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Modeling at the Population Scale

The modeling group at the population scale provided 4 unique perspectives. 

David Eddy discussed the role of modeling in clinical decision making and policy development. Sylvia Plevritis focused on the role of modeling in evaluating and alternating cancer screening guidelines. Bryan Grenfell described the role of modeling in epidemics.  Paolo Vicini discussed the role of modeling in pharmaceutical industry, with a focus on PD-PK models.

Why model?

At the population level, models are primarily developed to help make decisions that directly impact patients and/or populations.  The decision can come in the form of a policy recommendation, a clinical guideline or even the “go-ahead”  (or not) to run a new experiment.  In all these cases, the model informs the decision by integrating existing clinical trial and/or experimental data.  In the words of David Eddy,” a model can be viewed as an extension of the mind,” particularly when the data is vast and diverse, and the mind can not fully process its complexity in order pass judgement toward a decision. The model provides a framework for capturing the complexity and quantifying uncertainty. 

In cases where the desired empirical data can not be obtained, because the clinical trial and/or biological experiment is not feasible, possible or ethical, then models can be used to extrapolate beyond the existing observations.  The value of model-based extrapolations is particularly appreciated in the field of epidemics, since the study of epidemics cannot be conducted via a trial. 

(a) How  has modeling effected various research fields (success stories and mechanisms)?

David Eddy described a variety of success stories where modeling has impacted population-based policies including health care coverage decisions and clinical guideline development.  Most of his direct experience comes from the use of his model “Archimedes", which is  being used by pharmaceutical companies, voluntary health organizations (e.g., American Heart Association, American diabetes Association, American Cancer Society), government agencies (e.g., CDC), policy making organizations (e.g., NCQA), insurers, and health plans. “Archimedes" is built up from underlying physiological pathways and goes on to include the occurrence and progression of diseases, signs and symptoms, patient behaviors (e.g., seeking care, complying with treatment recommendations), encounters with the healthcare system (e.g., visits, admissions), care processes, provided behaviors, tests and treatments, utilization, health outcomes, measures of quality of life, and costs. Its uses range from policies (e.g., guidelines, performance measurement, incentives, priority setting, strategic goals, cost and cost-effectiveness analysis, comparative effectiveness analysis) to research planning (e.g. drug portfolio analysis, clinical trial design and production).

Sylvia Plevritis described the differences between the impact of statistical versus mechanistic models on the population level.  She claims that statistical models have made a larger impact at the population level. For instance, longitudinal data from patient cohorts have been instrumental in developing tools for risk assessment that are routinely used in clinical practice.  Examples of tools for assessing the risk of developing breast cancer include the Gail and Claus models.  Similar tools used in genetic counseling include BRCAPro. These models rely on data from large epidemiological studies such as the Nurse’s Health Study, CARET, the WHI, Physician’s Study, and extensive family registries such as the Utah Family Registry and the Family Breast Registry.  Interestingly, the world of traditional epidemiology and molecular biology are converging in molecular epidemiology, as archived material from existing epidemiological studies are being used to  discover various biomarkers. 

Sylvia Plevritis stated that mechanistic models at the population level exist and that they have not some but less impact than statistical models.  Sylvia’s experience with mechanistic models at the population level is focused on models that simulate cancer screening programs.  The purpose of these models is to identify reasonable screening strategies for the early detection of cancer that will reduce death from the disease. Models identify which risk groups to target (these groups are typically defined by age, but can be defined by family history and inherited risk), the screening test to recommend, the age to start screening, the frequency of screening examinations and the age to stop screening.   These models, in general, have influenced numerous policy decisions on screening for breast cancer, colon cancer, lung cancer and prostate cancer.  On recent example is the updated USPSTF recommendations on breast cancer screening, which were derived, in part, by screening models.

Bryan Grenfell indicated that there is a substantial body of work demonstrating the value of modeling nonlinear epidemic dynamics for controlling infectious disease. He talked broadly about the role of modeling in the HIV epidemic,  BSE/CJD, the UK Foot and Mouth epidemica of 2001, antibodic resistance, assessing threats and possible control of small pox, and pandemic influenza, including the current H1N1 pandemic.  He described the “anatomy” of an epidemic with a model that captures the essence of an epidemiological clock moving populations from susceptible, to infected, and ultimately recovered states. He gave an example of modeling the occurrence rate of measles in the UK, demonstrating how it is impacted by baby booms and schooling.  He claims that the more successful applications of modeling have involved a tight integration with data and biological expertise, publication of results (ideally parallel work by several groups) and efforts to engage the people who shape policy.  For example, the concepts of transmission dynamics such as reproductive ratios are now influential in shaping quite a lot of research (in the US, the NSF/Fogarty Ecology of Infectious Disease and NIGMS/Midas Programs have been very influential here). However, he stated that modeling still has a long way to go in being accepted as a useful tool in many epidemiological studies. Interestingly, the role of modeling in wildlife disease ecology may be more developed than human disease epidemiology.

