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Abstract

Individualized medicine, or the tailoring of therapeutic interventions to a patient’s unique genetic, 

biochemical, physiological, exposure and behavioral profile, has been enhanced, if not enabled, by 

modern biomedical technologies such as high-throughput DNA sequencing platforms, induced 

pluripotent stem (iPS) cell assays, biomarker discovery protocols, imaging modalities and wireless 

monitoring devices. Despite successes in the isolated use of these technologies, however, it is 

arguable that their combined and integrated use in focused studies of individual patients is the best 

way to not only tailor interventions for those patients, but also shed light on treatment strategies 

for patients with similar conditions. This is particularly true for individuals with rare diseases 

since, by definition, they will require study without recourse to other individuals, or at least 

without recourse to many other individuals. Such integration and focus will require new 

biomedical scientific paradigms and infrastructure, including the creation of databases harboring 

study results, the formation of dedicated multidisciplinary research teams and new training 

programs. We consider the motivation and potential for such integration, point out areas in need of 

improvement, and argue for greater emphasis on improving patient health via technological 

innovations, not merely improving the technologies themselves. We also argue that the paradigm 

described can in theory be extended to the study of individuals with more common diseases.
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Introduction

The rapid development of comprehensive yet cost-effective molecular profiling assays, such 

as DNA sequencing and proteomic assays, has led to the belief that their use can aid in the 

determination of optimal therapeutic interventions for an individual patient. The intuition 
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behind this belief is that the unique and very specific set of molecular ‘lesions’ causing a 

patient’s disease can be identified and the pathophysiological consequences of these lesions 

determined, leading to insights into how best to reverse or prevent them. It is arguable that 

the precise set of lesions and consequent pathophysiological mechanisms responsible for any 

particular patient’s disease state, given his or her unique biochemical and environmental 

exposure profile, may be nuanced and unlikely to match a different patient’s set of disease-

causing mechanisms. Thus, the practice of identifying, and subsequently developing a 

therapeutic intervention for, patient-specific lesions has been variously referred to as 

‘individualized,’ ‘personalized,’ or ‘precision’ medicine.[1–3] In fact, medical reference 

manuals and textbooks have recently been published which describe strategies for enabling 

and practicing medicine along these lines.[4, 5] Although many paradigmatic examples of 

individualized medicine and research have been born out of necessity due to a patient of 

interest having a unique idiopathic and life-threatening condition (see, e.g., the references 

associated with Tables 1 and 2), the principles behind individualized medicine and research 

can be generalized and expanded to the study of patients with more common chronic 

conditions, albeit with appropriate caveats.

Stratified Medicine

Although virtually every disease has been considered as likely to benefit from more 

individualized approaches to its treatment, research efforts in the study of cancers have led 

to the belief that patients can be subdivided or ‘stratified’ into treatment categories on the 

basis of the existence of particular mutations and genomic anomalies in their tumors.[6–8] 

Although such stratification does not necessarily focus on individual patient tumor 

characteristics but rather on patterns observed across patients (i.e., identifying subgroups of 

patients with similar tumor profiles), such activity is consistent with, and a precursor to, true 

individualized cancer interventions. In fact, notable successes in matching therapeutics to 

patients with very specific characteristics have been achieved in the treatment of cancers and 

this success has led to the formation of informal ‘rules’ for the treatment of cancers based on 

genomic profiles.[8] For example, if the BCR-ABL gene fusion is present in a patient with 

chronic myelogenous leukemia, then the use of Imatinib (Gleevec), given its ability to 

combat the deleterious effects of the BCR-ABL fusion, is appropriate; if the HER2 gene is 

overexpressed in breast cancer, then the use of Herceptin is appropriate; or, as a more 

general example, if the EGFR gene is overexpressed in any of a number of different cancers 

then the use of an EGFR inhibitor is likely to have beneficial effects.[9]

