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Abstract

Background: This article investigates the genomic knowledge of oncology care physicians in the adoption of clinical
genomics. We apply Rogers’ knowledge framework from his diffusion of innovation theory to identify three types of
knowledge in the process of translation and adoption: awareness, how-to, and principles knowledge. The objectives of
this systematic review are to: (1) examine the level of knowledge among physicians in clinical cancer genomics, and (2)
identify potential interventions or strategies for development of genomic education for oncology practice.

Methods: We follow the PRIMSA statement protocol and conduct a search of five relevant electronic databases. Our
review focuses on: (1) genomic knowledge of oncogenomics or genomic services in oncology practices
among physicians, and (2) interventions or strategies to provide genomic education of oncogenomics for physicians.

Results: We include twenty-one studies in our analysis. Nine focus on interventions to provide genomic education for
cancer care. Overall, physicians’ knowledge of oncogenomics among the three types is limited. The genomic literacy
of physicians vary by their provider specialty, location, years of practice, and the type of genomic services. The three
distinctions of knowledge offer a sophisticated and helpful tool to design effective strategies and interventions to
provide genomic education for cancer treatment. In the nine educational intervention studies, the main intervention
outcomes are changes in awareness, referral rates, genomic confidence, and genomic knowledge.

Conclusion: Rogers’ diffusion of innovation model allows us to differentiate three types of knowledge in the
development and adoption of clinical genomics. This analytical lens can inform potential avenues to design
more effective strategies and interventions to provide genomic education for oncology practice. We identified
and synthesized a dearth of high quality studies that can inform the most effective educational outcomes of
these interventions. Future research should attend to improving applications of genomic services in clinical
practices, along with organizational change engendered by genomics in oncology practice.

Keywords: Genomic literacy, Clinical genomics education, Genomic services, Oncology, Primary care physicians, Applied
cancer genomics, Health education, Physicians, Genomic technologies, Genomic sciences

Background
Clinical genomic testing is becoming an integral part of
medical care for oncology practice. For example, in clin-
ical genomic trials for cancer, oncologists collaborate
with genome scientists and other medical practitioners
to analyze and evaluate meanings of genomic sequencing
data for potential cancer treatments, thus bridging the
clinical and research settings together [1]. Clinical

genomics for cancer have the potential to revolutionize
oncology practices into “more flexible, networked re-
search arrangements, and towards using individual pa-
tients as model systems for asking biological questions”
[2]. The genomic structure of each individual is different
and genetic alterations vary from tumor to tumor. As a
result of new genomic sequencing technologies, medical
practitioners can diagnose, analyze, and treat cancer on
the basis of an individual patient’s genome composition.
However, one of the major challenges in this process is
knowledge translation of genomic services into clinical
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care. The rapid expansion in genomic science and bio-
medical innovations produces novel knowledge and in-
formation that can generate uncertainty in the clinic and
cast doubt among clinicians in terms of how to interpret
and apply genomic data into clinical practice [3, 4]. A
useful step in meeting this challenge is to understand
the current level of knowledge in cancer clinical genom-
ics among physicians.
Knowledge translation of genetics or genomic tech-

nologies into clinical practice is a topic that attracts the
attention of researchers worldwide. A number of
scholars have conducted systematic review studies on
the barriers and strategies for the adoption of genomic
services: for instance, systematic review studies by
Suther and Goodson [5], Scheuner et al. [6], and Mikat-
Stevens et al. [7] provide good examples of reporting
challenges to the adoption of genetics services by pri-
mary care physicians. In a 2008 study, Scheuner et al. [6]
identified several barriers to the delivery of genomic
medicine in clinical care including inadequate genomic
knowledge in primary care workforce, little awareness
about genetics/genomics among consumers, and lack of
high quality studies assessing clinical outcomes of gen-
omic medicine. Nearly a decade later, this lack of gen-
omic knowledge among primary care practitioners
persists. In a recent study on perceived barriers to gen-
etic services, Mikat-Stevens et al. [7] point out that defi-
cits in physicians’ genomic knowledge, skills, and
confidence are one of the main challenges to the integra-
tion of genetic services into clinical practices. To over-
come these barriers, a group of researchers from the
United Kingdom (U.K.) conducted a systematic review
of educational interventions on clinical genetics for pri-
mary care physicians [8]. The U.K. review identifies
eleven studies on genetics educational interventions that
improved both knowledge and confidence of practi-
tioners following the educational programmes. Yet, the
authors find little evidence on changes in practice.
Hence, the authors point out the need for future educa-
tional interventions studies to target more on changes in
practice. While these studies contribute an important
method for systematic review in perceived barriers and
potential strategies to integrate genomic services, the
scope of their review is broad and inclusive of all pri-
mary care specialties. Yet, genomic literacy and the im-
portance of genomic testing vary by each provider
specialty. In this systematic review, we focus solely on
the genomic literacy of physicians on the front lines of
cancer treatment. In other words, our review highlights
physicians’ level of knowledge towards oncogenomics, as
well as interventions to provide genomic education for
oncology care. As such, the added values of our system-
atic review to this emerging field of genomic services de-
livery is an up-to-date systematic review of genomic

knowledge among physicians in oncology care and po-
tential strategies for physicians to improve their clinical
cancer genomics literacy.
This study investigates the level of knowledge about

