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Personalised medicine
Personalised Medicine (PM) refers to the use of a person’s genetic information in tailoring
strategies for the detection, treatment and/or prevention of a disease(1). Developments in genomics
have led to the consensus among scientists and clinicians that PM holds the potential to revolutionise
medical practice, especially in oncology(2). PM is aimed at delineating sub-types of patients based on
their disease mechanisms and their particular response to therapies. It is based on the emerging
knowledge that some underlying molecular variations are responsible for certain diseases and they in
turn can be managed by certain therapies (3). This is a departure from the ‘one size fits all’ approach
where patients with similar ailments are given the same type and dose of medication without knowing
who might benefit most or conversely who might suffer toxicity and adverse drug reactions(4,5). The
complexity inherent from the forgoing has perhaps impeded the early realisation of the dream of
personalised healthcare. For example, while some diseases (rare inherited) are caused by mutations in
a single gene, most other diseases are caused by a combination of hereditary and environmental factors
and therefore pose another layer of complexity(6).
PM is aimed at ensuring that the right patients get the right dose of the right treatment at the
right time (7). Personalised medicine, stratified medicine and precision medicine are used
interchangeably within literature to denote the same concept, even though their specific meanings are
nuanced. In fact, the term stratified medicine replaces personalised medicine in some literature to avoid
the potential confusion that, treatment or prevention strategies are tailored specifically to a person rather
than sub-groups of patients(8). Medical imaging by its nature has always attempted to be personalised
and looks poised to be essential in the future of personalised medicine. Imaging biomarkers can be used
for stratification of patients in terms of staging disease or intervention. Medical imaging is also going
to be vital in personalised therapy planning, delivery and monitoring of treatment effect and disease
progression.
Arguably, PM could be viewed as an iterative process of tailoring treatments to patient
characteristics and not as an innovation that has just occurred. Salari, Watkins and Ashley(9) argue that
a patients’ environment, behaviour and genes have been (for years) incorporated into patient treatment
decisions, risk stratification and drug response projections. However, ‘this one size fits all’ paradigm of
therapy has been costly in terms of toxicity and inefficiency and has led to an 85% failure rate of cancer
therapies in clinical trials(10). Notable successes in genetic profiling of tumours such as positivity to
human epidermal growth factor receptor-2 (HER2) resulting in an increased success rate of treatment
for such patients (11). This and other developments has driven optimism within the sector that PM has
the potential to reduce the exposure of patients to ineffective therapies, reduction in toxicity, produce
longer patient survival and make such targeted treatments more cost effective (10)
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Drivers (Technological)
The mapping of the human genome DNA sequence(12,13) and the mapping of variation in
DNA and their distribution in populations (13) marked the biggest driver in the awareness of disease
pathways in molecules (14). Informed by the above achievements PM is taking various forms including
the identification of cancer risk, targeted therapy resulting from the identification of biomarkers,
prediction of drug response (pharmacogenetics/genomics) and the prediction of the chances of disease
recurrence through the analysis of cancerous tissue(15). This has been followed by further genomic
sequencing projects championed by various western governments such as the 100,000 genome project
in the United Kingdom and the effort to sequence the genome of 1 million people in the USA. For PM
to be successful, identification of the link between patient responses and biomarkers is essential.
However, environments and external factors should also be considered. Most diseases (e.g. coronary
artery disease (CAD)) are polygenic in nature. For example, with regards to CAD a recent literature
review found that 25-50% of the mutations/variants identified occur in between 50-75% of the
population but only confer a risk of only 18%(60). Such weak effects could be explained by the interplay
of genetic and environmental factors.
Atkinson and colleagues(15) define biomarkers as “a characteristic that is objectively measured
and evaluated as an indicator of normal biologic processes, pathogenic processes or pharmacologic
responses". These biomarkers are therefore important in the identification of the classification of subpopulations of patients who might be predisposed to a disease or respond to a therapy. As a consequence
of the Human Genome Project and the International Haplotype Map project more than 1300 loci for
about 221 diseases and traits are available through the validated Genome-Wide Association study
(GWAS) (17). Through these biomarker associations it has been possible to predict the risk of people
developing a disease such as cancer. Biomarkers are broadly classified as prognostic markers, predictive
markers or both. Prognostic markers provide information about a patient characteristic that has the
potential to affect the course or outcome of the disease. Predictive markers on the other hand refer to
patient characteristics which can predict a patient’s likelihood of benefiting from a treatment or
intervention (18).
Based on an individual’s genetic sequence it is becoming possible to predict adverse reactions
to medication. Through the assessment of individual differences in key enzymes associated with the
metabolism of drugs, pharmacogenomics is enabling the ability to avoid toxicity of drugs (such as
Tamoxifen) by either avoiding them or reducing doses (19). For example, Azathioprine (AZA) as a
pro-drug, is an immunosuppressive medication. It is mainly used in inflammatory bowel disease for
the maintenance of remission and also the closure of fistulae(20). The metabolic pathway of this drug
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results in the production of the active metabolite 6-thioguanine nucleotides (6-TGN). Excessively
high levels of 6-TGN results in myelotoxicity and this is in part dependent on the relative amount of
the inactive enzyme thiopurine methyltransferase (TPMT). The level of TPMT has been found to
exhibit genetic variation (TPMT*2, TPMT*3A, and TPMT*3C genes) and as a result genetic testing
is advised before the administration of the drug (21).
Patients benefit from an intervention that is best suited to them and the possibility of toxicity
to the patient is reduced. It is believed that 6.5% of all admissions are related to adverse drug
reactions where patients stay for an average period of 8 days stay, occupying 8000 beds and costing
$1.3 1billion per year to the NHS in the United Kingdom(22,23) The benefits to patients and the
national purse are obvious. It is important, however, to recognise that the success of PM within the
context of genetic testing depends on many factors. For example, the public’s acceptance of genomic
technologies may depend on data security, insurance, discrimination and commercialisation of
genomic information, thus requiring a critical lens. Also, whilst the cost of genetic sequencing keeps
reducing, the costs are quite high (just over $1000)(24) and may serve as a barrier to PM regardless of
the paying/health economic model.