Individualized Medicine

For many forms of cancer, and especially for the vast majority of rare congenital diseases as 

well as more common complex conditions such as diabetes, arthritis and heart disease, 

enabling individualized – or even stratified – medicine is much more complicated than 

suggested by the current literature. Not only must an underlying set of patient-specific 

molecular lesions be identified and their deleterious impact on physiological function 

understood to the point where effective corrective strategies can be framed, but any 

hypothesized corrective strategy must also be vetted at some level or the attempt to make 

claims about its utility as an effective ‘individualized’ therapy will be incomplete and not 

likely to be compelling scientifically. Vetting an appropriate individualized or stratified 
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therapeutic intervention is complicated by a number of factors, not the least of which 

concern a lack of available and relevant therapeutic interventions, inappropriate ways of 

monitoring functional improvements, and ultimately an incomplete understanding of an 

individual’s biochemical and environmental exposure profile. For example, even in the 

context of current cancer therapeutic strategies that stratify patients into treatment categories 

based on the genomic profiles of their tumors, many therapeutic agents work remarkably 

well only to fail later on when tumor resistance mechanisms develop that are likely induced 

by additional tumorigenic mutations lurking in the background of a primary mutation[10]. 

This is evidenced, e.g., by studies on colorectal cancer and EGFR inhibition in which EGFR 

inhibitors showed promise early on, but were much less effective over time.[11, 12] Thus, 

stratifying cancer patients into what are thought to be homogenous treatment categories 

based on the presence of a single tumor genomic anomaly often defies the underlying 

nuanced and very heterogeneous nature of individual tumors, necessitating an even more 

individualized approach to cancer therapeutic intervention than current ‘stratified’ medicine 

approaches offer.[6–8, 13]

Individual Patient-Oriented Research

Ultimately, identifying fundamental lesions causing an individual’s disease (whether DNA 

sequence mutations or other molecular perturbations), understanding the pathophysiological 

consequences of those lesions, developing appropriate corrective interventions, and 

appropriately testing the efficacy of those interventions, all in the context of a focused 

research setting, are not trivial. Such comprehensive individual patient-oriented research is 

not the norm for drawing inferences about disease mechanisms and disease treatments in the 

biomedical sciences, where emphasis is often on the statistical analysis-based identification 

of common lesions and therapeutics with robust treatment responses across large numbers of 

patients. However, statistical techniques that are similar to those used to assess 

commonalities and differences across or among groups of diseased and non-disease 

individuals can be used to assess common patterns and variations within single individuals 

in order to draw valid inferences about pathogenic mechanisms and treatment 

responsiveness. In addition, individual patient-oriented research can be further enhanced 

though the application of the integrated use of multiple contemporary biomedical 

technologies, innovative study designs, more appropriate analytical methods and the 

development of community resources, such as databases. Finally, the development of 

appropriate basic and clinical research community infrastructure can enhance ways of 

generalizing relevant studies and their ultimate clinical impact.

INTEGRATED GENOMIC MEDICINE SCIENTIFIC STRATEGIES

To describe how various assays and technologies can be exploited in research protocols on 

individual patients, consider Figure 1 which describes a potential ‘workflow’ for 

determining what might be responsible for an individual patient’s condition, determining 

how to correct the underlying problem, testing a potential therapeutic intervention, and 

finally providing the results of the research to the broader research and clinical communities.

[14] Each step in the workflow depicted in Figure 1 (numbered for ease of reference) can be 

considered in isolation and has roots in the current literature. The workflow described here is 
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not meant to be exhaustive and appropriate for all diseases, but rather focuses on the study of 

patients with rare diseases for which it might be possible to identify highly penetrant 

pathogenic mutations contributing to their condition. We do believe, however, that aspects of 

this workflow apply to the study of patients with more common diseases.

Molecular and Genomic Profiling

After a patient has been identified (Steps 1 and 2 of Figure 1), his or her condition may not 

permit easy diagnosis nor may his or her optimal intervention strategy be obvious. 

Molecular assays can be applied to determine the lesions likely to either be responsible for 

the condition or affect the success of a therapeutic intervention. DNA sequencing and 

genotyping assays have been used routinely to make and confirm diagnoses for many 

common and rare diseases in this context (Step 3 of Figure 1). Importantly, recent 

applications of genomic assays have also involved cases in which the assays were pursued 

because no leads as to what might be causing patients’ unique and likely idiopathic disease 

were available. Table 1 lists a few recent examples, as well as how the results of the genomic 

assays impacted clinical decision-making and the choice of a therapeutic intervention.