genomics, known as “genomic literacy,” amongst physi-
cians as captured in the biomedical literature over the
last twenty years. The National Human Genome Re-
search Institute at the National Institute of Health de-
fines genomic literacy as the understanding of what a
genome is, how genomic science works, and its affor-
dances and limitations, applications, and impacts on so-
ciety [9]. We employ Rogers’ knowledge translation
theory “diffusion of innovations” [10] to identify and
characterize different types of knowledge in the transla-
tion process of clinical genomics. Rogers identifies three
types of knowledge building: awareness, how-to, and
principles-based knowledge. We adapt these for the clin-
ical genomics context. Awareness knowledge refers to
having general knowledge or perception of oncoge-
nomics and genomic services. How-to knowledge refers
to practical knowledge about the application of oncoge-
nomics and genomic services into oncology practice.
Principles-based knowledge pertains to an understand-
ing of the underlying theoretical principles of oncoge-
nomics. Most studies tend to focus on levels of
knowledge, such as high or low. While descriptive and
instructive, high/low is a narrow framework that pro-
vides little insight into why an innovation may or may
not be adopted. The three distinctions of knowledge
provide a sophisticated and potentially insightful analysis
into types of physicians’ literacy of clinical cancer gen-
omics. Rogers’ knowledge framework, therefore, offers a
tool to identify shortcomings in knowledge and know-
ledge translation of clinical genomics. The findings can
then inform possible avenues to design effective strat-
egies and interventions to provide genomic education
for oncology practice.
The objectives of this systematic review are to (1)

examine the level of knowledge among physicians in
clinical cancer genomics and (2) identify potential inter-
ventions or strategies for the development of genomic
education for oncology practice. The overall goal of this
systematic review is to provide a holistic and insightful
view of the current state of genomic knowledge among
physicians in addressing the benefits, risks, and affor-
dances in genomic research and technology.

Methods
Search strategy
There are four steps in our review method: (1) data collec-
tion, (2) data screening and exclusion, (3) data inclusion,
and (4) data analysis. We summarized our reviewing
process in a PRISMA flowchart (Fig. 1). First, we identified
and collected the articles by searching the following
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databases: Medline, Cumulative Index to Nursing and Al-
lied Health Literature (CINAHL) Complete, Cochrane
Central Register for Controlled Trials, Education Re-
sources Information Center (ERIC), and PsychInfo. Our
search covered the time period between January 2003 and
July 2017. The rationale for the chosen date is that 2003
marked the completion of the Human Genome Project,
which was a significant breakthrough for genetic and
genomic research in medical science. In our search
strategy, we looked for these terms in the abstract
only: genetic education or genetic knowledge or gen-
omic education or genomic knowledge and cancer or
oncology. These searches identified 357 articles in
total including 104 articles from Medline, 82 from
CINAHL, 4 from Cochrane, 17 from ERIC, and 150
from PsychInfo. We removed duplicate papers. We
also reviewed reference lists from the selected papers
for potentially relevant articles with eight additional
articles meeting the criteria after review.

Selection of eligible articles
Our final inclusion criterion for this study was as fol-
lows: scholarly articles published in English, in peer-
reviewed journals that reported on: (1) genomic know-
ledge of oncogenomics or genomic services in oncology
practices among physicians, and (2) interventions or
strategies to provide genomic education of oncoge-
nomics for physicians. The research team reviewed the
titles of the resulting 318 articles to assess inclusion
eligibility based on the relevancy of the title to the field
of genomic knowledge and genomic education. We
excluded 226 records due to their irrelevant titles in
relation to our systematic review topic. For example, we
excluded articles that discussed biomedical research of
genomic medicine or other social aspects of genomic
medicine such as electronic health records of personal-
ized genomic information, the dilemmas of disclosing
incidental findings, clinical utility and validity of gen-
omic information, the consumer satisfaction of genetic

Fig. 1 PRISMA flow chart
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health services, genetic discrimination, the social and
emotional challenges of genetic diseases on doctors,
patients and families genetics education for the public,
or internet resources in medical genetics.
Next, the reviewers assessed the remaining 92 articles

based on the target population, provider specialty, and
method eligibilities. Our target population included only
doctors, clinicians, physicians, oncologists, and general
practitioners. As a result, we excluded 28 articles be-
cause they did not include physician sample. Instead,
they targeted patients or public samples (n = 8), nurses
and midwives samples (n = 13), or other health profes-
sionals such as health educators and genetic counselors
(n = 7). We excluded another 36 articles that did not
focus on cancer or oncology care. We also excluded 14
articles that were not empirical. In addition, we excluded
one article because it only contained three physicians in
its study sample. For the final step, we conducted a full-
text assessment of the remaining 22 articles. After clean-
ing the data according to our inclusion criteria, the total
population included 21 articles.

Data extraction and analysis
We used NVivo 10 research software to systematically
review and code the included studies. The reviewers
developed a coding scheme and ensured that all themes
were mutually exclusive and exhaustive. For each node,
we included several sub-themes to list the potential pat-
terns each article may carry. Relevant data were identi-
fied from each article based on two themes: genomic
knowledge and educational interventions. The research
team then used the protocol outlined by the Centre for
Reviews and Dissemination [11] to extract and enter
data from reviewed studies in two tables outlining
genomic knowledge and educational interventions. We
extracted data from studies that focus on genomic
knowledge (Table 1) and organized them in these follow-
ing themes: (1) study, year, and country that produced the
study, (2) methodology, (3) sample, (4) types of cancer (if
available), (5) awareness knowledge, (6) how-to and prin-
ciples knowledge, and (7) limitations of the study. For
studies focusing on educational interventions (Table 2),
we extracted data as follows: (1) study, year, and country
produced the study, (2) aim, (3) methods, (4) participants,
(5) intervention, (6) main outcomes of the intervention,
and (7) limitations. In the process of coding the articles,
we also identified a common theme among six studies that
discuss factors associated with ordering, referring, or using
genomic sequencing. We extracted the data and organized
them into themes and studies (Table 3).

