream 
clinical pathways. Cambridge, UK: PHG Foundation. 978-1-907198-30-4. 

Chambers, D. A., Feero, W. G., and Khoury, M. J. (2016). Convergence of 
implementation science, precision medicine, and the learning health care 
system: a new model for biomedical research. JAMA 315, 1941–1942. 
doi: 10.1001/jama.2016.3867

Chow-White, P., Ha, D., and Laskin, J. (2017). Knowledge, attitudes, and values 
among physicians working with clinical genomics: a survey of medical 
oncologists. Hum. Resour. Health 15, 42. doi: 10.1186/s12960-017-0218-z

Christensen, K. D., Vassy, J. L., Jamal, L., Lehmann, L. S., Slashinski, M. J., 
Perry, D. L., et al. (2016). Are physicians prepared for whole genome sequencing? 
A qualitative analysis. Clin. Genet. 89, 228–234. doi: 10.1111/cge.12626

Collins, F. S., and McKusick, V. A. (2001). Implications of the Human Genome 
Project for medical science. JAMA 285, 540–544. doi: 10.1001/jama.285.5.540

Deininger, K. M., Page, R. L., Lee, Y. M., Kauffman, Y. S., Johnson, S. G., Oreschak, K., 
et al. (2019). Non-interventional cardiologists’ perspectives on the role of 
pharmacogenomic testing in cardiovascular medicine. Per. Med. 16, 123–132. 
doi: 10.2217/pme-2018-0099

Diamonstein, C., Stevens, B., Shahrukh Hashmi, S., Refuerzo, J., Sullivan, C., and 
Hoskovec, J. (2018). Physicians’ awareness and utilization of genetic services in 
Texas. J. Genet. Couns. 27, 968–977. doi: 10.1007/s10897-017-0199-z

Dominguez-Carral, J., Lopez-Pison, J., Macaya, A., Bueno Campana, M., 
Garcia-Perez, M. A., and Natera-de Benito, D. (2017). Genetic testing 
among Spanish pediatric neurologists: knowledge, attitudes and practices. 
Eur. J. Med. Genet. 60, 124–129. doi: 10.1016/j.ejmg.2016.11.007

Feero, W. G., Manolio, T. A., and Khoury, M. J. (2014). Translational research is a 
key to nongeneticist physicians’ genomics education. Genet. Med. 16, 871–873. 
doi: 10.1038/gim.2014.67

Finn, C. T., Wilcox, M. A., Korf, B. R., Blacker, D., Racette, S. R., Sklar, P., 
et al. (2005). Psychiatric genetics: a survey of psychiatrists’ knowledge, 
opinions, and practice patterns. J. Clin. Psychiatry 66, 821–830. doi: 
10.4088/JCP.v66n0703

Freedman, A. N., Wideroff, L., Olson, L., Davis, W., Klabunde, C., Srinath, K. P., 
et al. (2003). US physicians’ attitudes toward genetic testing for cancer 
susceptibility. Am. J. Med. Genet. A 120A, 63–71. doi: 10.1002/ajmg.a.10192

Gaff, C. L., Aitken, M., Flouris, A., and Metcalfe, S. A. (2007). A model for 
the development of genetics education programs for health professionals. 
Genet. Med. 9, 451–457. doi: 10.1097/GIM.0b013e3180a6eb69

Gaff, C. L., Williams, J. K., and McInerney, J. D. (2008). Genetics in health practice 
and education special issue. J. Genet. Couns. 17, 143–144. doi: 10.1007/
s10897-008-9149-0

Gaff, C. L., Winship, I. M., Forrest, S. M., Hansen, D. P., Clark, J., Waring, P. M., 
et al. (2017). Preparing for genomic medicine: a real world demonstration of 
health system change. NPJ. Genom. Med. 2, 16. doi: 10.1038/s41525-017-0017-4

Grant, J. (2002). Learning needs assessment: assessing the need. BMJ 324, 156–
159. doi: 10.1136/bmj.324.7330.156

Gray, S. W., Hicks-Courant, K., Cronin, A., Rollins, B. J., and Weeks, J. C. (2014). 
Physicians’ attitudes about multiplex tumor genomic testing. J. Clin. Oncol. 32, 
1317–1323. doi: 10.1200/JCO.2013.52.4298