As noted, in the context of cancer, the stratification of patients into categories based on their 

tumor genomic profile has led to a number of insights that bear on therapeutic choice.[9] 

However, the therapeutic choices for patients in these categories have not always resulted in 

optimal clinical outcomes due to complexities surrounding individual tumor biology (such 

as passenger vs driver mutations, intra- and inter-tumor heterogeneity, the involvement of 

stromal and cancer stem cells, etc.), host-related factors, unavailable treatments and a lack of 

insight into how the available treatments may act in a given patient.[11, 12] For many 

congenital conditions, particularly rare conditions, such complexities also arise. For 

example, a recent study exploring the genomic profiles of patients with generalized 

idiopathic epilepsy suggested that the unique combinations of sequence variants in ion 

channel genes possessed by a patient complicate the determination of optimal therapeutic 

strategies for those patients.[15] Essentially, this study suggested that simple prediction of 

gains and losses in channel activity on the basis of the independent presence of one or 

another mutation is not possible, such that “even if two mutations (or ‘hits’) are present in 

relevant genes possessed by a patient, the combinatorial effects on [neuronal] firing behavior 

are dramatically more complex, indicating that the pattern of genetic variation (functional 

valence of each allele) overrides its individual impact even at the single cell level. The 

addition of a third hit can also suppress or aggravate spontaneous rhythmic bursting, an 

important cellular determinant of neural network behavior” (page 1041 of reference [15]). 

The phenomenon in which the primary effects of a pathogenic variant are modified or 

influenced by the presence of other genetic factors is well-documented in the experimental 

[16–18] and human genetics literature.[19–22] This suggests that a sensitivity to ‘genetic 

background’ influences over-and-above a single genetic variant must be considered for 

obtaining appropriate insight into the genetically-mediated pathobiology of a disease, such 

as those related to ion channel function (step 5 of Figure 1). This is especially true if the goal 

is to not just determine a single contributor to an individual’s disease, but also craft a 

therapeutic intervention tailored to that specific patient.
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Pathogenic Lesion Identification via Bioinformatics Analysis

The application of modern molecular genetic assays, such as DNA sequencing, to the 

identification of the root cause of an individual’s disease requires very sophisticated data 

analysis and bioinformatics techniques given the massive amount of data these assays 

generate. Thus, even if a pathogenic variant (or set of variants) exists, the identification of 

that variant with available data analysis tools is challenging (step 6 in Figure 1). The 

recognition that merely generating data from modern molecular assays is only a fraction of 

what it takes to harness those assays is well accepted in the biomedical sciences community.

[23–25] For the application of DNA sequencing assays exploited in the studies described in 

Table 1, virtually all of the analysis tools that led to the identification of a likely pathogenic 

mutation not only relied on very sophisticated algorithms for identifying likely causative 

variants, but curated literature searches to aid inference-making as well.

Computational tools for general use in the identification of likely disease causative DNA 

sequence variants, for both congenital diseases and cancers, have been developed, but their 

success rates in identifying true pathogenic mutations has yet to be determined in large-scale 

applications.[26–30] In addition, accommodating the complexity of most diseases in such 

analyses, since most diseases are often influenced by a combination of multiple genes, 

environmental factors, general genetic background and epigenetic phenomena, as in the case 

of generalized idiopathic epilepsy[15] and cancer[6, 31], is essential for insights that could 

lead to effective therapies. This is true for not only diseases known to have multiple genetic 

determinants, as suggested by the sobering results of population-based genome-wide 

association studies and genome-wide prediction analyses of common chronic conditions like 

diabetes and cardiovascular disease,[21, 32, 33] but also overtly monogenic or idiopathic 

conditions where the success rate for uncovering a causative variant is currently only 

between 25–50%, with the range in time to diagnosis spanning 1 week to four years.[34]

One additional reason why the success rate of the identification of pathogenic variants has 

been low is that the analysis of any one assay, such as DNA sequencing, may be inadequate 

to pin down a truly actionable molecular mechanism responsible for an individual’s 

condition. This has proven to be the case in the identification of genomic alterations that 