Results
Twelve of the 21 studies we analyzed reported on the
general level of genomic knowledge amongst physicians.

Table 1 summarizes the findings on the awareness,
how-to, and principles-based knowledge reported in
these 12 studies.

Awareness knowledge of clinical genomics in oncology
care
As the volume and scope of genomic information in-
creases in health care contexts, practitioners will require
basic genomic literacy in order to analyze, understand,
interpret, and apply genomic information into clinical
decisions. Only three out of 21 reviewed studies reported
on awareness knowledge of physicians of genomics in
cancer care. Our systematic review covered a broad
timeframe (January 2003 – July 2017) as we were curi-
ous to identify whether the levels of genomic literacy
changed over the time period. Our study did indeed
show that there was an increase in awareness of BRCA
1/2 mutations and testing between a study published in
2005 and another published in 2011. In 2005, Wideroff
et al. [12] found that the awareness level of paternal in-
heritance of BRCA 1/2 mutations was 37.5% among the
sample physicians. In addition, 34% of those recognized
that these mutations exist in less than 10% of breast can-
cer patients. In 2011, Bellcross et al. [13] examined the
awareness and the use of BRCA 1/2 testing among US
primary care physicians. Their study reported that 87%
of sampled physicians were aware of breast cancer
(BRCA) testing. Although these two studies entail two
different aspects of the BRCA 1/2 topic (one was about
mutations, the other was about testing), it still indicates
an increase in the general awareness among physicians
of BRCA 1/2 mutations in breast and ovarian cancer
that can be detected by BRCA 1/2 testing. Another gen-
omic testing service identified out of our population of
studies is cancer pharmacogenomics (caPGx). caPGx
aims to predict responses to cancer treatment therapy
and reduce adverse drug reaction based on patients’
genomic variants. A study published in 2014 found that
oncologists at a rural site in North Carolina were not
well aware of the term “pharmacogenomics” [14]. The
overarching theme here shows that there is an increase
in awareness knowledge of oncogenomics or basic gen-
omic services in oncology care over time. However,
awareness knowledge does not represent a practical or
in-depth understanding of how to apply oncogenomics
into clinical practices.

How-to knowledge of applying genomic services in
oncology care
With regards to how-to knowledge, the central question
concerns whether physicians understand how to apply
their oncogenomics knowledge into clinical practice. In
other words, the how-to knowledge reflects the level of
practice of genomic services in oncology care. This can
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be measured by the referral rates or the utilization of
genomic testing services for cancer patients. How-to
knowledge also refers to the ability to provide genetic
counselling for cancer susceptibility or the ability to
communicate and interpret genomic results to patients.
The overall how-to knowledge or the practice level
among physicians towards oncogenomics ranges be-
tween 20% to 40%. This level of how-to knowledge re-
mains consistent over the period of the fifteen years
studied. In a study published in 2003, Wideroff et al.
[15] reported that 31% of the sampled U.S. physicians
from both primary care and tertiary care had ordered or
referred their patients to cancer susceptibility tests
(CSTs) or other risk assessment testing. Bellcross et al.
[13] found that although 87% of the sampled physicians
were aware of BRCA 1/2 testing, the number of respon-
dents actually ordered at least one test in the past year
was only 25%. These findings were consistent with
another study published in 2016 that examined the
current use of tumor genome sequencing in breast can-
cer among 215 physicians practicing from 35 countries,
70% of whom are from Europe and 66% work in aca-
demic institutions. Gingras et al. [16] reported that 38%
of the participants reported having ordered tumor se-
quencing for breast cancer patients at the minimum

level of once in the past. However, Marzuillo et al. [17]
found the referral rate of predictive genetic testing for
breast cancer and colorectal cancer among a random
sample of Italian physicians in the previous two years
was only 10% and 5% respectively.
The ability to communicate or interpret genomic

results among physicians varies across practitioner
specialty and the types of genomic services. Freedman
et al. [18] found only 29% of sampled U.S. physicians
reported feeling qualified to provide genetic counselling
for cancer susceptibility. The researchers also found
oncologists tended to feel more qualified than primary
care physicians and tertiary care physicians in providing
genetic counselling. This finding was consistent with the
Dressler et al. [14] study who found 37% of oncologists in
their sample were comfortable in interpreting caPGx test
results. A recently-published study examined the level of
genomic literacy among medical oncologists involved in a
cancer clinical genomics trial [1]. Chow-White et al. [1]
reported 68% of medical oncologists (MOs) somewhat
and strongly agree that they feel confident to communi-
cate genomic results to their patients. The study also
showed that half of the MOs (58%) are more confident
making treatment decisions after learning about their
patient’s genome.

