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Abstract 

Precision medicine represents a potentially powerful means to alleviate the growing 
burden of chronic respiratory diseases. To realise its potential, however, we need a 
systems level understanding of how biological events (signalling pathways, cell-cell 
interactions, tissue mechanics) integrate across multiple spatial and temporal scales to give 
rise to pathology. This can be achieved most practically in silico: a paradigm that offers 
tight control over model parameters and rapid means of testing and generating 
mechanistic hypotheses. Patient-specific computational models that can enable 
identification of pathological mechanisms unique to patients’ (omics, physiological, and 
anatomical) profiles and, therefore, personalised drug targets represent a major milestone 
in precision medicine. Current patient-based models in literature, especially medical 
devices, cardiac modelling, and respiratory medicine, rely mostly on (partial/ordinary) 
differential equations and have reached relatively advanced level of maturity. In respiratory 
medicine, patient-specific simulations mainly include subject scan-based lung mechanics 
models that can predict pulmonary function, but they treat the (sub)cellular processes as 
‘black-boxes’. A recent advance in simulating human airways at a cellular level to make 
clinical predictions raises the possibility of linking omics and cell level data/models with 
lung mechanics to understand respiratory pathology at a systems level. This is significant 
as this approach can be extended to understanding pathologies in other organs as well. 
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Here, I will discuss ways in which computational models have already made contributions 
to personalised healthcare and how the paradigm can expedite clinical uptake of precision 
medicine strategies. I will mainly focus on an agent-based, asthmatic virtual patient that 
predicted the impact of multiple drug pharmacodynamics at the patient level, its potential 
to develop efficacious precision medicine strategies in respiratory medicine, and the 
regulatory and ethical challenges accompanying the mainstream application of such 
models.   
 

Introduction 

Chronic diseases remain a source of great fiscal and economic burden on our society. In 
Europe, chronic diseases like cancer, chronic respiratory disorders, diabetes, and mental 
illnesses contribute to 85% of all deaths [1]. In addition to the treatment costs, chronic 
diseases depress wages, labour productivity, workforce participation whilst increasing 
disability and early retirement [1]. The costs associated with treatment of these diseases is 
increasing given increased life expectancy of Europeans as well as the rising prevalence in 
multiple chronic diseases in an individual: a phenomenon referred to as multimorbidity [1]. 
It is estimated that over 50 million people in Europe suffer from multimorbidities, likely due 
to shared pathological mechanisms, shared risk profile, or random events [2].  
 
Pharmacotherapy and medical devices represent the most common healthcare alternatives 
available today. Of these, medical devices tend to be quite efficacious, albeit with a 
narrow field of influence. Pharmacotherapy, on the other hand, represents the most 
pervasive treatment option. However, the one-size-fits-all approach is not efficient and for 
numerous chronic diseases pathological mechanisms are not well understood and, as such, 
the extent of treatment is limited. Pharmacotherapy especially struggles when it comes to 
diseases that emerge from the loss of critical cell populations that are incapable of 
regenerating following this loss. The regenerative medicine paradigm where stem cells can 
be differentiated to mature cell populations or tissues and administered to patients 
represents a powerful therapeutic approach [3]. However, we currently lack strategies to 
develop such cell-based therapies ex vivo and administer them at clinical scale [4].      
  
Alleviating the burden of chronic disease and ensuring the delivery of sustainable health 
services requires precise treatment strategies that will reduce inpatient days, enhance 
understanding of molecular signatures that contribute to chronic pathology [5], and cost-
effective treatment decision-making pipelines. The fundamental barrier to achieving these 
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goals is a lack of understanding of the systems-level pathological mechanisms that 
underpin chronic pathology, especially multimorbidities. In this article, I discuss how 
computational modelling is already playing a crucial role in addressing some of these 
challenges and how current advancements in respiratory medicine have poised 
computational approaches to play an ever more significant role in clinics, industry, and 
laboratories to bring precision and personalised healthcare closer to reality at a clinically 
meaningful scale. 
 