Gray, S. W., Park, E. R., Najita, J., Martins, Y., Traeger, L., Bair, E., et al. (2016). 
Oncologists’ and cancer patients’ views on whole-exome sequencing and 
incidental findings: results from the CanSeq study. Genet. Med. 18, 1011–1019. 
doi: 10.1038/gim.2015.207

Grol, R., and Grimshaw, J. (2003). From evidence to best practice: effective 
implementation of change in patients’ care. Lancet 362, 1225–1230. doi: 
10.1016/S0140-6736(03)14546-1

Guttmacher, A. E., Jenkins, J., and Uhlmann, W. R. (2001). Genomic medicine: 
who will practice it? A call to open arms. Am. J. Med. Genet. 106, 216–222. 
doi: 10.1002/ajmg.10008

Guttmacher, A. E., Porteous, M. E., and McInerney, J. D. (2007). Educating health-
care professionals about genetics and genomics. Nat. Rev. Genet. 8, 151–157. 
doi: 10.1038/nrg2007

Harris, J. N., Liljestrand, P., Alexander, G. L., Goddard, K. A. B., Kauffman,  T., 
Kolevska, T., et al. (2013). Oncologists’ attitudes toward KRAS testing: 
a multisite study. Cancer Med. 2, 881–888. doi: 10.1002/cam4.135

Helman, G., Bonkowsky, J. L., and Vanderver, A. (2016). Neurologist comfort in 
the use of next-generation sequencing diagnostics: current state and future 
prospects. JAMA Neurol. 73, 621–622. doi: 10.1001/jamaneurol.2016.0168

Hofman, K. J., Tambor, E. S., Chase, G. A., Geller, G., Faden, R. R., and Holtzman, N. A. 
(1993). Physicians’ knowledge of genetics and genetic tests. Acad. Med. 68, 
625–632. doi: 10.1097/00001888-199308000-00013

Hoop, J. G., Roberts, L. W., Green Hammond, K. A., and Cox, N. J. (2008a). 
Psychiatrists’ attitudes regarding genetic testing and patient safeguards: 
a preliminary study. Genet. Test 12, 245–252. doi: 10.1089/gte.2007.0097

Hoop, J. G., Roberts, L. W., Hammond, K. A. G., and Cox, N. J. (2008b). Psychiatrists’ 
attitudes, knowledge, and experience regarding genetics: a preliminary study. 
Genet. Med. 10, 439–449. doi: 10.1097/GIM.0b013e318177014b

Houwink, E. J., van Teeffelen, S. R., Muijtjens, A. M., Henneman, L., Jacobi, F., 
van Luijk, S. J., et al. (2014). Sustained effects of online genetics education: 
a  randomized controlled trial on oncogenetics. Eur. J. Hum. Genet. 22, 310–
316. doi: 10.1038/ejhg.2013.163

Houwink, E. J. F., van Luijk, S. J., Henneman, L., van der Vleuten, C., Jan Dinant, G., 
and Cornel, M. C. (2011). Genetic educational needs and the role of genetics in 
primary care: a focus group study with multiple perspectives. BMC Fam. Pract. 
12, 5. doi: 10.1186/1471-2296-12-5

Hunter, A., Wright, P., Cappelli, M., Kasaboski, A., and Surh, L. (1998). 
Physician knowledge and attitudes towards molecular genetic (DNA) 
testing of their patients. Clin. Genet. 53, 447–455. doi: 10.1111/j.1399-
0004.1998.tb02593.x

Jaitovich Groisman, I., Hurlimann, T., Shoham, A., and Godard, B. (2017). 
Practices and views of neurologists regarding the use of whole-genome 
sequencing in clinical settings: a web-based survey. Eur. J. Hum. Genet. 25, 
801–808. doi: 10.1038/ejhg.2017.64

Johnson, L.-M., Valdez, J. M., Quinn, E. A., Sykes, A. D., McGee, R. B., Nuccio, R., 
et al. (2017). Integrating next-generation sequencing into pediatric oncology 
practice: an assessment of physician confidence and understanding of clinical 
genomics. Cancer 123, 2352–2359. doi: 10.1002/cncr.30581