Drivers (Commercial)
The traditional Fully Integrated Pharmaceutical Company (FIPCO) model (which relies on a
few blockbuster drugs to generate enough revenue to compensate for the high R&D expenditure) is
being challenged by a trend of declining R&D productivity within the industry since 2003(25). In
addition, patent expiry of major drugs of a good proportion of the leading pharmaceutical companies
is expected to reduce sales by more than 50% due to the influence of generic drugs (26). Furthermore,
due to increased health care costs and unfavourable public perception of pharmaceutical companies,
there has been a push by governments and payers to contain costs and the application of more
stringent requirements about drug efficacy. For instance the National Institute for Health and Care
Excellence (NICE) does not recommend the use of Benlysta for the treatment of Systemic lupus
erythematosus (SLE) because it is not considered as cost effective even though it realised $52.3
million from sales in 2011 (27) .Whereas the cost of drugs is mostly left to market forces in the
USA, countries like Japan require a mandatory reduction in drug prices every two years.
Diversification into PM therefore offers a potential strategic alternative to the blockbuster
model. There is enough evidence of this paradigm shift with most of the large pharmaceutical
companies either acquiring or merging with smaller Biological companies(28). In addition to the
increased possibility of replenishing dwindling pipelines, PM also offers some protection against
challenges from generics. This means that the pharmaceutical industry has faced a reduction in drug
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development within the past decade. Further, a number of drugs are losing patent (commonly known
as the ‘patent cliff’) and thus becoming ‘cheap generic drugs’. PM, therefore, offers the industry an
opportunity to increase portfolios and productivity. PM involves targeted therapies that have specific
modes of action which would be very difficult for generic companies to copy (29). Genetic
sequencing as part of PM, by definition, requires that only validated biomarkers go into advanced
stages of clinical trials. This has the potential to reduce the length and cost of trials thus offering a
new form of stage-gating (30) and efficiency in research and development. While the blockbuster
model represented drugs for a high-volume market, the PM model points to a smaller target group.
Even though revenues might seem to reduce, the competitive advantage derived from differentiated
goods actually results in increased profits driven by margins rather than volume (29) . It therefore
indicates that it is possible in theory to obtain similar amount of revenue. With the increased emphasis
on drug efficacy by payers, PM through companion diagnostics offers a better chance of
reimbursement.

Drivers (Ethics)
In spite of the obvious advantages that could accrue, PM still poses some ethical concerns
which expose much complexity (hence constitutes a major driver). These include consent for genomic
testing, privacy, confidentiality of genomic test results and equity of access to genetic testing and
targeted therapies in oncology. For example, the new General Data Protection Regulations (GDPR)
could, affect collection of genomic data amongst the population, yet, this could mean better assurance
to the public of the intended use of their genomic data. In short, then, clinicians would have to spend
more time in the consenting process thus better informing patients in how their data is going to be
used. The cost of such therapies to health care systems is another ethical consideration. These have
the ability to affect the extent to which PM is wholly accepted and incorporated into mainstream
medical practice. Many patients find it difficult to understand the purposes and complexities
associated with pharmacogenomics testing (31) . This is partly due to the vast amount of information
that needs to be given to patients before consent and also the potential psychosocial impact germline
and somatic testing could have on patients and their families if adverse findings are encountered(32).
Recent research by Garfield et al., (33) into consumer familiarity with PM found that 75% (of 602)
had not heard about PM and poses a challenge for consenting patients and timely intervention. As a
consequence the European Society for Medical Oncology (ESMO) advocates for broad patient
consent to allow for further testing to take place without having to re-consent patients(34) . There is
also the issue of genetic privacy where concerns have been raised about patient autonomy and the
ability to retain control over how genetic information is collected, used and disclosed. This is
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particularly important in the context of electronic patient records and is in spite of the genetic
information non-discrimination law and moratoria (35). Genetic information non-discrimination laws
prevent the use of genetic information in health insurance and employment (US and Canada) while a
moratorium in place in the UK doing a similar job. There is concern among some clinicians that some
diseases may be so rare that some pharmaceutical companies may not want to invest scarce research
and development resources in them. This has led to concerns that the future of PM might be stratified
based on socio-economic background and how common a cancer is (32).Even though the shared
vision of PM is that all patients with a disease that has a suspected genetic link would have their genes
sequenced to allow for targeted therapies, the reality could be that access to genomic testing depends
on patients’ socioeconomic status, insurance policy and location. Some legitimate questions arise;
who owns my genetic information once it is sequenced, the sequence provider or me? Can I be
identified? How secure is my genetic information? Who polices the police? How can I be sure that my
genetic information would not be used by a corrupt person to frame me for a crime? Very recent
research by Anna Middleton and colleagues at the Wellcome Genome Campus suggest that the most
concern people have about genetic testing is that their information will be used to frame them for a
crime(36). In addition to this, it has been found that genetic databases are skewed towards European
Caucasian populations and this makes it difficult in interpreting variant data emanating from minority
populations. It is conceivable that if this imbalance is not addressed minority populations would not
reap the benefits of PM arising from genomic data (37)