Paolo Vicini discussed the role of modeling in pharmaceutical industry, with a focus on pharmacokinetic-pharmacodynamic models. While not without challenges
, modeling and simulation have had a significant impact on drug development
,  especially in the clinical setting. With the advent of the discipline of pharmacometrics
, the idea of “model-based drug development
” has taken hold
. Pharmacometrics builds on the advances made possible by the pharmacokinetic (what the body does to the drug) and pharmacodynamic (what the drug does to the body) framework
 commonly used to mechanistically map therapeutic dose to effect through individual exposure. Model-based drug development has been facilitated by the ready availability of a variety of computer-intensive modeling tools
 spanning the development process. Specifically relevant to the population level, nonlinear mixed effects modeling
 allows pharmacometricians to explicitly account for between-subject variability, both when analyzing data (thus obtaining a rigorous estimate of between-patient unexplained variation) and when simulating potential clinical design scenarios. 

Paolo Vicini further stated that model validation and uncertainty quantification  are fundamental components of this approach. Widely appreciated criteria for model testing and ultimately acceptance have been proposed, and while their practical application requires appropriate data, their theoretical and methodological basis has been well worked out in this context. Paolo provided historical reviews that this group may find useful by way of background
. At the population scale, all this has facilitated the emergence of approaches to computationally-intensive design of clinical trials
, with the intent of increasing their probability of successful outcomes. While it is always necessary for the modeler to be proactive and propose rigorous and useful model-based solutions to outstanding problems, the acceptance of modeling and simulation as viable tools to address biological questions and test hypotheses has certainly broadened within drug development during the last decade. He  provided references to  several “success stories”.
(b) To what extent has the broader research community accepted modeling as a critical tool for driving research (what has worked and what hasn’t)?

David Eddy made the point that the acceptance of modeling varies widely.  At one end of the spectrum are people who take modeling very seriously and when the model produces a counterintuitive result they work hard to learn from the model. At the other end of the spectrum are people who will accept or reject the model based on whether or not its conclusions confirm or conflict with their prior conceptions.  He said that, to some extent, the differences are due to differences in the available data. Some disease categories such as heart, diabetes, HIV, and cancer screening have received a great deal of attention in modeling, whereas other disease areas or organs have received very little. Disease categories such as cancer have excellent registries for incidence and staging. Other diseases have very poor information and fewer clinical trials. There are some disease categories,  perhaps mental health is the best example, were definitions are often too fuzzy, or variably applied, to support the collection of data needed to build and validate a model.

Sylvia Plevritis talked about the value of a modeling consortium, which is an idea that has been embraced at the NCI with the creation of CISNET,  which stands “Cancer Intervention and Surveillance Network” (cancer.cisnet.gov).  CISNET is a consortium of modeling groups that use models to understand the impact of a variety of intervention on population trends in cancer incidence and mortality.  In the consortium multiple modeling groups tackle common questions and compare their results.  If an important finding is  robust to a variety of modeling assumptions made by the different modeling teams, then that finding is regarded as robust and more likely to have an impact.  CISNET has worked with the USPSTF in their latest screening mammography recommendations. They have also worked with the USPSTF regarding recommendations for colon cancer screening, in addition to a variety of other organizations focused on cancer control policies. 
Paolo Vinci stated that there is increased interest in using computer-intensive tools in decision making
 in a variety
 of settings
 in the pharmaceutical research community.  In this community, modeling has manifested as a new discipline of “pharmacometrics.”  
(c) In what ways can modeling further effect the broader research and policy communities? 

Sylvia Plevritis stated that modeling can play a greater role in “Integrative Sciences.” Modeling can more provide an integrated perspective of existing data which may lead to  new insights and potentially avoid unnecessary, redundant and sometimes harmful studies and experiments.   In addition, models can provide the mechanism to link between a variety of biological and clinical scales. For example, in many population models there are “submodels” (or assumptions) about disease progression, such as the “submodels” of the natural history of cancer that underlie the mechanistic population level models of screening.   By simulating known trials, these modeling efforts make inferences on important questions such as the rate of cancer progression, the evidence (or lack of evidence) that cancer progressions from specific precursor lesions, and whether or not cancer progresses in clinical stages  or cellular grade. Answers to these questions can be linked to the molecular heterogeneity of the disease. 

Bryan Grenfell talked about the necessity to integrate of epidemiological and evolutionary dynamics of pathogens (so called ‘phylodynamics’).  Progress has been made recently (particularly for influenza – and the current pandemic will generate a lot more hopefully).  However, more progress is needed, both in general and for specific infections.  Part of the difficulty is because we really need to have the right data and model structures to understand cross-scale dynamics (molecular level to in-host to population) before we can know what simplifications are possible.)

Paolo Vinci stated that the possibilities brought forth by computer-based design of experiments in the context of therapeutic development do not need to stop at clinical trials. He believes that there is a chance to impact basic and translational science and academic research, which requires the functional integration of many levels of expertise. In many ways, model-based design and hypothesis testing allow greater generality and flexibility compared with more traditional statistical analysis tools. The onus is on the biologist and clinician to work with an modeling expert to translate their hypothesis in terms that are amenable to computer modeling. This requires the willingness to formulate mechanisms and gather informative experimental data that would shed light on key aspects of pathways, models and especially (again most relevant to the population scale) biological variability. That said, modeling experts must work on making their science and methods more accessible to the broader biological and biomedical communities and on increasing their appreciation
(d) What are the major challenges to overcome (how do we get there)? 

