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The Precision Medicine Initiative, launched  in January 2015, fueled a bold new research 
program that has been embraced by global regulatory agencies, major research centers and 
the pharmaceutical industry. The goal of the initiative is to develop tools to replace the “one 
drug fits all” approach—designed for the “average person”—with a new targeted paradigm for 
patient care. Precision medicine is defined as “an emerging approach for disease treatment and 
prevention that takes into account individual variability in genes, environment, and lifestyle for 
each person.” The approach will allow physicians and researchers to more accurately predict the 
best treatment and prevention strategies to use for a specific disease in a given population of 
people. Over the course of the last two years, advances in the fields of genomics, proteomics, 
metabolomics, bioinformatics, and other disciplines, combined with improved technologies and 
tools for biomedical analysis and large dataset handling, have driven the initiative which promises 
to improve patient outcomes. 

Precision medicine—improving patient outcomes through individualized 
guided healthcare

Regulatory agencies, the public and private research sectors, and policy makers including the US 
Precision Medicine Initiative, the US FDA Personalized Medicine Coalition, the European Union (EU) 
Innovative Medicines Initiative, the International Consortium for Personalized Medicine, and other 
efforts, have formed coalitions to progress research that will help move the precision medicine 
concept into clinical practice. The short- and long-term goals include developing more affordable, 
efficacious and safe precision drugs, decrease R&D development costs, shorten the translational 
lifecycle from bench-to-bedside, decrease out-of-pocket cost per approved new compound, create 
efficiencies in the healthcare system, and educate citizens on the benefits of precision medicine. 
As part of a long-term goal, to bring precision medicine to all areas of health and healthcare on a 
large scale, the Precision Medicine Initiative, involving the NIH and multiple research centers, will 
be implementing the All of Us Research Program in early 2018, a study that plans to enroll a cohort 
of at least 1 million volunteers from around the United States. Researchers will be able use the 
biological samples and data collected to study a large range of diseases, with the goals of better 
predicting disease risk, understanding how diseases occur, and finding improved diagnosis and 
treatment strategies.

Precision medicine research has focused heavily on oncology/hematology, with cancer patients 
gaining access to over a four-fold increase in the number of treatments over the past decade. 
Fifty percent of precision medicines approved by the FDA in 2016 were for the treatment of 
cancer, in addition to several significant expanded indications throughout 2016 and 2017 for 
previously approved precision drugs including Imbruvica®, Opdivo®, Keytruda®, and Tecentriq® 
for new molecularly defined subsets of patients. Other therapeutic areas for precision research 
and treatments include psychiatry, infectious diseases, cardiology, endocrinology, neurology, 
gastroenterology, and rheumatology. 

The Use of Model-informed Precision Dosing 
to Improve Patient Drug Treatment Outcomes  

Refined dosing in special 
populations is imperative 
for improving therapeutic 
response and lowering 
the risk of toxicity. The ap-
proach takes into account 
individual factors such as:

• genotype and phenotype

• body chemistry and 
weight

• social circumstances

• time of day

• diet
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Precision medicine approvals are on the rise—more than 20% of all new molecular entities (NMEs) 
approved by the US FDA between 2014 and 2016 have been classified as precision medicines, and 
overall 1 in 4 drugs approved during this three year period were classified as a precision medicine. 

Precision dosing—transforming health care from “one-size-fits-all” to a 
targeted therapeutic approach

In the US, drug-related problems in patients account for $177 billion in costs annually, with $20 
billion contributing to preventable adverse drug reactions (ADRs), and 30–50% of these are due 
to dosing errors. Although a drug may show great promise in Phase 2, “one-size-fits-all” dosing 
contributes to the failure of approximately two-thirds of drugs across all indications moving from 
Phase 2 to 3, of which 50% of the failures are due to lack of efficacy. Patient populations that are at 
risk for developing ADRs include pediatrics, geriatrics, patients on polypharmacy, and those with 
end-organ dysfunction—groups not well represented in Phase 3 clinical trials. This, combined with 
poor medication adherence—estimated in the US at $105 billion in avoidable costs—and the average 
cost of bringing a new drug to market estimated at $2.6 billion, presents an increasingly urgent need 
to move towards precision dosing. Precision dosing—delivering the right dose, of the right drug, to 
the right patient, at the right time—is a crucial cornerstone of precision medicine that will provide 
patients with the most efficacious medications with minimum probability of adverse events.