‘drive’ particular tumors, as the greatest successes to date have made use of a combination of 

tumor and germline genomic assays, transcriptomic assays, as well as epigenomic and other 

assays to identify the most compelling sets of contributing pathogenic alterations for many 

tumor types (see, e.g., [35, 36]). In addition, many analyses focusing on tumor genomic 

profiles to identify appropriate treatment strategies largely ignore the heritable factors 

contributing to tumor formation and growth [6, 37]. Obviously, more sophisticated ways of 

computationally assessing integrated molecular assay data in the identification of pathogenic 

alterations are needed, as are ways of interrogating the literature and making accessible new 

information that could aid in future searches for pathogenic alterations. A recent study 

exploring the emergence and onset of diabetes in a single patient through the integrated use 

of a number of genomic, physiological and biochemical assays, offers a reasonable paradigm 

for individual patient oriented research of the type discussed here.[38] Finally, the inherent 

difficulty in predicting the effects of non-coding mutations or aberrant epigenetic 

mechanisms has led many researchers to focus on exome sequencing in patient oriented 
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research, despite the fact that non-coding DNA harbors critical regulatory elements that 

function as key drivers of human development and specialized cellular function. Massive 

amounts of data have been generated by dedicated consortia [39] [40] to map functional 

elements (promoters, bivalent domains, enhancers, transcription factor binding sites, cell 

type-restricted patterns of DNA methylation, etc.) across the regions harboring non-coding 

variants. These resources could be leveraged to obtain a better understanding how highly 

penetrant non-coding mutations and aberrant epigenetic modifications could contribute to 

disease via disruption of cis-regulatory elements and perhaps could support the selection of 

drugs to treat specific patients.

Pathophysiologic Assessment and Functional Verification

Once a potential pathogenic genomic variant or mutation has been identified, understanding 

of its impact on molecular and organismal physiologic function is needed (steps 7, 8 in 

Figure 1). Although the actual identification of a potential lesion in a particular tissue or set 

of tissues caused by this variant or mutation will likely be based on an assessment of the 

consequences of that variant or mutation at some level, further functional characterization of 

the lesion and its impact on higher-level physiologic function will also be needed in order to 

determine an appropriate pharmacological intervention. This may involve direct studies on a 

patient, studies that leverage tissue samples from the patient, computer modeling, or a 

combination of these approaches. An important point about these strategies is that even 

though they consider biomaterial and data on a single individual, they can be pursued in as 

objective a way as studies involving multiple individuals. The issues of generalizability, 

control for confounding factors, and accommodating covariates in the context of single 

subject studies parallel issues in studies involving more than one individual. Consider that 

whereas in studies involving multiple individuals primary interest is in sources of variation 

across those individuals, for single subject studies the focus is on sources of intra-individual 

variation across different cell types or tissues harvest from that individual or time points at 

which those cells or tissues have been stimulated, all of which should be amenable to 

analysis with appropriate study designs, assays, and statistical techniques.

In Vivo Pathophysiological Studies—To characterize the ‘functional’ or physiological 

effects of a putative molecular lesion, one would ideally study the patient in question 

directly in an experimental clinical research setting with appropriate controls, safety 

precautions and technologies. Although many strategies and technologies might be 

exploited, for example those involving hemodynamic manipulations[41] or those making use 

of imaging[42] or wireless monitoring devices[43], extensive invasive studies and certain 

experimental manipulations necessary to probe dysfunction more thoroughly – especially 

those that require access to tissues not easy to harvest, like brain tissue – are not likely to be 

feasible. Ex vivo and in vitro studies involving cells or excised tissues could be exploited to 

assess molecular dysfunction (see below). However, characterizing broader organismal and 

intermediate physiologic dysfunction appropriately is, and will continue to be for some time, 

even more of a challenge. Therefore, a real need exists for the development of appropriate, 

and hopefully largely non-invasive, technologies to assess dysfunction at the intermediate 

physiologic level in a way that would allow one to attribute that dysfunction to a specific 

molecular perturbation or set of perturbations.
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Induced Pluripotent Stem Cells (iPSCs)—Given the challenges associated with 

invasive studies of humans, sophisticated in vitro studies can provide an alternative for 