Our inability to integrate omics’, cellular, and organ-level events is a critical 
bottleneck to precision healthcare 
 
The crucial challenge to understanding disease pathology and developing personalised 
therapies is that pathology, much like function, emerges from an integration of events at 
multiple spatial and temporal scales. For example, genes mediate cellular activity, which 
together form tissues and organs, downstream of which the various organ systems act 
synergistically to yield functionality at the human (organism) level. The organism itself 
exists in a continuous exchange with the environment. Pathology, similarly, is a multiscale 
event, where departure from normal functionality at the gene, cell, tissue, organ levels lead 
to diseases at the human level. Asthma, for example, emerges from interactions between 
multiple genes and between genes and environmental factors – not as a result of a single 
mutation in a single gene [6]. Integrating information or mechanisms or data structures 
across these dynamically linked hierarchies, referred to as dynamic assimilation [7], is a 
non-trivial endeavour and requires predictive computational models that can generate 
quantitatively testable mechanistic hypotheses linking the various hierarchical levels. The 
rationale being that following validation such models will be able to reveal how parametric 
changes, related to input signals or gene mutations or transcriptomic profile, lead to 
pathology and offer insights into how these pathological mechanisms can be silenced or 
reversed. Computational models are important here as, unlike in vitro or in vivo models, 
they offer precisely controlled parameters that can be easily manipulated individually or 
collectively inside a model with a lot of undesired complexity abstracted away. 
 
There are a variety of mathematical paradigms that can be employed at each hierarchical 
level. For example, gene regulatory networks (GRNs) [8] help understand how a network of 
molecular regulators that interact with each other and other intracellular components 
regulate cell functionality. GRNs are composed of nodes, which represent genes and their 
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regulators, and edges, which represent the regulatory relationships between the nodes. At 
the cellular level, rule-based paradigms, such as the cellular automata [9,10] or agent-
based modelling [11], are employed to understand how a multicellular system evolves 
based on interactions between cells. The strength of these rule-based approaches is that 
they do not discount system heterogeneity and consider lower-level system details, 
thereby allowing the user to investigate emergent phenomena. At the tissue and organ 
levels, the continuum methodology has been utilised quite successfully. Such methods are 
based on physical laws and/or constitutive principles and employ partial (P) or ordinary (O) 
differential equations (DEs) to capture tissue or organ behaviour. As long as the underlying 
cellular or transcriptional heterogeneity can be ignored, the continuum assumption works 
extremely well at this scale. Finally, statistical and probabilistic approaches can be utilised 
to make predictions at the organism level, though such models are generally not 
mechanism-oriented [12]. Other mathematical approaches, beyond the ones enumerated 
here, can also be applied [12-15].      
 
Some of these approaches, especially the continuum assumption based PDE models, have 
covered tremendous ground in predicting organ functionality and interactions between 
medical devices and organ physiology. Guo et al. (2018) [16] used a multiscale, 
multicompartmental poroelasticity model to evaluate transport of blood, cerebrospinal 
fluid, and interstitial fluid in the brain. They used MRI-based subject brain morphology with 
tissue anisotropy maps and patient-specific vascular flow to create their domain (Fig. 1A). 
 

 
 
Figure 1. Continuum models have played a key role in understanding pathology and making 
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patient-specific predictions. A. A computational model that utilised MRI-based subject brain 
morphology to predict differences in parameters, such as CSF accumulation and clearance, for 
normal vs MCI subject. Model pipeline was constructed using a multiple-network poroelasticity 
theory-based model of cerebral parenchyma, image-based model personalisation workflow, and 
subject-specific boundary conditions. Reprinted with permission from © (2018) Guo et al, Interface 
Focus, 8:20170019, under Creative Commons Attribution License. B. Development of patient-
based complete conducting airway model. The CT image is used to generate the central airway, 
which are rendered as a series of tubes. The complete conducting airway tree (colour coded by 
airway radius) is generated using the lobar segmentations. Reprinted from © (2015) Bordas et al, 
PLoS One, 10(12): e0144105, under Creative Commons Attribution License. 
 