David Eddy  emphasized the value added by models in virtually every other field of human endeavor, such as energy, transportation, construction, space, manufacturing, finance and so forth. He believes that medicine is lagging far behind. While it is true that biology and individual variations present special problems, there exist good mathematical and statistical techniques for addressing these, and the problems in healthcare are not necessarily more difficult than, for example, the problems physicists face when they try to measure the speed at which the universe is expanding or the existence of black holes. 

David Eddy believe that for modeling to further effect health policy, clinical guidelines and drug development, the models need to more fully capture clinical and biological realism, which include accounting for population diversity.   In the case of epidemiological studies, models need to more fully capture and utilize observational data. The data should be person-specific, longitudinal, and contain the important demographic, physiological, intervention, and outcome variables. Paradoxically, some believe that only when models prove to be valuable in integrating data, then investments will be made to collect, archive and maintain such data. However, the key is the collection and availability of data. The first step should be to make certain that we have clear reproducible definitions of the conditions, any biomarkers, signs and symptoms, and outcomes. The second is to ensure that we have data on the incidence and progression of the conditions as a function of a variety of patient characteristics and risk factors. The third is to ensure that we have clinical trials for the effects of a major treatments and that we have clinical data on the accuracies of various tests. The existence of these data, the fourth concern becomes their availability to researchers. Currently a great deal of data are collected but kept private not just by  pharmaceutical companies but by academic groups or the trialists themselves and not made available to other researchers. Creating a pool of data (after a suitable time to enable researchers themselves to publish their initial round of reports) would greatly advance the state of modeling.

David Eddy went on to further state that to overcome skepticism about modeling,  models need to well be formalized so that an inquirer can understand the model if s/he invests the time and effort to do so. That said, the onus is, and should be, on modelers to prove the value and validity of the model by making it transparent to the user.  Toward this goal, methodological advances are also needed in the area of assessing model’s robustness, uncertainty and approaches to model validity,  so that even a non-mathematician can trust the model.   Ideally, there should be a standard set of criterion for proving the value added and validity of a model. 

Sylva Plevritis argued that the research community needs to understand that a model does not need to be right to be useful.  A model simply needs to synthesize our current understanding and make predictions that can be tested.  If the predictions are wrong, then our understanding is wrong.  Somehow concluding that our understanding is wrong is more acceptable that saying the model is wrong, yet they are essentially the same thing.  When the model is wrong is it often disregarded but it can helpful to trace what aspects of our assumptions are the weakest and quantify the impact of these assumptions on the model predictions.  This type of analysis can guide investments for future research.
Sylvia Plevritis also made the point that model building requires expertise from multiple domains, at the very least two domains: the first domain relates to the  clinical or biological question, and second relates to technical aspects of model building, parameter estimation and model validation.  While extensive knowledge  in both these domains is critical for model building,  it is rare to find researchers who are properly trained in each.  These domains are likely to be taught in different schools of most universities, with different cultures. Researchers who work to bridge these domains have to learn to adapt to each of these cultures, and figure out what to communicate to each so that their message is “heard.” Modelers need to feel like they are part of a well recognized community.  Modelers who invest time in developing their expertise need to believe that there will be job opportunities for them, whether in academia or industry. 

Paolo Vinci argued that the broad acceptance within industry has not yet been matched by an equal level of acceptance in academia. Acceptance may increase if these tools are deployed more broadly within academic research communities and especially if they are used to design experiments. In addition, there is a shortage of well-trained PK-PD and pharmacometric experts. Pharmacokinetic-pharmacodynamic modeling (both at the preclinical and clinical scale) requires facility with a wide set of skills and research areas, including informatics, engineering, statistics and pharmacology. There is some uncertainty as to where this kind of “eclectic professional” will eventually come from (the “pharmacometricians of the future”
). Another challenge is certainly linked to model sharing and peer review, but this is nothing new
. Modelers should also do a much better job at demystifying their science and make it more accessible to biologists and clinicians, by focusing on the most biologically relevant messages at the expense of technical details.
Byran Grenfell stated that models need to demonstrate a greater capability to integrate diverse and disparate data.  In the case of epidemics,  models can do more to integrate the epidemiological and evolutionary dynamics of pathogens.  Brian Grenfell talked about how models need to capture “several voices.” He argued that modeling disciplines in biomedicine are still to siloed, especially across integrative scales.
Finally, Bryan Grenfell made that point that to bring on more methodological advances , theorists need to be fully integrated into the research, which requires overcoming communication barriers between the modelers and the domain experts. He believes that theorists still aren’t always integrated closely enough into the empirical research enterprise (as physicists or engineers would be).  This can cause obvious limitations in communicating and disseminating results, as well as limiting realism of models and opportunities for model validation if key data sets are neglected.  More quantitative training of empirical workers and policy makers would obviously help here, as well as in developing a crucial feel for what’s going on “under the hood” of models.
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