characterizing at least the molecular consequences or underpinnings of a particular 

genetically-mediated disease process. iPSC technologies have potential, and are not likely to 

suffer from many of the problems associated with stability and biological relevance that 

historically and currently used substrates for in vitro analyses such as patient-specific 

transformed lymphoblastoid cell lines are known to suffer from.[44–46] In fact, a number of 

studies exploiting iPSCs have been pursued for the express purpose of characterizing 

patient-specific molecular perturbations amenable to pharmacologic manipulation. Table 2 

describes a few recent studies, but an excellent and broad review of the application of iPSCs 

in biomedical research is provided by Belmonte and colleagues. [47] In most cases, iPSCs 

were used to study the effect of a known pathogenic mutation. However, in a recent study of 

bipolar disorder, the observation that lithium selectively diminished hyperexcitability only in 

neurons derived from patients who were lithium responders provides an example wherein 

iPSCs were used to study disease-relevant cell types and the identification of biomarkers for 

broader patient stratification that goes beyond those associated with specific mutations.

The use of patient-derived iPSCs could be greatly enhanced in the context of individual 

patient-oriented research by coupling it with, e.g., DNA sequencing and other genomic 

technologies, genome editing[48, 49], and drug screening[50, 51]. Correction of a 

pathogenic mutation using editing technologies in patient-specific iPSCs would allow for 

modelling of the patient’s disease, providing genotype matched controls to characterize the 

effect of a mutation in disease-relevant cell types and, possibly, pre and post administration 

of a therapeutic compound. In fact, a number of isogenic iPSC models have been reported in 

recent literature, including the generation of genome edited cell lines from patients 

diagnosed with Alzheimer’s disease, [52] [53] BH4 metabolism disorders, [54] Brugada 

syndrome, [55] Dravet syndrome, [56] dystrophic epidermolysis bullosa, [57] [58] 

frontotemporal dementia, [59] ICF syndrome, [60] long QT syndrome, [61] Sickle Cell 

Disease, [62] spinocerebellar ataxia type 2 [63] and Wiskott-Aldrich syndrome. [64] 

Obviously, the choice of a cell type to study, the assays used to probe the dysfunction of that 

cell type, and the use and assessment of a therapeutic compound are crucial for the success 

of iPS technologies in identifying patient-specific pathophysiologic mechanisms amenable 

to therapeutic intervention.

Model Organism ‘Avatars’—As an alternative to studying a patient directly, or 

exploiting iPS cell technologies, a model of an individual patient could be constructed by 

implanting patient specific lesions (for example, a particular DNA sequence associated with 

a defective or hypothesized causal gene) in a model organism, such as a mouse. In this light, 

the pathophysiological consequences of many congenital conditions has been studied by 

creating, e.g., BAC-transgenic mice, in which a sequence harboring a mutation identified 

from a patient or set of patients is introduced into a mouse and the consequences of that 

mutation explored.[65, 66] For studies of cancers, the creation of tumorgraft models, in 

which patient-derived tumor material is implanted into a mouse, has proven particularly 

effective in modeling tumor-specific pathobiology and therapeutic response.[67, 68] The 

limitations of the study of model organism ‘avatars,’ such as BAC transgenic mice and 
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tumorgraft models, for a particular patient are obvious, as there are many differences 

between, e.g., the mouse and human species, that could confound understanding of 

individual human patient-specific pathophysiology.

In Silico Modeling and Simulation Studies—One area that is receiving a great deal of 

attention and is relevant to integrated genomic medicine and individual patient-oriented 

research is the development of computational models of human molecular and gross 

physiologic function.[69–72] Systems modeling of everything from basic metabolic 

networks[73] to cardiac [70] and lung[72] function are being developed for the study of 

specific perturbations to those systems and possibly lead to therapeutic insights for diseases 

caused by those perturbations. The clear limitation of computational models of the 

functional consequences of perturbations in human physiology is that the available models 

are only as good as the data and knowledge on which they are based. Clearly the biomedical 

research community has a long way to go before a more complete understanding of, e.g., 

biochemical networks and neural systems, will be obtained that would facilitate routine, 

purely computational pathophysiological assessment of patient-specific conditions, except in 

a few settings.