Table 3 Factors for adopting cancer genomics services by category

Factors associated with ordering, referring or using genomic sequencing Studies

Increases in knowledge, skills, and education

Higher genomic confidence Gray et al. (2014) [21]

Adequate knowledge of the professional use of predictive testing for breast cancer Marzuillo et al. (2013) [17]

Increasing continuing medical education (CME) Marzuillo et al. (2013) [17]

Feeling qualified to recommend cancer susceptibility tests (CSTs) Wideroff et al. (2003) [15]

Having more than 25% of time allocated to research Gingras et al. (2016) [16]

Receiving CSTs educational materials Wideroff et al. (2003) [15]

Geographical factors

Presence of genetic testing laboratories locally Marzuillo et al. (2013) [17]

Practice location in the Northeast Wideroff et al. (2003) [15]

Working in Asia Gingras et al. (2016) [16]

Practice location in the urban and suburban areas Koil et al. (2003) [19]

Patient interests, requests, and health records

Family/patient history of cancer Koil et al. (2003) [19]

Patient interests Koil et al. (2003) [19]

Patient requests for genetic testing Mazuillo et al. (2013) [17]

Professional guidelines

Endorsement of genomic tests by American Society of Clinical Oncologist (ASCO) professional guidelines Dressler et al. (2014) [14]

Having institutional guidelines for molecular sequencing Gingras et al. (2016) [16]

Clinical utility and effectiveness of cancer genomics

Evidence-based studies demonstrating safety and efficacy of the test Dressler et al. (2014) [14]

Prospective clinical trials confirming association of testing with outcome Dressler et al. (2014) [14]
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Locations of practice can have an impact on the refer-
ral rates of cancer genomic testing services among phy-
sicians. Koil et al. [19] reported that physicians in rural
areas were less likely to have ordered breast cancer test-
ing than physicians located in urban and suburban areas
combined. The how-to knowledge of physicians also
varies in terms of the types of genomic testing services.
For example, oncologists are more familiar with ordering
somatic tests with an average of 100 test orders per year,
but much less likely to order germline cancer predispos-
ition tests with an average of 2 test orders per year [20].
The use of caPGx testing also differs depending on the
types of cancer tests. Dressler et al. [14] reported that of
those oncologists treating breast cancer, 100% used
HER2 gene testing to predict drug response to HERCEP-
TIN™; 97% used Breast Oncotype DX for chemotherapy
treatment decisions, and 32% used CYP2D2 for drug
therapy. In addition, of those treating colorectal cancer,
only 26% used Oncotype Dx test for colon cancer treat-
ment decisions. Taken together, although the referral or
ordering rates of cancer genomic tests range between 20
and 40% over the fifteen-year period, this how-to know-
ledge varies by practitioner specialty, location of prac-
tice, and the types of genomic services offered. How-to
knowledge indicates the usage of genetic testing services,
but does not necessarily reflect a deeper understanding
of clinical genomics. Greater understanding of clinical
genomics or genomic testing could result in lower
genomic testing uptake, as physicians are more discrete
in ordering or referring to testing, only when they deem
it necessary. Hence, a higher level of understanding that
impacts the usage or application of clinical genomics is
principle knowledge of genomics.

Principles knowledge of genomics in oncology care
In the case of clinical genomics, Roger’s concept ‘princi-
ples of knowledge’ can help us understand fundamental
and theoretical concepts of genomic, epigenomic, and
transcript alterations in cancer. This can refer to the
underlying working mechanism of genetic mutation(s)
causing the cancer. Researchers tend to measure princi-
ples knowledge of oncogenomics through knowledge
tests or self-reported measurements. In knowledge tests,
some researchers designed questions concerned with
genomic testing services [13, 17] or genetic mutations
causing the cancer [12]. For example, in the Bellcross et
al. [13] study, the researchers asked participated physi-
cians to select clinical risk assessment scenarios for
BRCA testing in accordance with U.S. Preventive Task
Force (USPSTF) recommendations. The study shows
that only 19% of sampled U.S. physicians identified cor-
rectly the high and low risk scenarios indicating the need
for BRCA testing. Marzuillo et al. [17] examined the level
of knowledge, attitudes and experiences of Italian

physicians towards predictive genetic tests, specifically the
BRCA 1/2 and APC tests for breast and colorectal cancer.
They found that nearly half (43%) of the sample answered
correctly all three knowledge questions about BRCA 1/2
testing, but only 17% responded correctly to APC testing.
In Wideroff et al.’s study regarding genetic mutations
causing breast cancer, only one third of the sample accur-
ately pointed out that BCRA 1/2 mutations (having a mu-
tation in BRCA 1/2 genes) exist in fewer than 10% of
breast cancer patients [12]. Furthermore, only 13% of the
sample accurately responded that colorectal cancer typic-
ally carries more than 50% HNPCC gene penetrance [12].
The study also found that this type of knowledge varies by
specialty – for instance, obstetrics and gynaecology
(OBGYN) physicians, medical oncologists, and general
surgeons tended to answer more correctly to breast/ovar-
ian questions, as were gastroenterologists to colorectal
cancer questions.
Four studies used self-reported measurements of know-

ledge or confidence scale to examine the principles know-
ledge of genomics in cancer care. Both Gingras et al. [16]
and Gray et al. [21] found a similar level of 21–22%
among their samples reported to have low confidence in
their genomic knowledge. Using a self-rated knowledge
scale, Chow-White et al. [1] reported the majority of MOs
in their sample acknowledged to have little knowledge
about newer genomic technologies (i.e. high-throughput
sequencing genotyping) (50%) and whole genome sequen-
cing (41%). Regarding PGx testing, Dressler et al. [14]
pointed out that 33% of oncologists were comfortable with
their PGx knowledge. We also identify two factors includ-
ing locations and years of practice that could influence the
principles level of genomic knowledge. Chow-White et al.
[1] found that MOs located in urban/suburban areas
(73%) tend to have higher genomic literacy than those lo-
cated in rural areas (27%). Dressler et al. [14] noted that
oncologists with less than 10 years of practice (48%)
tended to be more comfortable with their PGx knowledge
than those with more than 10 years of practice (21%).
Overall, the levels of principles knowledge of genomics in
oncology care vary among physicians in relation to practi-
tioner specialty, years and location of practice, and the
types of genomic services.