Klitzman, R., Chung, W., Marder, K., Shanmugham, A., Chin, L. J., Stark, M., et al. 
(2013). Attitudes and practices among internists concerning genetic testing. 
J. Genet. Couns. 22, 90–100. doi: 10.1007/s10897-012-9504-z

Knapp, B., Decker, C., and Lantos, J. D. (2019). Neonatologists’ attitudes about 
diagnostic whole-genome sequencing in the NICU. Pediatrics 143 (Suppl 1), 
S54–S57. doi: 10.1542/peds.2018-1099J

Knowles, M., Elwood, H., and Swanson, R. (2015). The adult learner. New York: 
Taylor & Francis Ltd. 

Korf, B. R., Berry, A. B., Limson, M., Marian, A. J., Murray, M. F., O’Rourke, P. P., 
et al. (2014). Framework for development of physician competencies in genomic 
medicine: report of the competencies working group of the inter-society 
coordinating committee for physician education in genomics. Genet. Med. 16, 
804–809. doi: 10.1038/gim.2014.35

Loss, J., Müller, D., Weigl, J., Helbig, H., Brandl, C., Heid, I. M., et al. (2018). Views 
of ophthalmologists on the genetics of age-related macular degeneration: 
results of a qualitative study. PLoS One 13, p.e0209328. doi: 10.1371/journal.
pone.0209328

https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://doi.org/10.1038/tpj.2017.22
https://doi.org/10.1097/01.gim.0000182895.28432.c7
https://doi.org/10.1097/01.gim.0000182895.28432.c7
https://doi.org/10.1186/s40359-015-0089-9
https://doi.org/10.1136/bmjopen-2011-000110
https://doi.org/10.1038/gim.2016.17
https://doi.org/10.7861/clinmedicine.17-6-545
https://doi.org/10.7861/clinmedicine.17-6-545
https://doi.org/10.1001/jama.2016.3867
https://doi.org/10.1186/s12960-017-0218-z
https://doi.org/10.1111/cge.12626
https://doi.org/10.1001/jama.285.5.540
https://doi.org/10.2217/pme-2018-0099
https://doi.org/10.1007/s10897-017-0199-z
https://doi.org/10.1016/j.ejmg.2016.11.007
https://doi.org/10.1038/gim.2014.67
https://doi.org/10.4088/JCP.v66n0703
https://doi.org/10.1002/ajmg.a.10192
https://doi.org/10.1097/GIM.0b013e3180a6eb69
https://doi.org/10.1007/s10897-008-9149-0
https://doi.org/10.1007/s10897-008-9149-0
https://doi.org/10.1038/s41525-017-0017-4
https://doi.org/10.1136/bmj.324.7330.156
https://doi.org/10.1200/JCO.2013.52.4298
https://doi.org/10.1038/gim.2015.207
https://doi.org/10.1016/S0140-6736(03)14546-1
https://doi.org/10.1002/ajmg.10008
https://doi.org/10.1038/nrg2007
https://doi.org/10.1002/cam4.135
https://doi.org/10.1001/jamaneurol.2016.0168
https://doi.org/10.1097/00001888-199308000-00013
https://doi.org/10.1089/gte.2007.0097
https://doi.org/10.1097/GIM.0b013e318177014b
https://doi.org/10.1038/ejhg.2013.163
https://doi.org/10.1186/1471-2296-12-5
https://doi.org/10.1111/j.1399-0004.1998.tb02593.x
https://doi.org/10.1111/j.1399-0004.1998.tb02593.x
https://doi.org/10.1038/ejhg.2017.64
https://doi.org/10.1002/cncr.30581
https://doi.org/10.1007/s10897-012-9504-z
https://doi.org/10.1542/peds.2018-1099J
https://doi.org/10.1038/gim.2014.35
https://doi.org/10.1371/journal.pone.0209328
https://doi.org/10.1371/journal.pone.0209328


Preparedness to Practice Genomic MedicineCrellin et al.