Therapeutic Choice

Choosing an appropriate therapeutic compound based on an assessment of the 

pathobiological mechanisms underlying a patient’s condition is not trivial (steps 9 and 10 in 

Figure 1). There are a number of resources that might aid in the identification of an 

appropriate compound based on a patient’s molecular genetic profile, such as PubChem,[74] 

DrugBank[75] and, for cancer, the connectivity map and related databases[76, 77]. However, 

the use of these resources is problematic if the compound or compounds indicated by them 

has not been previously assessed for use in humans. Thus, outside of compassionate use 

settings, therapeutic choices that may result from individual integrated genomic medicine 

and patient-oriented research of the type described here may require repurposing a particular 

drug or compound rather than attempting to use a drug that has not been approved for use in 

humans.[78–80] Other barriers to the use of a particular compound may involve simple 

access to the compound (i.e., through the group that created it) as well as costs. In this light, 

partnerships between research groups pursuing studies of individual patients for optimizing 

therapeutic interventions and the pharmaceutical industry may be of mutual benefit, as 

focused therapeutic assessment studies and repurposing efforts could help justify new 

markets for a compound.

Phenotypic Monitoring for Clinical Studies

In the event that a pathophysiologic mechanism is identified that might be amenable to 

therapeutic intervention, a way of monitoring the influence of that intervention is necessary 

(step 11 in Figure 1). Such phenotypic monitoring might be obvious (e.g., monitoring blood 

pressure level if hypertension is the disease of interest, tumor regression or shrinkage if 

cancer is the disease of interest), but the method of monitoring that phenotype might not be. 

Many emerging technologies involving blood and other accessible tissue-based biomarkers,

[81, 82], including rare circulating cell types,[83, 84] molecular and general neuroimaging 

assessments,[85–87] and wireless monitoring devices of a wide variety,[43] all have 
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tremendous potential in this context. The recent study of an individual patient who was 

comprehensively monitored during a diabetogenic episode showcases the potential of 

comprehensive phenotypic monitoring for diagnostic and therapeutic purposes.[38]

Clinical Trial Design

Merely finding a putative mechanism for a patient’s condition, as well as suggesting an 

appropriate therapeutic intervention and phenotypic monitoring strategy, would not have 

value unless the suggested therapeutic intervention was objectively assessed for its utility 

(steps 12, 13 in Figure 1). Thus, in order to achieve appropriate scientific rigor and assess 

the utility of an anticipated therapeutic intervention, the design of a study to assess a 

patient’s response to a chosen therapeutic is a crucial step in comprehensive individual 

patient-oriented research. Single subject or ‘N-of-1’ studies have been pursued in many 

domains, but have not been given comprehensive attention by the general biomedical 

community.[88] The same strategies and technologies exploited for ensuring validity in 

standard population-based clinical trials, such as the use of randomization to control 

confounding, blinding, the use of washout periods, accommodating carry over effects and 

serial correlation among measures obtained, the assessment of multivariate observations and 

the use of adaptive and sequential designs, can be exploited in studies investigating the 

utility of a particular intervention for a single patient.[88] Thus, much like studies designed 

to assess the molecular pathophysiology associated with an individual patient’s disease, 

single subject trials can be crafted to assess sources of variation across different time frames 

or intervention periods measured on a single individual.

There are, however, at least four important issues surrounding the design and 

implementation of a single subject therapeutic intervention trial that deserve attention. First, 

relevant phenotypic endpoint monitoring is crucial to the trial and could potentially be 

achieved with a device of some sort. However, the endpoint must be amenable to assessment 

with great frequency over the course of the trial. This ensures an appropriate number of data 

points are obtained to allow sufficient power to assess the efficacy of an intervention. 