The brain parenchyma was discretized and the poroelastic equations were solved via the 
finite element approach. This enabled the investigators to evaluate parameters like inter-
cranial pressure, capillary bed perfusion, and interstitial fluid clearance in a healthy male 
subject compared against a male subject with mild cognitive impairment (MCI). Their 
model showed a marginally reduced clearance of cerebrospinal fluid (CFS) and interstitial 
fluid (ISF), elevated parenchymal tissue displacement and CSF/ISF accumulation. The 
approach has implications to understanding the mechanisms underpinning dementia and 
identifying new biomarkers related to vascular risk factors of Alzheimer’s disease. Peach et 
al (2014) [17], on the other hand, used computational fluid dynamics (CFD) to evaluate the 
performance of minimally invasive interventional devices, i.e. flow diverters, for the 
treatment of cerebral aneurysms. They created an anatomically accurate representation of 
brain vasculature with an aneurysm and into it positioned the device virtually. Solving the 
haemodynamic equations led to the quantification of flow inside the aneurysm sac. A 
significant advantage of this approach is that based on the reconstructed patient anatomy, 
the investigators can test multiple devices virtually to determine the design that will have 
the most optimal therapeutic impact. This is precisely what the investigators did with 
designs showing as high as 70% reduction in aneurysm inflow. This example is an excellent 
representation of the state-of-the-art in patient-specific in silico modelling of medical 
devices. 
 
Furthermore, continuum models have been successfully utilised in cardiac modelling, and 
have progressed to the level of the whole heart [5]. Building on a foundation that is more 
than half-a-century old [18], the application of diffusion tensor magnetic resonance 
imaging [19] has enabled organ level modelling. This has led to models with 
unprecedented structural and biophysical detail that includes electromechanics [20] and 
fluid dynamics of blood flow within the left ventricle [21]. The models have offered insights 
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into myocardial ischemia [22], mechanisms of arrythmia in the setting of idiopathic dilated 
cardiomyopathy [23], and channelopathies [24]. Patient-specific formulations of these 
models are being used to interrogate advanced methods of cardiac resynchronisation 
therapy in dyssynchronous heart failure [25]. Additionally, the models are being used for 
the evaluation of novel antiarrhythmic therapies [5,26].  
 
In respiratory medicine, a variety of continuum models have been developed that capture 
the impact of changes in airway anatomy on lung function. These include realistic subject-
based models of lung functions by Tawhai et al. (2009) [27,28]. This model has been used 
to assess density and pleural pressure gradients in healthy subject-based models. It relies 
on finite element discretisation of the organ geometry and applies finite deformation 
elasticity. The model assumes the lung-air matrix to be a compressible, nonlinearly elastic 
continuum with homogeneous and isotropic material properties. Creating clinically-
relevant subject-specific lung models entails segmenting airways from computed 
tomography (CT) images, generating subject-specific computational models, and 
comparing the effect of airway geometry before and after simulated interventions (Fig. 1B) 
[28-30]. This patient CT data-based approach has been advanced to generate patient-
based complete conducting airway models to predict patient airway ventilation and airflow 
dynamics by comparing computational predictions with clinical pulmonary function tests 
[29]. As illustrative examples: Bordas et al. (2015) [29] created patient-based airway models 
that showed significant difference in airway resistance of severe asthmatics vs healthy 
subjects. Their model predictions, further, correlated with the patient forced expiratory 
volume in one second (FEV1). Recently, Foy et al. (2019) [31] utilised the similar overall 
approach to demonstrate that narrowing small airways greatly impact the forced oscillation 
technique (FOT) derived resistance at 5Hz minus 20Hz. FOT is a non-invasive technique to 
assess bronchial hyperresponsiveness in adults and children. It superimposes a series of 
pressure oscillations over a range of frequencies (typically 5-35 Hz) on normal breathing 
[32]. Foy and co-authors further established forced oscillation R5-R20 as a marker of 
anatomical narrowing in small airways, and that small airway narrowing has a marked 
impact on both asthma and quality of life.      
 