Interventions to provide genomic education for oncology
care
Overview of the reviewed studies: Methods and
interventions
The final and most important aspect of this systematic
review is to identify potential interventions to deliver
genomic education for oncology care to working phy-
sicians. The three categories of knowledge framework
dissected the genomic literacy among physicians, which al-
lows us to identify more precise educational interventions
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of genomics in oncology care. In Table 2, we capture nine
studies reporting on the educational interventions along
with their methods, outcomes, and limitations. The most
common methodology used in these studies is quasi-
experimental design, including intervention study, along
with pre-and post-knowledge assessment surveys [22–25].
Other studies outline similar methods with a randomized
controlled trial of intervention and control group in order
to better validate the effectiveness of their intervention
[26–30].
The interventions vary by educational theory, content,

focus, and delivery length, method and format. Some
studies applied an educational outreach theory, known
as Kirkpatrick’s framework [27, 28, 31]. The majority of
the interventions integrated a variety of delivery formats
including in-person training or workshop, online gen-
omic education courses, and online point-of-care genetic
resources. Blazer et al. [23] provided training to 131 par-
ticipants including 48 community-based physicians
across the United States in a longitudinal intervention
study to improve the use of genetic cancer risk assess-
ment (GCRA) services. The intervention included three
stages: “distance didactic learning, face-to-face training,
and [twelve] months of web-based professional develop-
ment activities” [23]. Similarly, a group of researchers in
the Netherlands carried out comprehensive oncogenetics
training interventions to improve GPs’ genetic consulta-
tions skills. The intervention incorporated “an online
Continuing Professional Development (G-eCPD) mod-
ule, a live genetic continuing professional development
(CPD) module, and a “GP and genetics” website” as
online point-of-care resources providing practical gen-
etic information applicable in clinical practices [25]. In
the nine studies included, three were conducted by
researchers from the United Kingdom [26, 29, 30], three
originated from the same group of researchers in the
Netherlands [25, 27, 28], two were from the same group
of researchers in the United States [22, 23], and one was
carried out as an international collaboration between re-
searchers in Canada and Kenya [24]. Each of these
groups developed their educational materials in col-
laboration with their national or local professional
medical societies. The group of researchers from the
Netherlands incorporated an oncogenetics eCPD mod-
ule developed by the Dutch College of General Practi-
tioners [25, 27, 28]. The intervention conducted by
researchers from the United States is the result of the
curricular and training resources developed by the
City of Hope Cancer Genetics Education Program
Network funded by National Cancer Institute [22, 23].
These studies show professional medical societies play
an important role in designing genomic education
programs for physicians to advance the adoption of
genomics into clinical care.

Outcomes of the interventions
Most of the intervention studies aim to target the aware-
ness, how-to and principles knowledge of oncogenomics
among physicians. In the awareness and how-to know-
ledge, researchers aim to improve the referral rates of
genomic services or the genetic consultations skills
among physicians. For example, Blazer et al. [22] tested
the impact of a cancer genetics education program
(CGEP) on improving physicians’ knowledge. Twelve
months after the CGEP full day conference, 78% of the
respondents among 114 clinician participants reported
to have higher level of awareness about cancer genetics.
85% reported to find the information from the CGEP
resourceful for their practice. 77% applied the referral
guidelines from the program resources to consult genet-
ics risks with their patients, or to order cancer screening
tests for their patients. However, the responses in the
one-year post-intervention survey were not sufficient to
produce convincing evidence on the long-term impact
of the intervention. The same group of researchers
conducted another study and found the outcomes
showed a significant increase in provision of GCRA
services (p = .018) and high-risk genetic testing referral
rates (p = .004) after fourteen months of participating in
a multi-modal interdisciplinary course [23]. The
limitation of this study lies in the bias of their study
population. The researchers recruited the majority of
participants with former training in oncology or genet-
ics. Hence, this educational intervention may not pro-
duce the same outcomes with primary care physicians
who do not have training in cancer or genetics.
A group of UK-based researchers found 36 general

practices that received educational seminars made 89
referral rates compared to 68 referrals made by general
practices that did not receive any intervention [29]. The
intervention group also tended to produce higher refer-
ral rates (referral rate ratio [RRR] = 1.34) with more
accurate cancer referrals (RRR = 2.36). However, the
sample size of this study was not adequate to demon-
strate anything other than very large changes in clinic
attendance rates, and in particular not adequate to
demonstrate the effectiveness of the intervention.
Different formats of delivery can also produce different
impacts on how-to knowledge of physicians. After one
year of participating in educational modules on oncoge-
netics, 68% of those attending the live genetic CPD
module reported to be more likely to refer patients to a
clinical genetics centre than 29% participating in the
online G-eCPD module (p < 0.0005) [25]. However, the
authors of the study could not validate this finding with
the actual clinical genetics referral rates records. A limi-
tation of this study is the self-reporting of long-term
genetic consultation skills and referral rates. Also, the
number of respondents who participated in the online
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survey on the genetic competencies and the referral
rates was not adequate to demonstrate the statistical
power of the data.
Other interventions focus on improving the principles