Second, not all design elements in a standard trial might be appropriate for a given single-

subject trial. For example, it may be unethical to use a placebo comparator or washout 

periods if the patient’s condition requires constant intervention. Third, as noted, unless one 

is considering the conduct of a phase I study or a compassionate therapeutic use trial for a 

particular unapproved compound – which typically come with recommended or accepted 

guidelines – the design of a therapeutic intervention trial for an individual patient will 

probably have to be pursued in the context of repurposing an approved drug.[78] Fourth, 

there is precedent for clinical trials involving a focused study on a unique patient population 

in the investigation of treatments for rare and orphan diseases that can easily be extended, or 

at least motivate, studies of individual patients with those diseases.[89–91]

Data Dissemination and Query Capabilities

The information and results of a trial on an individual patient could shed enormous light on 

disease pathogenesis as well as provide leads on the diagnosis and treatment of related 

conditions, even if rare or idiopathic. In this vein, the dissemination of the results of 

individual patient-oriented research protocols is crucial, not just via publication, but by 
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making available raw data from, e.g., appropriate assays or those data associated with a 

single subject clinical trial (step 14 in Figure 1). Databases such as SRA, [92] GEO,[93, 94] 

OMIM,[95] and related resources[96] would be excellent repositories for relevant data and 

outcomes. In addition, it is also possible to combine results of multiple single subject (or ‘N-

of-1’) trials to make general claims about the effectiveness of a particular therapeutic 

intervention.[88, 97, 98] In addition, long term outcomes associated with the administration 

of a therapeutic intervention would benefit the medical and research communities in 

assessing the ultimate value or utility of that intervention. Thus, comprehensive integrated 

genomic medicine and individual patient-oriented research, when pursued on many different 

patients with similar features, could provide more insightful information on those patients 

than normally collected in traditional clinical phenotyping studies. The data resulting from 

these aggregated studies could then be mined for patterns which could further lead to 

important generalizations and hypothesis-generation. In this light, there is widespread 

appreciation that machine learning will have profound impact on individualized and 

stratified medicine if large and appropriate data sets are constructed. [99, 100] Thus, it is 

almost certain that as bioinformatic strategies continue to advance [101–107], and as the 

volume of quality data supporting relevant computational modeling grows, the ability to 

match interventions to patients will steadily increase in power.

INFRASTRUCTURE AND RESOURCES

In order to encourage and facilitate the pursuit of integrated genomic medicine and 

comprehensive individual patient-oriented research, there are some obvious infrastructure 

items and resources that need to be developed. Some of the most salient of the resources are 

briefly described below.

Establishing Research Teams

The different research domains that would be necessary to consider in developing an 

objectively-determined, optimized therapeutic intervention for an individual patient are 

extremely varied and not likely to fall within the expertise of researchers within a single 

academic unit or company division (think of the totality of expertise reflected in the 

components of Figure 1). Achieving input from relevant researchers and clinicians may thus 

require the creation of research teams devoted to individual patient research that cut across 

boundaries associated with, e.g., traditional academic divisions. There are efforts to create 

such interdisciplinary teams, such as efforts associated with the National Institutes of Health 

(NIH) Clinical Translational Science Award initiative (CTSA),[108–110] and broad 

personalized medicine initiatives [14, 111]. However, these initiatives are not focused on 

issues associated with the study of a single patient – a focus that might be an even harder sell 

to academic departments for various reasons (e.g., diminished potential for funding, little 

potential for many individual author-led publications, etc.) despite the high likelihood for 

breakthroughs in individualized medicine.

Training Programs

The conduct of individual patient-oriented research is an ideal setting for training physician-

scientists, physicians generally, and biomedical researchers interested in translational 
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research. The exposure to different disciplines and perspectives, recognition of the value of 

integrated approaches to medicine and clinical practice, requisite sensitivity to an individual 

patient’s needs, and a focus on the objective determination of a therapeutic intervention for a 

patient, would all come about from clinician or clinical researcher involvement in an 

integrated and comprehensive study of an individual patient. These themes accepted as 

crucial for advancing clinical practice and research.

Databases and Delivery Systems

The study of a single patient can benefit assessments of other patients only if the data and 

results on that patient are made available to the broader scientific and clinical communities. 

Appropriate databases and vehicles for publication, such as the “clinical problem solving” 

and the “clinical case studies” sections of the New England Journal of Medicine, could be 

paradigmatic publication vehicles for such efforts, but may not go far enough or be able to 

handle the complexities of integrated and comprehensive individual patient-oriented studies. 