Medical Imaging
It is obvious that medical imaging plays an important role in personalised medicine. This
includes all aspects such as diagnosis, prediction and treatment. When patients present initially with
signs and symptoms, their route to diagnosis would, in the majority of cases involve medical imaging
howbeit in combination with other modalities such as laboratory analysis of body fluids. Therefore,
medical imaging is tailored to a person’s clinical and personal characteristics to ensure that the correct
imaging procedure and modality is used for the right patient while reducing the detrimental effects to
the minimum. Examples where imaging procedures are carried out based on patient characteristics
include: the use of patient weight to determine the quantity of contrast medium used; weight-based
isotope injections (NM);exposure parameters based on patient build (CR/DR/CT); and the use of MRI
and ultrasound when imaging children and pregnant women (38).
The detection of diseases before they clinically present can potentially save lives. Medical
imaging, through screening aids in the detection of diseases at the sub-clinical level in order to allow
tailored preventative measures to be taken. This allows stratification of patients into sub-groups of
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risk (low, intermediate and high). This is exemplified in breast, lung and colorectal cancer screening
programs(39–41). Also, the use of MRI as a supplemental imaging modality for women at high risk of
breast cancer has been found to be very effective in detection even though latest studies suggests its
uptake is not as high as expected (42,43). Screening, as it is today (e.g. breast and AAA screening) is
based, at least partly, on the thinking that it is more cost-effective to pick up and treat diseases sooner
than later in the targeted population. It might be argued, and rightly, that dependence of screening on
cost-effectiveness may not necessarily be personalised. There seems to be a tension between the
requirements of evidence based healthcare and the need to keep PM strictly personalised.
The location and extent (a proxy for severity) of disease is vital for the choice of treatment.
This allows personalised treatment regimens to optimise treatment and reduce adverse effects. A
typical example is the staging of tumours. The combination of cross sectional modalities such as MRI
and CT with quantitative metabolic information from PET and SPECT imaging has led to better
visualisation of cancers. Whole body scanning also aids better detection of metastasis (44,45). As
already pointed out, biomarkers play an important role in the selection of the appropriate treatment. In
medical imaging prognostic biomarkers are essential in differentiating between aggressive and nonaggressive disease, while predictive biomarkers are able to determine tumour response to therapy. For
example PET/CT is able to predict accurately tumour recurrence in breast cancer(46).
One exciting aspect of medical imaging in PM is Radiogenomics. “This is the term used when
imaging features are correlated to gene expression”(47). Here a large dataset of information relating to
a disease are taken from an image and correlated with gene expression patterns of the disease. The
presumption is that whatever is happening at the genetic and molecular level results in the image
appearances (48,49). This has been used successfully in areas such as MRI features and gene
expression in breast cancer and CT features and gene mutations in renal cell carcinoma (50,51). From
this information, determination of disease progression and response can be individualised for patients
(52).
The accurate response to treatment is important in PM as it determines whether treatment is
continued, adjusted or stopped. In circumstances where treatments are ineffective, discontinuation of
treatment would result in patients being offered alternative therapies or spared the side effects of the
ineffective one. Medical imaging plays an important role in the assessment of radiotherapy,
chemotherapy and image guided intervention response. A typical example is PET imaging of the liver
and pelvis to determine tumour response to chemo and radiotherapy (53). More recently Ruth Casey
and colleagues have demonstrated the clinical application of in vivo metabolomic analysis using
proton-1 magnetic resonance spectroscopy (1H-MRS) in patients with succinate dehydrogenase
(SDH) deficient tumours (54). Mutations in the (SDH) subunit genes are associated with a wide
spectrum of tumours, including, GI stromal tumours, renal cell carcinomas, and pituitary adenomas.
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Their ability of 1H-MRS to capture this is promising for the noninvasive diagnosis, stratification and
monitoring of tumour response to targeted treatments(54).
Medical imaging also aids to a personalised approach towards treatment planning. Arguably,
a treatment of disease would depend on the individual characteristics of the disease as seen in imaging
prior to and during treatment. An example is the use of functional MRI for planning surgery for brain
tumours(55,56). MRI is used increasingly in conjunction with intensity modulated radiotherapy
(IMRT) with the objective of improving dose delivery to tumours while reducing dose to healthy
tissues. Furthermore, the use of image guided radiotherapy for body parts that are prone to movement
helps to minimise or avoid radiation to healthy tissue. This guidance is of course tailored and
personalised to the patient. Hypoxia arises when living tissues to do not get adequate oxygen supply
to cellular metabolic demand. In tumour cells hypoxia can be indicative of tumour aggressiveness
and poor outcome. Its detection is therefore important. Hypoxia imaging using [18F]MISO-PET in
head and neck cancer helps to detect regions that are resistant to treatment and helps to enhance
the treatment of patients when combined with IMRT (57).