While majority of patient-specific continuum models make use of patients’ anatomical 
specificity, they are not entirely suitable for generating molecular signatures of diseases. 
This, instead, requires models and modelling approaches that can dynamically assimilate 
[7] information and data across the various gene, cell, tissue hierarchies: a critical challenge 
faced by computational medicine currently. The main reason computational models have 
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been unable to achieve this stems from the fact that there is no single locus origin of 
functionality [5] or pathology, which means that the emergence of function or loss of 
function cannot be distilled to a single event (except in certain genetic disorders, e.g.: 
monogenic disorders) and tends to typically be a multi-loci event. This is further 
complicated by the fact that synergy between biochemical agonists and antagonists has 
profound impact on functionality and pathology. This overall complexity makes predicting 
patient-level outcomes quite challenging, if not impossible. Overcoming this challenge will 
require a strategy that links these hierarchies, which will enable the development of 
patient-specific models, precision medicine strategies, and guide efficient regenerative 
medicine protocols. 
 
Multi-paradigm modelling represents an important milestone in patient-
specific modelling 
 
The advantages of employing continuum (ODE/PDE) models that rely on the homogeneity 
assumption include their ability to conduct rapid analyses and a broad exploration of the 
parameter space efficiently, offering insights that can form the basis for the 
computationally expensive discrete (rule-based) simulations [33]. The limitations of these 
models have been highlighted previously in literature [7,34]. To summarise, as they assume 
system homogeneity and ignore the lower-level system detail, such models struggle to 
account for system heterogeneity. They, therefore, are unable to deal with the complexity 
of the evolving system and capturing emergent phenomenon [11]. Therefore, by 
themselves, they struggle to integrate information across multiple biological hierarchies. 
 
To account for system heterogeneity, one can rely on cell-level models that include the 
cellular automata and agent-based models. Both modelling techniques are forms of 
discrete mathematical approaches that break down a system into sub-components that 
interact with each other based on a rule-set assigned to each component at each discrete 
time point [4]. The rule-set, in the context of asthma for example, can contain a rule that 
states if a patient is genetically predisposed to aggressive inflammation, the number of 
eosinophils in their airways will be x-times higher than a healthy subject. Their chief 
advantage lies in the fact that they account for system heterogeneity and are, thus, optimal 
to quantifying emergent phenomena. However, it is because they offer the most logical 
interface between intracellular ‘omics (genomic, proteomic, transcriptomic) information 
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and tissue- and organ-level (anatomical, physiological, biopsy) models that makes the rule-
based formulations ineluctable for patient-specific modelling. 
 
This was best tested via an in silico trial [35] that was conducted in parallel with the clinical 
trial [35] of severe asthmatics with the drugs Mepolizumab [36] and Fevipiprant [37]. 
Asthma is an airway disease that results in a narrowed airway, which results in reduced 
airflow and forced expiratory volume (FEV1). It is a heterogeneous disease with patients 
showing symptoms on a spectrum: eosinophilic, non-eosinophilic, severe, moderate, mild 
asthma, for example. The human airway is composed of epithelial, mesenchymal, and 
inflammatory components. The lumen of the airway is surrounded by the epithelium, which 
includes columnar and goblet cells in the first layer followed by a basal cell layer. This is 
followed by the mesenchyme, which includes fibroblasts and airway smooth muscle (ASM) 
cells. Finally, the capillaries in this region act as the conduit for inflammatory cells (mast 
cells, eosinophils, etc) into the airways.  
 