Dealing with the very thorny issues of patient privacy however could also be complex, 

although some lay public initiatives, such as the Personal Genome Project (PGP)[112] and 

Patients-Like-Me[113] (http://www.patientslikeme.com/) suggest that, in many instances, 

patients are willing to sacrifice anonymity and privacy for the sake of benefitting the 

community at large, as well as benefitting from the collective insights of the scientific 

community. Such ‘citizen science’ initiatives have already provided preliminary validation to 

the public that individual patient-oriented research at some level can be successful in 

diagnosing and treating diseases.[114]

DISCUSSION

The debate about how best to enable individualized medicine will continue for some time, 

most likely because the biomedical research community is still struggling with: 1. the best 

way to both reliably match available therapeutic interventions to an individual patient’s 

unique genetic, biochemical, physiological, exposure and behavioral profile; and 2. The 

development of efficient technologies for the de novo, rapid creation of therapeutics tailored 

to an individual patient. It is arguable that until such matching or efficient tailored 

therapeutic intervention strategies are developed, the best way to objectively determine a 

course of treatment for an individual patient is to research that patient and his or her 

response to scientifically-backed therapeutic options. Although there are many impediments 

to the routine pursuit of such studies, motivation for overcoming them exists. For example, 

in the context of making treatment decisions for a given patient, current medical practice 

requires substantially less information about that patient’s condition and his or her likely 

response to a therapeutic intervention than the integrated and comprehensive single patient-

oriented research studies envisioned here is likely to yield, despite the fact that it is 

recognized that current practices do not result in optimal treatment decisions.

The actual design and general pursuit of integrated and comprehensive individual patient-

oriented research protocols will most likely defy simple recipes, but the strategies described 

herein should be seen as good starting points. Obviously, more comprehensive functional 

assays for assessing the effects of genetic variants, inclusion of systems-level data 
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(epigenetics, gene expression, protein expression), development of more efficient and 

biologically meaningful iPS cell-based assays, vetting of physiological monitoring devices, 

identification of clinical outcome measures, better single patient clinical trial designs, and 

better data analysis methods, would all enhance integrated individual patient-oriented 

research.

Ultimately, though, since it is unlikely – and probably unjustified both scientifically and 

economically – that every patient will be treated as a research subject in the future,[115] 

decisions about which patients should be intensely studied will have to be made. Of the 

considerations one must take into account for making these decisions, the potential scientific 

achievements of the study as well as their generalizability and the benefit to the patient will 

obviously be important. In this context, it is likely that patients with overtly anatomical 

defects, such as irreversible brain atrophy or limb malformations, are not necessarily good 

candidates for studies of the type envisioned since the chance that a metabolic therapeutic 

intervention would actually correct the relevant dysfunction to the same degree a mechanical 

manipulation would (e.g., artificial limbs), is small, although such patients might be 

candidates for studies investigating different approaches to anticipatory counseling, patient 

management, palliative care and the avoidance of disease sequelae. In addition, the study of 

patients with rare and idiopathic, largely metabolic or neurologic conditions for which 

current treatments are either limited or not available, are good candidates for the proposed 

research (Tables 1 and 2) and their study could act as paradigms for integrated 

comprehensive individual patient-oriented research. This is also true given the emphasis 

among rare disease researchers on the study of the temporal, long-term or natural history of 

rare diseases and their clinical courses, the need for the objective determination of the 

efficacy of specific therapeutic interventions to treat them, as well as the need for regulatory 

changes in accommodating assessments of novel uses of preexisting therapeutic compounds 

that might be useful.[34, 116–118] In this sense the goal of integrated genomic medicine and 

comprehensive individual patient-oriented research is not necessarily to promote the belief 

that future clinical practice will require the pursuit of comprehensive studies on each patient 

in order to determine an optimal course of therapy, but rather to initiate comprehensive 

individual patient-oriented research on enough patients to determine what it is that might be 

generalizable to future patients.
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Figure 1. 
A potential ‘workflow,’ with different components, for determining what might be 

responsible for an individual patient’s condition, determining how to correct the underlying 

problem, testing a potential therapeutic intervention, and finally providing the results of the 

research to the broader research and clinical communities. The numbers in parentheses are 

used to match statements in the text to the item listed.
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