knowledge of oncogenomics. Bethea et al. [26] examined
the effects of genetic outreach education program in
supporting practitioners’ confidence and skills in hand-
ling familial cancers and other genetic conditions.
Respondents in the intervention group reported to be
more confident in managing patient questions around
familial cancers, collecting the relevant family history
information, and making better assessment of genetic
risks. However, there were only 29 practitioners in the
intervention group, which was not sufficient to demon-
strate the effectiveness of the outreach program.
In other studies, the outcomes show increases in

genomic knowledge after intervention, yet there is no
way of gauging how these gains in knowledge might
sustain in the long term or translate into applications of
genomics in clinical practice. Hill et al. [24] designed an
interactive educational workshop for physicians in Kenya
in order to increase their childhood eye cancer retino-
blastoma genetics knowledge. The participants showed
an increase in knowledge post-workshop from 72% to
80%, more particularly increased in knowledge of retino-
blastoma causative genetics. However, one year later par-
ticipants’ knowledge returned to baseline (72%). This
showed that the participants needed more frequent
reinforcement of the educational intervention. The one-
year post-workshop finding of this study is not statisti-
cally significant as only 12 respondents took the survey.
Houwink et al. [25] tested the long-term impact of
online genetics education comprising two-hour online
oncogenetics education course, Genetics e-learning
Continuing Professional Development (CPD) module.
The study yields an increase in knowledge at post-test
(0.055 (P < 0.05)) and at retention test (six months later)
(0.079 (P < 0.01)). The respondents also showed high
satisfaction with the module. In addition, 90% of the
participants reported to apply newly acquired know-
ledge from the module at least once a month. A
small proportion of the participants (5%) frequently
used knowledge from the module at the minimum
level of once a week. However, the effectiveness of
this training in daily practice remains uncertain. The
participants remained static on their competencies to
self identify disease, refer patients to a specialist, and
understand the benefits and risks of genetic testing.
Despite high satisfaction in the module and increases
in knowledge, the how-to and principles knowledge of
oncogenomics and genomic services in oncology care
did not change. The limitations of this study lie in
the small sample size and self-reported measurements
of referral rates.

Wilson et al. [30] evaluated the impact of a multifa-
ceted intervention system to assist general practitioners’
(GPs) confidence and knowledge regarding breast cancer
risks. The multifaceted decision-support system is a
point-of-care resource developed by GPs in collaboration
with clinical geneticists. This system provides educa-
tional resources and materials on breast cancer genetics.
The intervention and control groups showed no statisti-
cally significant difference on their confidence scores.
Hence, the intervention was not successful. The inter-
vention’s ineffectiveness may be due to the fact that only
a small number of GPs participated in the educational
workshop. They might have not also been aware of the
decision-supported software and apply it into their clin-
ical practice. In addition, GPs’ confidence in identifying
breast cancer genetic risks was a self-reported measure-
ment. Overall, the interventions outlined did not all
achieve their goals of improving oncogenomics know-
ledge among physicians due to many factors such as
small sample size, self-reported measurements, or un-
sustained knowledge gain.

Factors associated with ordering, referring, or using
genomic sequencing
We also focused our analysis on identifying which
factors promote an increase in using genomic services in
oncology. Six studies in our population identified factors
associated with ordering, referring, or using genomic
services in oncology practice (Table 3). We categorized
these factors into five themes: (1) increases in know-
ledge, skills, and education, (2) geographical factors, (3)
patient interests, requests, and personal health records,
(4) professional guidelines, and (5) clinical utility of
oncogenomics. Having higher genomic confidence,
adequate knowledge of predictive testing for cancer,
increasing continuing medical education (CME) or
educational materials, and having more time allocated
for research would result in physicians wanting to use
more genomic services in their practice [15–17, 20].
Geography also plays a role in influencing the use of

genomic services. Physicians reported to be more in-
clined to use genomic services in cancer care in cases
where they had greater proximity and access to genomic
testing laboratories, and when their practices were lo-
cated in urban and suburban areas, and especially in the
Northeast of the United States [1, 15, 17, 19]. Gingras et
al. [16] also identified a statistically significant correl-
ation between more frequent uses of tumor genome se-
quencing and working in Asia among the MOs (OR
5.76, 95% CI 1.57–21.15, p = 0.01). However, this associ-
ation is questionable as there were only 12 (6%) MOs
working in Asia who participated in this study, com-
pared to 151 (70%) MOs working in Europe.
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Patient interests and requests for genomic testing is
also another significant factor influencing the referral
decisions of physicians [17, 19]. Another important
determinant for cancer screening referrals is patients’
personal health record or family history of cancer [19].
Furthermore, the availability of professional guidelines
for using genomic services endorsed by professional so-
cieties such as American Society of Clinical Oncologists
(ASCO) would also encourage physicians to use genome
services [14, 16]. Regarding the use of cancer pharmaco-
genomics, there is a clear need for more evidence-based
studies or clinical trials demonstrating the clinical utility
and effectiveness of the technology [14].