In health, interactions between these airway components are harmonious, and the airway 
can respond normally to any challenges (allergen, virus, etc). However, when the 
interactions lack this normal harmony, they result in pathological remodelling that 
ultimately leads to inflammation, disrupted epithelium, and increased muscle mass, which 
constricts and narrows airways [35]. Pathological remodelling is a classic example of 
emergent phenomenon, where the emerging loss of functionality is a decentralised, multi-
loci event. Understanding these events from a mechanistic perspective requires an 
approach that can account for the heterogeneous interactions between system 
components. To achieve this, Kaul et al. (2019) [38] developed an agent-based model, 
creating a virtual airway with epithelial (columnar, goblet, basal), mesenchymal (fibroblasts, 
airway smooth muscle), and inflammatory (eosinophils and ‘universal’ inflammatory) cells to 
simulate interactions between these airway components. In their model (Fig. 2A), a 
disrupted epithelium triggered fibroblast proliferation, also activating the recruitment of 
inflammatory cells into the virtual airway.  
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Figure 2. A patient-level agent-based model of asthma pathogenesis. A. The schematic depicts 
interactions between the various cellular components of the human airway. These interactions were 
transformed into rules that were used to develop the model. B. The model captured the hallmarks 
of asthma. Healthy model showed high epithelial integrity and low eosinophil count & ASM mass 
following a challenge. The asthmatic model showed low epithelial integrity and a heightened 
eosinophil count & ASM mass. C. The model was used to predict the impact of Fevipiprant 
(decreased recruitment of inflammatory cells) and Mepolizumab (induction of apoptosis in 
eosinophils). The chequered bars represent drug ‘dosages’ (x-axis) that led to clinically observed 
reduction in eosinophilia. D. The clinically relevant dosages (chequered bars) were used to predict 
the reduction in ASM mass. While the clinically relevant anti-IL5 dosage did not lead to significant 
reduction in ASM mass, the suggests a way to optimise anti-IL5 therapy. Reprinted from © (2019) 
Saunders R, Kaul H, Berair R et al, Science Translational Medicine, 11: eaao6451, with permission 
from the American Association for the Advancement of Science. 
 
 
The inflammatory cells in their lifetime within the airway released cytokines that recruited 
more inflammatory cells and caused the muscle cells to undergo hypertrophy and, 
eventually, contraction. These pro-inflammatory cytokines induced fibroblasts to 
differentiate into myofibroblasts, thereby adding to the airway muscle mass together with 
the ASM cell hypertrophy. The release of pro-inflammatory cytokines, if beyond a certain 
threshold, eventually recruited eosinophils that travelled through the sub-mucosa to the 
epithelium where they degranulated to release cytotoxic proteins that killed epithelial 
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cells, further disrupting the epithelium. The parameters in the model were derived from 
existing clinical, animal, and in vitro literature (in that order of priority). 
 
Saunders et al. (2019) [35] used this model to understand Fevipiprant pharmacodynamics. 
To achieve this, the investigators first demonstrated that the model capturing a healthy 
airway resulted in normal remodelling after a challenge (Fig. 2B). They then conducted a 
sensitivity analysis to determine which alterations in epithelial, mesenchymal, and 
inflammatory parameters will result in the clinical hallmarks of asthma. The clinical 
hallmarks of asthma were defined as [35]: (i) eosinophilic inflammation (defined as 
eosinophils/mm2 submucosal area) of >10, (ii) epithelial integrity of <70%, and (iii) airway 
muscle mass of ≥10 and ≤50%. Their analysis showed that single perturbations from 
normal behaviour did not yield the hallmarks of asthma, pointing to the robustness of the 
system. In fact, the hallmarks emerged when multiple parameters were perturbed. This is 
consistent with growing literature that suggests asthma to be an outcome of multiple 
perturbations, and not single mutation [6]. Interestingly, they captured a range of asthma 
phenotypes: severe asthma, non-severe asthma, non-eosinophilic asthma. This was an 
important finding as asthma severity exists on a continuum, which had not been captured 
computationally. This has opened an avenue of exploring the precise parameters and 
interactions responsible for the various asthma phenotypes. Importantly, the ability to 
predict the interactions responsible for the various phenotypes means the ability to identify 
appropriate interventions.  
 