Challenges
One of the challenges facing PM is the complexity and heterogeneity of genes and their
mutations associated with disease. Somatic mutations have been found not to reoccur in various gene
sequencing projects that have taken place. Further sources of complexity occur when the tumours’
microenvironment is taken into consideration. GWAS studies also have to account for patients’
immune systems which might be a function of their lifestyle (58). This, therefore, requires the need
for very effective and rapid modalities for sequencing and the availability of a large amount of
information about various tumours or disease mutations against which comparisons could be made.
To this end, various initiatives have been launched. The 100,000 genome project launched by the
NHS in 2012 for example is aimed at forming the basis of genomic medical services in the UK. Also
the stratified medicine innovation platform (SMIP) was launched in 2011 to profile a large number of
patient’s tumours for biomarkers (10). The availability of multiplex assays and high throughput
screening platforms can also help increase the speed of sequencing in the future (59).
A second challenge is the availability of the infrastructure for conducting and interpreting
genetic information. The human genome contains over 6 billion data points. The information being
generated is vast and research has shown that clinicians struggle to make sense of this vast amount of
data (60,61). There is, therefore, the need for education of clinicians and the provision of decision
support tools and electronic patient data. To solve this issue various governmental and non8

government institutions are investing into the necessary infrastructure to make PM possible. The UK
government for instance is investing $18.1 million in stratified medicine in 2015 and in the same year
$215 million was earmarked by the US government for precision medicine projects including the
screening of 1million volunteers (62). The NHS has also engaged the services “Deepmind” an
artificial intelligence system from Google to analyse patient data. Advances in computer processing
(such as quantum processor by IBM) can help analyse vast amounts of data generated (63). Financial
resources are needed to deliver the dream of PM. For example, once the efficacy and dosage of a
therapy is proven to have genetic link there needs to be the resources and will to make it available to
those who need it. For example, NICE (in the UK) recommends the use of Azathioprine for the
treatment of IBD. However, it falls short of mandating genetic screening for genetic variants
associated for its differential metabolism (it only recommends that clinicians “Consider measuring
TPMT activity before starting azathioprine”). This is even though Azathioprine has drug labels
containing pharmacogenetic information from the FDA (testing recommended), Pharmaceuticals and
Medical Devices Agency, Japan (actionable PGx) and Health Canada (Santé Canada) (actionable
PGx)(64) . Such a mandate would make health care authorities legally bound even though the
availability of resources is patchy, at best. The funding and infrastructure for genomic screening is at
its infancy and it is likely that until these resources are more widely available the health systems
would be reluctant to mandate such genomic screening.
There are issues with regulation in terms of drug approval processes and the proliferation of
private companies providing genetic testing facilities. For companion diagnostics to be approved both
the drug and the test has to meet regulatory standards. Diagnostic test review processes take place in
different sections of the Food and Drug administration (FDA). These divisions apply different
standards and therefore challenges may exist in bringing such therapy to market(65). Faster
development and approval of companion diagnostics as proposed by Schilsky (65) is needed. Due to
the media attention that high profile cases mentioned above there seems to be a proliferation of
companies offering genetic testing for patients. Unfortunately there are no standardised medical
guidelines and quality assurance frameworks available and therefore there is the need for oversight to
ensure safety and security of patient’s genetic information(66). Whereas self-regulation might be
argued by some of these private providers (to reduce costs), arguably the sensitivity of genetic
information and the emotive nature of sectors like oncology would suggest direct centralised
regulation might be necessary to prevent regulation capture.
A further challenge is the process by which decisions to approve genetic testing and
subsequent funding is made. Research has shown much variation in the public and private sector.
Private health insurance companies have restrictions on companion diagnostics (placing more
emphasis on treatments). Similarly, in the UK NICE places more value on treatments in their
computation of cost effectiveness (67). The cost of this class of novel drugs is high and it is hoped
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that with increase in knowledge and discovery more drug targets and candidates costs would
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Figure 1 Shows the drivers of the future success of PM ranked according to importance (vertical axis) and uncertainty
(Horizontal axis)

Looking ahead
Due to the complexity of the drivers and challenges discussed above, it is difficult to predict
what PM would look like in decades to come. Such complexity breeds uncertainty and strategic
decisions need to made by governments, health systems and policy makers. Scenario planning is one
such tool used for this purpose.
Michael Porter’s definition of a scenario is an ‘internally consistent plausible view of how the
future might turn out (Porter, 1985). Unlike forecasting, scenarios do not necessarily have to be
probable. They only need to be plausible. A set of scenarios may present mutually exclusive futures
which may be desirable or undesirable. Forecasting aims to identify a plausible and likely future.
Scenarios are usually created projecting forwards from present trends. These can then be used to
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develop robust strategies for the perceived future. They can be used to position an organisation so that
it can respond to any future which arises within a set of scenarios. Bradfield et al. (69) and other
authors have written at length about the merits of scenario planning and exemplifies Shell
Corporation as an example of an organisation which gained from this exercise during the oil price
shock of 1970s. Figure 1 above represents the list and ranking (according to importance and
uncertainty) of drivers that may affect PM. However, while high profile leaders and policy makers
such as the Chief Medical Officer of the NHS (Dame Sally Davies) is calling for the NHS to deliver
the genomic dream in 4 years, the reality on the ground and from the foregoing suggests that this
might be unattainable.

Conclusion
It is obvious from the foregoing that PM holds great potential in the future strategy of combating all
manner of ailments. This will be driven by the advances in genomic research and the success of
analysing vast amounts of data. Further, these advances are capital intensive and financial investment
both public and private would be essential. The need to make private investment profitable has to be
balanced with the general public good in order to ensure that high ethical principles are maintained
and such that targeted treatments for the diseases do not become the preserve of the rich. Medical
imaging plays a vital role in PM with regards to diagnosis, prediction and treatment. PM has already
entered the clinical practice in many places; it is important that the medical imaging community
become conversant with this concept and is prepare to take their place as a relevant partner in PM.

Strategic Recommendations
To ensure the success of PM, the following strategic recommendations are suggested:


Increased investment genetic studies and computer processing for the discovery of new
biomarkers



Streamlined regulations to address concerns about genetic privacy and confidentiality



Regulatory incentives to ensure profitability of pharmaceutical industries and equity of access
to PM



Standardisation of genetic testing and documentation
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Regulation to ensure private genetic testing firms do not take advantage of the populace



Better awareness about PM within the medical imaging community

References
1.