Discussion
Knowledge translation of genomics into oncology care
This systematic review provides an insight into the three
types of knowledge among physicians towards oncoge-
nomics as well as the outcomes or effectiveness of inter-
ventions to provide genomic education for oncology
care. We also identify factors associated with the use of
genomic services in cancer care among physicians.
Genomics is increasingly being adopted in the clinical
setting. However, the rapid expansion of genomic
research and the clinical uncertainty of the information
still engenders doubt, skepticism, and challenges for
physicians to fully understand and apply medical genom-
ics into practice [7, 32]. As such, knowledge translation
of genomics into oncology care is a slow, thoughtful,
and complex process. Our systematic review reveals a
number of potential reasons.
We find oncogenomics knowledge among physicians

is still limited. We identified an increase in the level of
awareness of specific types of oncogenomics such as
BRCA 1/2 mutations and testing [13, 15]. However,
there are only three studies in our review that discuss
the awareness level of oncogenomics among physicians.
This makes it difficult to statistically confirm the precise
increase in awareness knowledge. Yet we can assume
that the rapid development of genomic research and the
increasing number of genomics-related publications im-
proves the general awareness level of knowledge of gen-
omic services in cancer care among physicians. This
awareness knowledge also represents the surface level of
the complex knowledge regime of genomics. The major-
ity of the studies examining the how-to knowledge of
oncogenomics focus on the referral or ordering rates of
genomic services. The overall level of referral or order-
ing rates of genomic services among all the reviewed
studies ranges between 20 to 40%. Yet, the how-to
knowledge of physicians vary by their specialty [15, 18],
locations of practice [19], and the types of genomic ser-
vices [14, 20]. Due to the nature of provider specialty,
ob-gyns are more likely to order BRCA 1/2 testing,

whereas pediatricians are much less likely. A recent
study also shows that most pediatric providers of the
American Academy of Pediatrics are not comfortable in
referring their patients to and consulting them about
current genomic services [33]. Pediatric patients are an
especially vulnerable population that involve a complex
system of ethical, social, and legal issues when it comes
to genomic testing. Hence, different provider specialty
requires different educational interventions that are
tailored to their specialty focus and the characteristics of
their patients. The practice level or the how-to know-
ledge of oncogenomics are key types of knowledge for
adoption. However, theoretical or principles knowledge
of oncogenomics among physicians can offer more
nuanced insight into the missing pieces of the know-
ledge translation of genomics into oncology care.
If physicians do not understand the nature of genom-

ics and how it applies to clinical practice they may not
believe the data innovations and/or act on it. We find
that subjective scores of genomic literacy such as self-
reported confidence or self-rated knowledge tend to be
higher than objective scores of genomic literacy such as
scales measuring correct answers to knowledge ques-
tions. Both Gingras et al. [16] and Gray et al. [21] found
that about 20% of their sampled physicians reported low
genomic confidence. That means the majority of the
physicians (80%) are confident about their genomic
knowledge. In addition, Chow-White et al. [1] noted
about half of their sample MOs reported to be
knowledgeable about genomic technologies. Yet, two
studies using knowledge test scales found that the can-
cer risk assessment knowledge for BRCA 1/2 testing and
the underlying knowledge about BRCA 1/2 mutations
among physicians in the United States are surprisingly
low [12, 13]. Hence, distinguishing between these two
principles knowledge constructs would provide a better
understanding of how physicians should be educated
and which intervention methods should be applied to
support physicians in practice. Web-based interventions
such as GeneInsight Clinic or Sanford Health Image-
netics Initiative are not genomic educational tools, but
point-of-care resources providing support in genomic
medicine that can booster physicians’ confidence. Fur-
thermore, similar to how-to knowledge, principles
knowledge of physicians vary by their practice spe-
cialty [12], locations [1] and years of practice [14],
and the types of genomic services [17]. As genomic
knowledge tends to be lower with physicians working
in rural areas, we suggest detailed attention for future
research to both the dissemination of genomic educa-
tion to these rural areas and their abilities or interests
in understanding and adopting genomics in oncology
care. These findings provide important clues as to
why the knowledge translation of genomics into
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oncology care is a challenging process, and how it
can be improved in the future.
These knowledge assessment studies come with a few

limitations. First, the majority of the studies had small sam-
ple sizes or a low number of respondents [1, 14, 19–21].
This issue challenges the statistical power and the possibil-
ity to generalize the findings. Some studies used self-
reported measurements of referral rates, confidence, and
knowledge level that make the reliability of the data less
credible [18, 20, 21]. Two studies used specialty groups as
an independent variable to test for meaningful association
[12, 15, 17]. However, the numbers of specialty subgroups
participants were not adequate to make any statistically sig-
nificant comparisons. There are also other issues with re-
sponse bias [19] and representative nature of the sample
[13]. Hence, for future research examining the genomic
knowledge among physicians, researchers should pay spe-
cial attention to the sample size of the population. This is a
challenge, since physicians are an elite population that can
be reluctant to participate in surveys due to demanding
schedules, scarce availability, and high credibility. Re-
searchers should devise strategic plans on how to recruit an
adequate number of participants, and how to facilitate an
effective process for those participants to volunteer their
time. Findings from knowledge test measurements are
more reliable than self-reported measurements. However,
physicians are a hard-to-reach population. Hence, a survey-
based knowledge test could be a demanding request
making recruitment very difficult. A work around for meas-
uring referral rates of genomic services could be to check
the referral records at the general practices or clinics of
physicians.