Model-informed precision dosing—maximize therapeutic benefit while 
reducing risk

Modeling and simulation (M&S) has become a widely adopted and important part of the drug 
development process. It is used to account for individual variability in drug reactions and is an 
effective tool to determine the drug dose that maximizes therapeutic benefit for the patient while 
also reducing risk. Mathematical modeling, in conjunction with the wealth of genomics and 
biomarker data that are now available, will help ensure that individual patients get the best possible 
treatment. M&S technologies are used by regulatory agencies, including the US FDA, the European 
Medicines Agency (EMA), the Japanese Pharmaceuticals and Medical Devices Agency (PMDA), 
and other global agencies to evaluate new drug submissions. In July 2017, Dr. Scott Gottlieb, 
the Commissioner of Food and Drugs, outlined the steps the FDA will take to implement the 21st 
Century Cures Act, emphasizing how the FDA will leverage modeling and simulation to increase the 
efficiency of drug development—from organization of data sets and informing clinical trial designs 
to predicting clinical outcomes and support evidence of effectiveness. Dr. Gottlieb’s directive also 
supports the use of model-informed precision dosing (MIPD) to determine the drug dose that 
maximizes therapeutic benefit for the patient while also reducing risk for the individual patient.

Many quantitative tools are widely used to characterize drug disposition and effects, such as 
physiologically-based pharmacokinetic (PBPK) modeling, and non-linear mixed effects (NLME) 
modeling. These virtual MIPD technologies have sweet spots in certain patient groups, diseases, 
and drug characteristics that will yield the greatest return on investment. Patients who belong to 
vulnerable groups, or those where minimal or no data is available to determine optimal dosing, eg, 
pediatric patients, pregnant women, geriatrics, those with rare diseases, oncology patients, and 
patients with either impaired organ function or are immunocompromised, will greatly benefit from 
MIPD. Diseases that have high unmet medical needs with validated biomarkers for diagnostics will 
profit from MIPD approaches. Drugs that are well-characterized, have a narrow therapeutic index 
and a wide interpatient PK/PD variability, and impose financial burden on patients, payers, and 
providers due to high costs, are optimal candidates for MIPD approaches.

Model-informed precision 
dosing can deliver the 
greatest effectiveness for:

• pediatrics, geriatrics, 
pregnant women, 
oncology, immuno-
compromised and other 
vulnerable patient 
groups

• diseases with high 
unmet medical needs

• well-characterized 
drugs having a narrow 
therapeutic index
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Whole body PBPK modeling

M&S techniques are a crucial link between deciding on the precise dose and delivering it to the right 
patient population. PBPK modeling can predict an initial dose for new drugs in patients, not studied 
in the pivotal trials, by using prior knowledge of other drugs that have similar physiochemical and 
PK/PD characteristics to the drug in development. Two key steps are needed to achieve the delivery 
of a precision dose: (1) testing potential drug regimens in a patient’s “virtual twin”, and (2) having as 
much drug information as possible. Using a systems pharmacology in silico approach, whole body 
virtual PBPK models can be used to account for the behavior of drugs in most tissues in the body. 
Depending on the route of administration, the course of the drug is tracked through each tissue as 
it travels in the blood. PBPK models use a bottom-up approach to produce a plasma concentration-
time profile for a drug by combining the systems physiology/anatomy, drug characteristics, and trial 
design specifics. This unique approach, of independently combining the system parameters and 
trial design specifics to predict drug concentration-time profiles, renders an increasingly flexible 
predictive platform. Using mechanistic in vivo-in vitro extrapolation (IVIVE), “what-if” scenarios, 
such as evaluating potential drug-drug interactions (DDIs) or changes in dosing regimens in the 
population of interest, can be studied.

Application of PBPK Modeling and Simulation to Evaluate the Effect of Various Factors on Drug Exposure and Response

Adapted from Figure 1, Zhao et al. 2011
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Overcoming barriers to widespread adoption of MIPD

Although MIPD shows great promise in improving patient treatment outcomes by optimizing dosing 
for individual patients, there is relatively little published evidence of large-scale utility and impact 
of MIPD. Its implementation is still largely restricted to local efforts in academic medical centers. 
For MIPD to be widely used in clinical practice, several issues must be addressed: (1) MIPD should 
be viewed as not an end in itself but as a guide or tool towards optimal patient outcomes, (2) wider 
interdisciplinary collaborations need to be established, (3) more evidence-based efficacy must be 
provided, and (4) cost-benefit analysis in healthcare must be determined. To overcome barriers to 
the widespread adoption of MIPD the following actions need to be taken:

• Engage clinicians as partners in implementing MIPD—this includes the development of intuitive 
tools for non-modelers and training of clinicians in quantitative pharmacology, for example, 
models that can be easily accessed through web-based decision-supporting “dashboards” 

• Harmonization and standardization of pharmacokinetic data collection, analysis, and reporting, 
including reaching consensus in choosing models that are the most reliable for predicting a drug’s 
plasma exposure to estimate individual clearance and personalizing a patient’s dosing strategy

• Effective communication by modelers to healthcare sponsors, providers, approvers, payers, and 
patient groups on the values of MIPD  

Model-based approaches can improve precision dosing in clinical care

Imprecise dose selection during drug development renders numerous consequences for 
sponsors, including failure during expensive Phase 3 trials, lost commercial opportunities due to 
delayed market access, and escalated development costs. To mitigate this risk, sponsors invest in 
development tools to gain a better understanding of drug disposition and response, which will 
lead to greater Phase 3 trial success. The application of precision dosing offers numerous benefits, 
including reducing the incidence of preventable ADRs related to inadequate dosing regimen, and 
may also lead to greater patient adherence. 