Collins F. Personalized medicine - The Boston Globe - Boston.com - Op-ed - News [Internet].
Boston.com. 2005 [cited 2018 Jan 30]. Available from:
http://archive.boston.com/news/globe/editorial_opinion/oped/articles/2005/07/17/personalized
_medicine/

2.

Basik M, Balducci L, Bregni M. Personalized medicine: a comprehensive approach in
oncology. J Med Person [Internet]. 2011 Dec 11 [cited 2018 Jan 30];9(3):89–90. Available
from: http://link.springer.com/10.1007/s12682-011-0097-3

3.

Jacob I, Awada AH, Payne K, Annemans L. Stratified medicine: a call for action. Expert Rev
Pharmacoecon Outcomes Res [Internet]. 2013 Jun 9 [cited 2017 Dec 14];13(3):277–9.
Available from: http://www.tandfonline.com/doi/full/10.1586/erp.13.29

4.

Landau R. One Size Does Not Fit All. Anesthesiology [Internet]. 2006 Aug [cited 2018 Jan
30];105(2):235–7. Available from:
http://content.wkhealth.com/linkback/openurl?sid=WKPTLP:landingpage&an=00000542200608000-00003

5.

Kuchuk I, Clemons M, Addison C. Time to put an end to the &quot;one size fits all&quot;
approach to bisphosphonate use in patients with metastatic breast cancer? Curr Oncol
[Internet]. 2012 Oct [cited 2017 Dec 14];19(5):e303-4. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/23144577

6.

Roberts R. Genetics of coronary artery disease. Circ Res [Internet]. 2014 Jun 6 [cited 2018 Jun
12];114(12):1890–903. Available from: http://www.ncbi.nlm.nih.gov/pubmed/24902973

7.

MRC. Stratified medicine - Research - Medical Research Council [Internet]. Medical Research
Council. 2018 [cited 2018 Jan 30]. Available from:
https://www.mrc.ac.uk/research/initiatives/stratified-medicine/

8.

NIH. What is pharmacogenomics? - Genetics Home Reference [Internet]. Genetic Home
Reference. 2017 [cited 2017 Dec 14]. Available from:
https://ghr.nlm.nih.gov/primer/genomicresearch/pharmacogenomics

9.

Salari K, Watkins H, Ashley EA. Personalized medicine: hope or hype? Eur Heart J [Internet].

12

2012 Jul [cited 2018 Jan 30];33(13):1564–70. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/22659199
10.

Fricker J. UK’s adopts systematic approach to personalised cancer medicine. Mol Oncol
[Internet]. 2011 Jun [cited 2018 Jan 30];5(3):217–9. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/21774109

11.

Slamon DJ, Leyland-Jones B, Shak S, Fuchs H, Paton V, Bajamonde A, et al. Use of
Chemotherapy plus a Monoclonal Antibody against HER2 for Metastatic Breast Cancer That
Overexpresses HER2. N Engl J Med [Internet]. 2001 Mar 15 [cited 2018 Jan 30];344(11):783–
92. Available from: http://www.nejm.org/doi/abs/10.1056/NEJM200103153441101

12.

Lander ES, Linton LM, Birren B, Nusbaum C, Zody MC, Baldwin J, et al. Initial sequencing
and analysis of the human genome. Nature [Internet]. 2001 Feb 15 [cited 2018 Jan
30];409(6822):860–921. Available from: http://www.ncbi.nlm.nih.gov/pubmed/11237011

13.

Consortium TIH, Altshuler D, Donnelly P. A haplotype map of the human genome. Nature
[Internet]. 2005 Oct 27 [cited 2018 Jan 30];437(7063):1299–320. Available from:
http://www.nature.com/articles/nature04226

14.

Lander ES. Initial impact of the sequencing of the human genome. Nature [Internet]. 2011 Feb
10 [cited 2018 Jan 30];470(7333):187–97. Available from:
http://www.nature.com/doifinder/10.1038/nature09792

15.

Egalite N, Groisman IJ, Godard B. Personalized medicine in oncology: ethical implications for
the delivery of healthcare. Per Med [Internet]. 2014 Sep 7 [cited 2018 Jan 30];11(7):659–68.
Available from: http://www.futuremedicine.com/doi/10.2217/pme.14.53

16.

Atkinson AJ, Colburn WA, DeGruttola VG, DeMets DL, Downing GJ, Hoth DF, et al.
Biomarkers and surrogate endpoints: Preferred definitions and conceptual framework
[Internet]. Vol. 69, Clinical Pharmacology and Therapeutics. 2001 [cited 2017 Dec 14]. p. 89–
95. Available from: http://doi.wiley.com/10.1067/mcp.2001.113989

17.

Kurnat-Thoma EL. Genetics and Genomics The Scientific Drivers of Personalized Medicine.
Annu Rev Nurs Res [Internet]. 2011 Dec 1 [cited 2018 Jan 30];29(1):27–54. Available from:
http://www.ingentaconnect.com/content/10.1891/0739-6686.29.27

18.

Mehta S, Shelling A, Muthukaruppan A, Lasham A, Blenkiron C, Laking G, et al. Predictive
and prognostic molecular markers for cancer medicine. Ther Adv Med Oncol [Internet]. 2010
Mar [cited 2018 Jan 30];2(2):125–48. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/21789130

13

19.

Weinshilboum RM, Wang L. Pharmacogenetics and Pharmacogenomics: Development,
Science, and Translation. Annu Rev Genomics Hum Genet [Internet]. 2006 Sep [cited 2018
Jan 30];7(1):223–45. Available from: http://www.ncbi.nlm.nih.gov/pubmed/16948615

20.