7 September 2019 | Volume 10 | Article 789Frontiers in Genetics | www.frontiersin.org

Lynch, E. A., Mudge, A., Knowles, S., Kitson, A. L., Hunter, S. C., and Harvey, G. 
(2018). “There is nothing so practical as a good theory”: a pragmatic guide 
for selecting theoretical approaches for implementation projects. BMC Health 
Serv. Res. 18, 857. doi: 10.1186/s12913-018-3671-z

Manolio, T. A., Chisholm, R. L., Ozenberger, B., Roden, D. M., Williams, M. S., 
Wilson, R., et al. (2013). Implementing genomic medicine in the clinic: 
the future is here. Genet. Med. 15, 258–267. doi: 10.1038/gim.2012.157

McCullough, L. B., Slashinski, M. J., McGuire, A. L., Street, R. L., Eng, C. M., 
Gibbs,  R.  A., et al. (2016). Is whole-exome sequencing an ethically disruptive 
technology? Perspectives of pediatric oncologists and parents of pediatric patients 
with solid tumors. Pediatr. Blood Cancer 63, 511–515. doi: 10.1002/pbc.25815

McDonagh, L. K., Saunders, J. M., Cassell, J., Curtis, T., Bastaki, H., Hartney, T., et al. 
(2018). Application of the COM-B model to barriers and facilitators to chlamydia 
testing in general practice for young people and primary care practitioners: 
a systematic review. Implement. Sci. 13, 130. doi: 10.1186/s13012-018-0821-y

McGrath, S., and Ghersi, D. (2016). Building towards precision medicine: 
empowering medical professionals for the next revolution. BMC Med. 
Genomics 9, 23. doi: 10.1186/s12920-016-0183-8

Metcalfe, S. A., Aitken, M., and Gaff, C. L. (2008). The importance of program 
evaluation: how can it be applied to diverse genetics education settings? 
J. Genet. Couns. 17, 170–179. doi: 10.1007/s10897-007-9138-8

Michie, S., Johnston, M., Abraham, C., Lawton, R., Parker, D., and Walker, A. 
(2005). Making psychological theory useful for implementing evidence based 
practice: a consensus approach. Qual. Saf. Health Care 14, 26–33. doi: 10.1136/
qshc.2004.011155

Michie, S., van Stralen, M. M., and West, R. (2011). The behaviour change wheel: 
a new method for characterising and designing behaviour change interventions. 
Implement Sci. 6, 42. doi: 10.1186/1748-5908-6-42

Miller, F. A., Hayeems, R. Z., Bytautas, J. P., Bedard, P. L., Ernst, S., Hirte, H., et al. 
(2014). Testing personalized medicine: patient and physician expectations of 
next-generation genomic sequencing in late-stage cancer care. Eur. J. Hum. 
Genet. 22, 391–395. doi: 10.1038/ejhg.2013.158

Myers, R. E., Wolf, T., Shwae, P., Hegarty, S., Peiper, S. C., and Waldman, S. A. 
(2016). A survey of physician receptivity to molecular diagnostic testing and 
readiness to act on results for early-stage colon cancer patients. BMC Cancer 
16, 766. doi: 10.1186/s12885-016-2812-1

Nippert, I., Harris, H. J., Julian-Reynier, C., Kristoffersson, U., Leo, P., Anionwu, E., 
et al. (2011). Confidence of primary care physicians in their ability to carry 
out basic medical genetic tasks—a European survey in five countries—part 1. 
J. Community Genet. 2, 1–11. doi: 10.1007/s12687-010-0030-0

Notarangelo, L. D., and Fleisher, T. A. (2017). Targeted strategies directed 
at the molecular defect: toward precision medicine for select primary 
immunodeficiency disorders. J. Allergy Clin. Immunol. 139, 715–723. 
doi: 10.1016/j.jaci.2017.01.004

Paneque, M., Turchetti, D., Jackson, L., Lunt, P., Houwink, E., and Skirton, H. 
(2016). A systematic review of interventions to provide genetics education for 
primary care. BMC Fam. Pract. 17, 89. doi: 10.1186/s12875-016-0483-2

Passamani, E. (2013). Educational challenges in implementing genomic medicine. 
Clin. Pharmacol. Ther. 94, 192–195. doi: 10.1038/clpt.2013.38