Educational interventions to provide genomics training
for oncology care
One clear signal from our study is a persistent need for
educational interventions to improve genomics knowledge
for oncology care. We assessed the outcomes of these
interventions in order to pinpoint the most effective
strategies to advance the knowledge translation of genom-
ics into oncology practice. The majority of the interven-
tions aimed to improve the principles knowledge of
oncogenomics in order to increase the referral rates of
genomic services. Hence, in order to evaluate the effect-
iveness of educational interventions, the researchers eval-
uated the changes in genomic knowledge or confidence
and/or the referral rates. In some studies, researchers also
assessed the satisfaction scores among the participants
with the interventions. Six of nine studies reported in-
creases in genomic confidence and knowledge of physi-
cians after the interventions [22–24, 26–28]. However, the
majority of these studies had low numbers of participants
or small sample size. Hence, the effectiveness of these in-
terventions is not statistically significant. Knowledge of

genomic topics tended to be subject-specific or designed
by different professional medical societies. In some stud-
ies, the long-term follow-up effect of the interventions
proved to be un-sustained. In addition, some studies used
self-reported knowledge or confidence gains, which results
in less credibility and reliability of the findings. Three
randomized controlled trials studies from the same group
of authors reported to find the satisfaction level of their
educational interventions to be highly scored [25, 27, 28].
Yet, the sample size of the questionnaires on the satisfac-
tion scores was not adequate to make any statistically
significant claim.
Improved genomic confidence or knowledge could

potentially lead to higher use of genomic sequencing
technologies. Practitioners referral rates of genomic
services was reported to improve in four of the nine
studies [22, 23, 25, 29]. Yet, some of these studies used
self-reported referral rates. This resulted in a mismatch
with the actual referral records at clinical genetics
centres. Furthermore, higher referral rates do not neces-
sarily mean more accurate or appropriate referrals. Only
one study tested the increases in referral rates and the
accuracy of the referrals [29]. In order to examine the ef-
fects of educational interventions on the how-to know-
ledge of physicians, researchers should examine the
changes of referral rates of the clinics, not of self-
reported measurement, and the accuracy of those refer-
rals. Another strategy to assess the effectiveness of the
intervention is the applicability of the educational mate-
rials in physicians’ daily practice [22, 23, 25, 27, 28].
However, these applicability findings are self-reported
measurements. Only one study had empirical data of
website visitor analytics to demonstrate that the number
of participants visiting the supported genetics website in-
creased [25]. It is challenging to capture the applicability
of educational materials in daily practice as the nature of
genomics is still full of uncertainty. Through this review,
we recognize that many programs have been developed
to improve genomic literacy among physicians in cancer
care, most of which tailored their interventions with
identified competencies and prioritized areas of im-
provement. Each intervention has its own successes and
limitations. From the limitations of all these interven-
tions, we identify an important area of research to study
the adoption of genomics in cancer care. We suggest
that applying genomics into clinical treatment decisions
may require more than just educational guidelines.
As physicians have very limited availability due to

heavy workload and time constraints, short-term or
long-term interventions could be too cumbersome for
practitioners. Increases in genomic knowledge could be
a result of long-term exposure to genomic information.
Some health educators [34, 35] proposed that ‘just in
time’ educational materials or point-of-care resources
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readily to access by physicians could be an effective way
to improve genomic knowledge and assist physicians in
using genomics in their daily practice. As genomic re-
search continues to expand exponentially, it is also diffi-
cult for educational interventions to keep up with its
knowledge expansion. Drawing upon Kirkpatrick’s model
[31], the most optimal educational outcome is changes
in organizational structures. Our findings also show that
increases in genomic knowledge are only one of the de-
terminants for its adoption. Other factors including
geography, easy access to genomic testing, patient inter-
ests or requests, availability of professional guidelines for
genomic testing, and evidence on clinical utility of gen-
omic information are significant indicators for adopting
genomics into oncology practice. More evidence-based
support from professional medical societies, increased
public awareness, and access to genomic testing is ne-
cessary organizational changes for the adoption of gen-
omic services in oncology care.
None of the educational intervention studies examined

the organizational change and health gain associated
with the intervention. Chow-White et al. [1] argued that
adopting genomics into oncology care will result in
organizational changes in medical practices. The authors
observed an ongoing interdisciplinary collaboration be-
tween physicians, bioinformaticians, and genome scien-
tists in a clinical cancer genomics trial. Oncologists are
still the medical stakeholders that have the medical au-
thority to render treatment decisions for patients. How-
ever, oncologists increasingly rely on the expertise of
genome data scientists to analyze and interpret the re-
sults of genomic information. Therefore, as genomics
diffuses into oncology care, it will establish a new regime
of clinical systems converging genetics, molecular chem-
istry, biology engineering, and computational biology. As
such, clinical genomics for cancer management will cre-
ate a new style of oncology practices, bringing together
an interdisciplinary set of medical stakeholders. This
organizational change in oncology practice is worthwhile
to investigate for future research.

Conclusion
We find the oncogenomic knowledge of physicians
across the three types is limited. However, knowledge
levels vary by provider specialty, location and years of
practice, and types of genomic services. Future research
could use Rogers’ knowledge framework to produce a
more nuanced analysis of genomic knowledge among
practitioners. It is important to understand how genomic
information is processed (principles knowledge) and
how it influences the treatment decisions of physicians
(how-to knowledge). Educational interventions for onco-
genomics in this review have shown many limitations in
terms of their sustained effects on improving genomic

knowledge of physicians and leading to better use of
genomic services. There is a dearth of high quality
educational interventions that can inform all of the high-
est outcome level in the Kirkpatrick framework. Future
research in educational interventions Future research
should attend to improving applications of genomic
services in clinical practices along with organizational
change engendered by genomics in oncology practice.
The limitation of our review is that we did not perform
a statistical synthesis of the results due to the small
sample and the inconsistency of study design of our
reviewed studies. The strength of this study lies in the
systematic organization and analysis of the findings of
these 21 significant studies into important themes
reflecting the three types of knowledge, and the educa-
tional interventions related to the adoption of genomic
technologies in oncology practice. As genomic science
increasingly becomes parts of oncology care, it is critical
for genomic literacy to be adopted and increased among
practitioners.
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