Willoughby JMT, Beckett J, Kumar P, Dawson AM. CONTROLLED TRIAL OF
AZATHIOPRINE IN CROHN’S DISEASE. Lancet [Internet]. 1971 Oct 30 [cited 2017 Dec
15];298(7731):944–7. Available from:
http://www.sciencedirect.com/science/article/pii/S0140673671902686

21.

Coenen MJH, de Jong DJ, van Marrewijk CJ, Derijks LJJ, Vermeulen SH, Wong DR, et al.
Identification of Patients With Variants in TPMT and Dose Reduction Reduces Hematologic
Events During Thiopurine Treatment of Inflammatory Bowel Disease. Gastroenterology
[Internet]. 2015 Oct [cited 2017 Dec 15];149(4):907–917.e7. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/26072396

22.

BBC. BBC NEWS | Health | Medicines “killing 10,000 people” [Internet]. BBC NEWS
CHANNEL. 2014 [cited 2018 Jan 30]. Available from:
http://news.bbc.co.uk/1/hi/health/3856289.stm

23.

Pirmohamed M, James S, Meakin S, Green C, Scott AK, Walley TJ, et al. Adverse drug
reactions as cause of admission to hospital: prospective analysis of 18 820 patients. BMJ
[Internet]. 2004 Jul 3 [cited 2018 Jan 30];329(7456):15–9. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/15231615

24.

NIH. The Cost of Sequencing a Human Genome - National Human Genome Research Institute
(NHGRI) [Internet]. National Genome Research Institute. 2016 [cited 2018 Jun 21]. Available
from: https://www.genome.gov/27565109/the-cost-of-sequencing-a-human-genome/

25.

Cantrell RL. Outpacing the competition : patent-based business strategy [Internet]. Wiley;
2009 [cited 2018 Jan 30]. 343 p. Available from: https://www.wiley.com/enus/Outpacing+the+Competition%3A+Patent+Based+Business+Strategy-p-9780470390856

26.

Berger R. Roland berger: fight_or_flight_shortversion_20101025 [Internet]. Slideshare. 2010
[cited 2018 Jan 30]. Available from: https://www.slideshare.net/oscarmirandalahoz/rolandberger-fightorflightshortversion20101025

27.

GSK. Annual Report. GSK [Internet]. 2013 [cited 2018 Jan 30]; Available from:
https://www.gsk.com/media/2701/annual-report-2013-interactive.pdf

28.

Kapoor R, Klueter T. Decoding the Adaptability-Rigidity Puzzle: Evidence from
Pharmaceutical Incumbents’ Pursuit of Gene Therapy and Monoclonal Antibodies. Acad
Manag J [Internet]. 2015 Aug 1 [cited 2018 Jan 30];58(4):1180–207. Available from:
14

http://amj.aom.org/cgi/doi/10.5465/amj.2013.0430
29.

Steffen J, Steffen J. Driving Forces Behind the Past and Future Emergence of Personalized
Medicine. J Pers Med [Internet]. 2013 Jan 17 [cited 2018 Jan 26];3(1):14–22. Available from:
http://www.mdpi.com/2075-4426/3/1/14/

30.

Schmid EF, Smith DA. Managing innovation in the pharmaceutical industry. [cited 2018 Jan
30]; Available from: https://link.springer.com/content/pdf/10.1057/palgrave.jcb.3040148.pdf

31.

Burrell RA, McGranahan N, Bartek J, Swanton C. The causes and consequences of genetic
heterogeneity in cancer evolution. Nature [Internet]. 2013 Sep 19 [cited 2018 Jan
30];501(7467):338–45. Available from: http://www.nature.com/articles/nature12625

32.

McGowan ML, Settersten RA, Juengst ET, Fishman JR, Fishman JR. Integrating genomics
into clinical oncology: ethical and social challenges from proponents of personalized medicine.
Urol Oncol [Internet]. 2014 Feb [cited 2018 Jan 30];32(2):187–92. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/24445286

33.

Garfield S, Douglas MP, MacDonald K V, Marshall DA, Phillips KA. Consumer familiarity,
perspectives and expected value of personalized medicine with a focus on applications in
oncology. Per Med [Internet]. 2015 Jan 6 [cited 2018 Jan 30];12(1):13–22. Available from:
http://www.futuremedicine.com/doi/10.2217/pme.14.74

34.

Ciardiello F, Arnold D, Casali PG, Cervantes A, Douillard J-Y, Eggermont A, et al. Delivering
precision medicine in oncology today and in future—the promise and challenges of
personalised cancer medicine: a position paper by the European Society for Medical Oncology
(ESMO). Ann Oncol [Internet]. 2014 Sep [cited 2018 Jan 30];25(9):1673–8. Available from:
https://academic.oup.com/annonc/article-lookup/doi/10.1093/annonc/mdu217

35.

Lolkema MP, Gadellaa-van Hooijdonk CG, Bredenoord AL, Kapitein P, Roach N, Cuppen E,
et al. Ethical, legal, and counseling challenges surrounding the return of genetic results in
oncology. J Clin Oncol [Internet]. 2013 May 20 [cited 2018 Jan 30];31(15):1842–8. Available
from: http://ascopubs.org/doi/10.1200/JCO.2012.45.2789

36.

Middleton A. Socialising the Genome - making genomics resonate | Society &amp; Ethics
Research | Wellcome Genome Campus. In: World Congress on Genetic Counselling, 4th
October, Cambridge UK [Internet]. Cambridge; 2017 [cited 2018 Jan 30]. Available from:
http://societyandethicsresearch.wellcomegenomecampus.org/catalogue/socialising-thegenome-making-genomics-resonate

37.