Paul, J. L., Leslie, H., Trainer, A. H., and Gaff, C. (2018). A theory-informed 
systematic review of clinicians’ genetic testing practices. Eur. J. Hum. Genet. 26, 
1401–1416. doi: 10.1038/s41431-018-0190-7

Pichert, G., Dietrich, D., Moosmann, P., Zwahlen, M., Stahel, R. A., and 
Sappino, A.-P. (2003). Swiss primary care physicians’ knowledge, attitudes and 
perception towards genetic testing for hereditary breast cancer. Fam. Cancer 2, 
153–158. doi: 10.1023/B:FAME.0000004597.29811.8e

Reed, E. K., Johansen Taber, K. A., Ingram Nissen, T., Schott, S., Dowling, L. O., 
O’Leary, J. C., et al. (2016). What works in genomics education: outcomes of an 
evidenced-based instructional model for community-based physicians. Genet. 
Med. 18, 737–745. doi: 10.1038/gim.2015.144

Salm, M., Abbate, K., Appelbaum, P., Ottman, R., Chung, W., Marder, K., et al. 
(2014). Use of genetic tests among neurologists and psychiatrists: knowledge, 

attitudes, behaviors, and needs for training. J. Genet. Couns. 23, 156–163. 
doi: 10.1007/s10897-013-9624-0

Sanson-Fisher, R. W. (2004). Diffusion of innovation theory for clinical change. 
Med. J. Aust. 180 (6 Suppl), S55–S56. 

Selkirk, C. G., Weissman, S. M., Anderson, A., and Hulick, P. J. (2013). Physicians’ 
preparedness for integration of genomic and pharmacogenetic testing into 
practice within a major healthcare system. Genet. Test. Mol. Biomarkers 17, 
219–225. doi: 10.1089/gtmb.2012.0165

Slade, I., and Burton, H. (2016). Preparing clinicians for genomic medicine. 
Postgrad. Med. J. 92, 369–371. doi: 10.1136/postgradmedj-2016-133962

Stanek, E. J., Sanders, C. L., Taber, K. A. J., Khalid, M., Patel, A., Verbrugge, R. R., 
et al. (2012). Adoption of pharmacogenomic testing by US physicians: results of a 
nationwide survey. Clin. Pharmacol. Ther. 91, 450–458. doi: 10.1038/clpt.2011.306

Stark, Z., Boughtwood, T., Phillips, P., Christodoulou, J., Hansen, D. P., 
Braithwaite,  J., et al. (2019). Australian Genomics: a federated model 
for integrating genomics into healthcare. Am. J. Hum. Genet. 105, 7–14. 
doi: 10.1016/j.ajhg.2019.06.003

Stray-Pedersen, A., Sorte, H. S., Samarakoon, P., Gambin, T., Chinn, I. K., 
Coban Akdemir, Z. H., et al. (2017). Immune deficiencies, infection, and 
systemic immune disorders: Primary immunodeficiency diseases: genomic 
approaches delineate heterogeneous Mendelian disorders. J. Allergy Clin. 
Immunol. 139, 232–245. doi: 10.1016/j.jaci.2016.05.042

Talwar, D., Tseng, T.-S., Foster, M., Xu, L., and Chen, L.-S. (2017). Genetics/
genomics education for nongenetic health professionals: a systematic literature 
review. Genet. Med. 19, 725–732. doi: 10.1038/gim.2016.156

van Langen, I. M., Birnie, E., Leschot, N. J., Bonsel, G. J., and Wilde, A. A. M. 
(2003). Genetic knowledge and counselling skills of Dutch cardiologists: 
sufficient for the genomics era? Eur. Heart J. 24, 560–566. doi: 10.1016/
S0195-668X(02)00522-5

Vassy, J. L., Korf, B. R., and Green, R. C. (2015). How to know when physicians 
are ready for genomic medicine. Sci. Transl. Med. 7, 287fs219. doi: 10.1126/
scitranslmed.aaa2401

Weipert, C. M., Ryan, K. A., Everett, J. N., Yashar, B. M., Chinnaiyan, A. M., 
Roberts, J. S., et al. (2018). Physician experiences and understanding of 
genomic sequencing in oncology. J. Genet. Couns. 27, 187–196. doi: 10.1007/
s10897-017-0134-3