The application of PBPK modeling has developed rapidly and is being adopted by regulatory 
agencies and the pharmaceutical industry for its use across the drug discovery and development 
continuum, eg, predict drug-drug interactions, extrapolate to special populations, and optimize 
clinical trial designs. In particular, MIPD allows the interpolation and extrapolation of dosage 
regimen with varying models of complexity. There are numerous examples on how PBPK modeling 
has been used to optimize drug regimens in individual patients.

1. The use of PBPK modeling in an Aristada® study —Aristada is an injectable, extended-release 
aripiprazole used for treating schizophrenia. PBPK models were used to determine the effects of 
other drugs on aripiprazole pharmacokinetics, informing the drug label with recommended dose 
adjustments for possible DDIs.

2. PBPK modeling simulations were used in a cardiovascular prevention study to successfully predict 
an efficacious and safe dose of ticagrelor, a potent reversible antiplatelet drug metabolized by 
CYP3A4, when co-administered with ritonavir, a protease inhibitor used to treat HIV infections. 
Ticagrelor is contraindicated in patients with HIV due to the expected CYP3A4 inhibition by most 
protease inhibitors, leading to increased bleeding risk through the accumulation of ticagrelor in 
the body. Based on the results, the PBPK model could be used to broaden the usage of ticagrelor 
in ritonavir-treated HIV patients.

PBPK modeling using 
mechanistic in vivo-in 
vitro extrapolation (IVIVE) 
provides a unique and 
flexible approach to 
predict an initial new drug 
dose in patients by using 
prior knowledge of other 
drugs that have similar 
physiochemical and PK/PD 
characteristics to the drug 
in development.
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3. MIPD was used to determine the right dose of chemotherapeutic drugs for patients undergoing 
allogeneic hematopoietic cell transplants (alloHCT) for immune defects or refractory cancers. In 
order to support successful engraftment while avoiding life-threatening toxicity, precision dosing 
is critical for alloHCT patients who take extremely high doses of chemotherapy drugs to destroy 
their bone marrow prior to graft infusion. Since AlloHCT patients are too rare to be studied in 
a conventional clinical trial, PK-guided dosing of busulfan, an alloHCT conditioning agent, has 
been shown to improve outcomes for these patients. 

Predict, learn, confirm, and apply—a framework for MIPD implementation

Based on the Inaugural Model-based Personalized Dosing in Healthcare conference held at the 
University of Manchester in May 2016, key opinion and thought leaders from international research 
institutes, academia, pharmaceutical companies, former regulators, and legal authorities met to 
discuss how modeling and simulation has facilitated precision dosing strategies to link MIPD and its 
impact in public health. Case examples of MIPD were also presented that highlighted the successful 
use of MIPD to determine DDIs and HIV, pediatric oncology and dose adjustments, dose optimization 
of monoclonal antibodies, dose precision in alloHCT patients, and dosing in special patient 
populations including those who have undergone bariatric surgery, renal transplantation, and heart 
failure patients. In addition, sessions were organized around special populations that represented the 
most fragile and complex population cohorts, including oncology, HIV-positive, pediatric, obese, 
renally-impaired, cell transplant, adolescent psychiatric patients, and pregnant women. 

An important outcome of the “Roadmap for Change” conference was the proposal for a “predict, 
learn, confirm, and apply” framework that exemplifies precision dosing model development, 
validation, and implementation. In this framework, the MIPD model can be used “clinically as 
either a clinical decision support tool, to develop a dose banding strategy, or other alternative 
approaches.” Finally, making MIPD a clinical reality also requires a strategy to move MIPD through 
pharmaceutical development and the development of a legal/regulatory framework.

MIPD—looking to the future

MIPD holds great promise in revolutionizing healthcare by improving patient outcomes. Continued 
support and adoption by regulatory agencies and the pharmaceutical industry, combined with 
the development of intuitive tools that will facilitate its use in a clinical setting, will help drive the 
widespread implementation of this approach to optimize precision dosing.

Barriers to widespread 
adoption of MIPD in a 
clinical setting can be 
overcome by:

• greater engagement 
between modelers and 
clinicians

• harmonization of PK 
data collection, analysis 
and reporting

• effective communication 
on the value of MIPD by 
modelers to key health 
care stakeholders
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