Nazareth S. Why We Need to Rethink Ethnicity-Based Genetic Testing | Center for Genetics
and Society [Internet]. CCenter for Genetics and Society. 2016 [cited 2018 May 8]. Available
15

from: https://www.geneticsandsociety.org/article/why-we-need-rethink-ethnicity-basedgenetic-testing
38.

Liu J, Gao J, Wu R, Zhang Y, Hu L, Hou P. Optimizing contrast medium injection protocol
individually with body weight for high-pitch prospective ECG-triggering coronary CT
angiography. Int J Cardiovasc Imaging [Internet]. 2013 Jun 4 [cited 2018 May 8];29(5):1115–
20. Available from: http://www.ncbi.nlm.nih.gov/pubmed/23288418

39.

Levine Y. GASTROINTESTINAL IMAGING: Colorectal Cancer Screening. Radiology
[Internet]. [cited 2018 May 8];273(2). Available from:
https://pubs.rsna.org/doi/pdf/10.1148/radiol.14140531

40.

van Iersel CA, de Koning HJ, Draisma G, Mali WPTM, Scholten ET, Nackaerts K, et al. Riskbased selection from the general population in a screening trial: Selection criteria, recruitment
and power for the Dutch-Belgian randomised lung cancer multi-slice CT screening trial
(NELSON). Int J Cancer [Internet]. 2007 Feb 15 [cited 2018 May 8];120(4):868–74. Available
from: http://www.ncbi.nlm.nih.gov/pubmed/17131307

41.

Independent UK Panel on Breast Cancer Screening. The benefits and harms of breast cancer
screening: an independent review. Lancet [Internet]. 2012 Nov 17 [cited 2018 May
8];380(9855):1778–86. Available from: http://www.ncbi.nlm.nih.gov/pubmed/23117178

42.

Miles R, Wan F, Onega TL, Lenderink-Carpenter A, O’Meara ES, Zhu W, et al.
Underutilization of Supplemental Magnetic Resonance Imaging Screening Among Patients at
High Breast Cancer Risk. J Women’s Heal [Internet]. 2018 Jan 17 [cited 2018 May
8];jwh.2017.6623. Available from: http://www.ncbi.nlm.nih.gov/pubmed/29341851

43.

Wellings E, Vassiliades L, Abdalla R. Breast Cancer Screening for High-Risk Patients of
Different Ages and Risk - Which Modality Is Most Effective? Cureus [Internet]. 2016 Dec 28
[cited 2018 May 8];8(12):e945. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/28133583

44.

Czernin J, Allen-Auerbach M, Schelbert HR. Improvements in cancer staging with PET/CT:
literature-based evidence as of September 2006. J Nucl Med [Internet]. 2007 Jan 1 [cited 2018
May 8];48 Suppl 1(1 suppl):78S–88S. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/17204723

45.

Kostakoglu L, Cheson BD. Current role of FDG PET/CT in lymphoma. Eur J Nucl Med Mol
Imaging [Internet]. 2014 May 12 [cited 2018 May 8];41(5):1004–27. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/24519556

46.

Nakajima N, Kataoka M, Sugawara Y, Ochi T, Kiyoto S, Ohsumi S, et al. Volume-Based
16

Parameters of 18F-Fluorodeoxyglucose Positron Emission Tomography/Computed
Tomography Improve Disease Recurrence Prediction in Postmastectomy Breast Cancer
Patients With 1 to 3 Positive Axillary Lymph Nodes. Int J Radiat Oncol [Internet]. 2013 Nov
15 [cited 2018 May 8];87(4):738–46. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/24064322
47.

European Society of Radiology (ESR). Medical imaging in personalised medicine: a white
paper of the research committee of the European Society of Radiology (ESR). Insights into
Imaging [Internet]. 2015 Dec [cited 2017 Mar 3];6(2):141–55. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/22347981

48.

Kuo MD, Jamshidi N. Behind the Numbers: Decoding Molecular Phenotypes with
Radiogenomics—Guiding Principles and Technical Considerations. Radiology [Internet]. 2014
Feb [cited 2018 May 8];270(2):320–5. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/24471381

49.

Aerts HJWL, Velazquez ER, Leijenaar RTH, Parmar C, Grossmann P, Cavalho S, et al.
Decoding tumour phenotype by noninvasive imaging using a quantitative radiomics approach.
Nat Commun [Internet]. 2014 Jun 3 [cited 2018 May 8];5:4006. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/24892406

50.

Karlo CA, Di Paolo PL, Chaim J, Hakimi AA, Ostrovnaya I, Russo P, et al. Radiogenomics of
Clear Cell Renal Cell Carcinoma: Associations between CT Imaging Features and Mutations.
Radiology [Internet]. 2014 Feb [cited 2018 May 8];270(2):464–71. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/24029645

51.

Yamamoto S, Maki DD, Korn RL, Kuo MD. Radiogenomic Analysis of Breast Cancer Using
MRI: A Preliminary Study to Define the Landscape. Am J Roentgenol [Internet]. 2012 Sep
[cited 2018 May 8];199(3):654–63. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/22915408

52.

Diehn M, Nardini C, Wang DS, McGovern S, Jayaraman M, Liang Y, et al. Identification of
noninvasive imaging surrogates for brain tumor gene-expression modules. Proc Natl Acad Sci
[Internet]. 2008 Apr 1 [cited 2018 May 8];105(13):5213–8. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/18362333

53.

de Geus-Oei L-F, Vriens D, van Laarhoven HWM, van der Graaf WTA, Oyen WJG.
Monitoring and predicting response to therapy with 18F-FDG PET in colorectal cancer: a
systematic review. J Nucl Med [Internet]. 2009 May 1 [cited 2018 May 9];50 Suppl 1(Suppl
1):43S–54S. Available from: http://www.ncbi.nlm.nih.gov/pubmed/19403879

17

54.