Wilkins-Haug, L., Erickson, K., Hill, L., Power, M., Holzman, G. B., and Schulkin, J. 
(2000a). Obstetrician–gynecologists’ opinions and attitudes on the role of 
genetics in women’s health. J. Womens Health Gend. Based Med. 9, 873–879. 
doi: 10.1089/152460900750020900

Wilkins-Haug, L., Hill, L. D., Power, M. L., Holzman, G. B., and Schulkin, J. (2000b). 
Gynecologists’ training, knowledge, and experiences in genetics: a survey. 
Am. J. Obstet. Gynecol. 95, 421–424. doi: 10.1097/00006250-200003000-00021

Williams, M. S. (2019). Early lessons from the implementation of genomic 
medicine programs. Annu. Rev. Genomics Hum. Genet. 20, 2.1–2.23. doi: 
10.1146/annurev-genom-083118-014924

Zhou, Y. Z., Wilde, A., Meiser, B., Mitchell, P. B., Barlow-Stewart, K., and 
Schofield,  P. R. (2014). Attitudes of medical genetics practitioners and 
psychiatrists toward communicating with patients about genetic risk for 
psychiatric disorders. Psychiatr. Genet. 24, 94–101. 

Conflict of Interest Statement: The authors declare that the research was 
conducted in the absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Copyright © 2019 Crellin, McClaren, Nisselle, Best, Gaff and Metcalfe. This is an 
open-access article distributed under the terms of the Creative Commons Attribution 
License (CC BY). The use, distribution or reproduction in other forums is permitted, 
provided the original author(s) and the copyright owner(s) are credited and that the 
original publication in this journal is cited, in accordance with accepted academic 
practice. No use, distribution or reproduction is permitted which does not comply 
with these terms.

https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://doi.org/10.1186/s12913-018-3671-z
https://doi.org/10.1038/gim.2012.157
https://doi.org/10.1002/pbc.25815
https://doi.org/10.1186/s13012-018-0821-y
https://doi.org/10.1186/s12920-016-0183-8
https://doi.org/10.1007/s10897-007-9138-8
https://doi.org/10.1136/qshc.2004.011155
https://doi.org/10.1136/qshc.2004.011155
https://doi.org/10.1186/1748-5908-6-42
https://doi.org/10.1038/ejhg.2013.158
https://doi.org/10.1186/s12885-016-2812-1
https://doi.org/10.1007/s12687-010-0030-0
https://doi.org/10.1016/j.jaci.2017.01.004
https://doi.org/10.1186/s12875-016-0483-2
https://doi.org/10.1038/clpt.2013.38
https://doi.org/10.1038/s41431-018-0190-7
https://doi.org/10.1023/B:FAME.0000004597.29811.8e
https://doi.org/10.1038/gim.2015.144
https://doi.org/10.1007/s10897-013-9624-0
https://doi.org/10.1089/gtmb.2012.0165
https://doi.org/10.1136/postgradmedj-2016-133962
https://doi.org/10.1038/clpt.2011.306
https://doi.org/10.1016/j.ajhg.2019.06.003
https://doi.org/10.1016/j.jaci.2016.05.042
https://doi.org/10.1038/gim.2016.156
https://doi.org/10.1016/S0195-668X(02)00522-5
https://doi.org/10.1016/S0195-668X(02)00522-5
https://doi.org/10.1126/scitranslmed.aaa2401
https://doi.org/10.1126/scitranslmed.aaa2401
https://doi.org/10.1007/s10897-017-0134-3
https://doi.org/10.1007/s10897-017-0134-3
https://doi.org/10.1089/152460900750020900
https://doi.org/10.1097/00006250-200003000-00021
https://doi.org/10.1146/annurev-genom-083118-014924
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Preparing Medical Specialists to Practice Genomic Medicine: Education an Essential Part of a Broader Strategy
	Introduction
	Towards Effective Genomic Education
	Adult Learning Theory


	Review Methodology
	Genetics, Genomics, and Medical Specialists: A Complex Relationship
	Perceived Utility and Concerns
	Understanding and Confidence

	Role of Education in Preparing Medical Specialists to Practice Genomic Medicine
	Summary and Conclusions
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