Casey RT, McLean MA, Madhu B, Challis BG, ten Hoopen R, Roberts T, et al. Translating In
Vivo Metabolomic Analysis of Succinate Dehydrogenase–Deficient Tumors Into Clinical
Utility. JCO Precis Oncol [Internet]. 2018 Mar [cited 2018 May 3];(2):1–12. Available from:
http://ascopubs.org/doi/10.1200/PO.17.00191

55.

Holodny AI, Ollenschleger MD, Liu WC, Schulder M, Kalnin AJ, Lugt A van der.
Identification of the corticospinal tracts achieved using blood-oxygen-level-dependent and
diffusion functional MR imaging in patients with brain tumors. AJNR Am J Neuroradiol
[Internet]. 2001 Jan 1 [cited 2018 May 9];22(1):83–8. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/11158892

56.

Smits M, Vernooij MW, Wielopolski PA, Vincent AJPE, Houston GC, van der Lugt A.
Incorporating functional MR imaging into diffusion tensor tractography in the preoperative
assessment of the corticospinal tract in patients with brain tumors. AJNR Am J Neuroradiol
[Internet]. 2007 Aug 1 [cited 2018 May 9];28(7):1354–61. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/17698540

57.

Hendrickson K, Phillips M, Smith W, Peterson L, Krohn K, Rajendran J. Hypoxia imaging
with [F-18] FMISO-PET in head and neck cancer: potential for guiding intensity modulated
radiation therapy in overcoming hypoxia-induced treatment resistance. Radiother Oncol
[Internet]. 2011 Dec [cited 2018 Jun 22];101(3):369–75. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/21872957

58.

Wood LD, Parsons DW, Jones S, Lin J, Sjoblom T, Leary RJ, et al. The Genomic Landscapes
of Human Breast and Colorectal Cancers. Science (80- ) [Internet]. 2007 Nov 16 [cited 2018
Jan 30];318(5853):1108–13. Available from: http://www.ncbi.nlm.nih.gov/pubmed/17932254

59.

Tavares P, Dias L, Palmeiro A, Rendeiro P, Tolias P. Single-test parallel assessment of
multiple genetic disorders. Per Med [Internet]. 2011 May 31 [cited 2018 Jan 30];8(3):375–9.
Available from: http://www.futuremedicine.com/doi/10.2217/pme.11.23

60.

Hunter DJ, Kraft P. Drinking from the Fire Hose — Statistical Issues in Genomewide
Association Studies. N Engl J Med [Internet]. 2007 Aug 2 [cited 2018 Jan 30];357(5):436–9.
Available from: http://www.nejm.org/doi/abs/10.1056/NEJMp078120

61.

Bonter K, Desjardins C, Currier N, Pun J, Ashbury FD. Personalised medicine in Canada: a
survey of adoption and practice in oncology, cardiology and family medicine. BMJ Open
[Internet]. 2011 Jul 29 [cited 2018 Jan 30];1(1):e000110. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/22021765

62.

Burki T. UK and US governments to fund personalised medicine. Lancet Oncol [Internet].
18

2015 Mar [cited 2018 Jan 30];16(3):e108. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/25660810
63.

Baraniuk C. Google DeepMind targets NHS head and neck cancer treatment - BBC News
[Internet]. BBC NEWS. 2016 [cited 2018 Jan 30]. Available from:
http://www.bbc.co.uk/news/technology-37230806

64.

Whirl-Carrillo M, McDonagh EM, Hebert JM, Gong L, Sangkuhl K, Thorn CF, et al.
Pharmacogenomics knowledge for personalized medicine. Clin Pharmacol Ther [Internet].
2012 Oct [cited 2017 Dec 16];92(4):414–7. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/22992668

65.

Schilsky RL. Personalized medicine in oncology: the future is now. Nat Rev Drug Discov
[Internet]. 2010 May 1 [cited 2018 Jan 30];9(5):363–6. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/20431568

66.

Butts C, Kamel-Reid S, Batist G, Chia S, Blanke C, Moore M, et al. Benefits, issues, and
recommendations for personalized medicine in oncology in Canada. Curr Oncol [Internet].
2013 Oct [cited 2018 Jan 30];20(5):e475-83. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/24155644

67.

Leopold C, Vogler S, Habl C, Mantel-Teeuwisse AK, Espin J. Personalised medicine as a
challenge for public pricing and reimbursement authorities – A survey among 27 European
countries on the example of trastuzumab. Health Policy (New York) [Internet]. 2013 Dec 1
[cited 2018 Jan 30];113(3):313–22. Available from:
https://www.sciencedirect.com/science/article/pii/S0168851013002534

68.

Chiang A, Million RP. Personalized medicine in oncology: next generation. Nat Rev Drug
Discov [Internet]. 2011 Dec 1 [cited 2018 Jan 30];10(12):895–6. Available from:
http://www.nature.com/doifinder/10.1038/nrd3603

69.

Bradfield R, Wright G, Burt G, Cairns G, Van Der Heijden K. The origins and evolution of
scenario techniques in long range business planning. Futures [Internet]. 2005 Oct 1 [cited 2018
Jan 26];37(8):795–812. Available from: https://www-sciencedirectcom.libezproxy.open.ac.uk/science/article/pii/S0016328705000042

19