The most parsimonious set of parametric conditions that resulted in the hallmarks of 
asthma was used as the ‘virtual patient’ and used to conduct an in silico trial [39] with 
drugs Mepolizumab, an anti-Interleukin (IL)5 agent, and Fevipiprant, a Prostaglandin D2 
type 2 receptor (DP2) antagonist. DP2 is expressed by inflammatory cells and in ASM 
bundles. A range of ‘drug’ dosages were tested for both drugs. The model suggested that 
an anti-IL5 dose that triggers apoptosis in 15% eosinophil tissue population will lead to 
~54% reduction in eosinophilia versus the computational placebo control, which was 
consistent with Mepolizumab clinical data (~55%) [36]. For Fevipiprant, the model 
suggested that a 40% reduction in eosinophil recruitment will result in ~81% reduction in 
eosinophilia compared to the computational placebo control, which was also consistent 
with the clinical trial (~80%). Following this clinical validation (Fig. 2C), the model was used 
to predict a concomitant reduction in muscle mass. For the mepolizumab virtual trial, 
consistent with the clinical trial, the model predicted ~12% relative reduction in muscle 
mass. However, for the fevipiprant virtual trial, the model showed ~25% relative reduction 
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in muscle mass, though this was less than the clinically observed reduction in muscle mass. 
This suggested that Fevipiprant had a direct impact on ASM mass, in addition to its impact 
by reducing eosinophilia. This was confirmed in vitro, when the drug molecules were 
observed to reduce migration of ASM cells derived from the patients. When this feature 
was added to the model, it revealed reduction in muscle mass consistent with the 
fevipiprant clinical trial (~45% computational relative reduction vs ~45% clinical reduction). 
 
This investigation showed the capability of mechanistic mathematical models, especially 
agent-based models, in making clinically-relevant predictions at the patient level [35,40]. It 
also demonstrated the model’s potential as a drug design and optimisation tool [41]. This 
is evident in Fig. 2C which shows how an anti-recruitment therapy, for the same ‘dosage’ 
will be comparatively more efficacious, but also shows how an anti-apoptosis therapy can 
be improved to show significant reduction in muscle mass. This also means that much like 
Peach and coworkers’model [17] that allowed them to determine the best flow diverter 
design given patient anatomy, this model can be used to determine the optimal drug type 
and dosage before it is administered to the patient. This is also made possible due to the 
fact that the model considers interactions between various cellular components that would 
persist across scales. Therefore, agent-based approaches can be utilised to simulate organ 
behaviour and use it to test drug efficacy in silico. 
 
Importantly, this agent-oriented approach can be extended to design and optimise 
regenerative medicine therapies: a method that has shown immense potential in treating 
chronic diseases that arise due to lack of critical cell populations [42], but that has 
underperformed due to our inability to control and scale-up tissue design ex vivo [4]. 
Agent-based modelling can be particularly effective here as it i) considers system-level 
heterogeneity (as opposed to continuum models), ii) simulates the spatiotemporal 
evolution of the system based on interactions between system components, and iii) the 
approach adequately accounts for the decentralised nature of biological interactions [11]. 
In fact, multiple examples exist where the agent-based approach has been utilised to 
understand biological mechanisms [43-49]. However, the amenability with which ABMs can 
be coupled with other methodologies is what makes them ideal to develop strategies that 
will scale up regenerative medicine therapies to meet clinical demands. 
 
Towards this end, Kaul et al. (2013) [50] coupled an agent-based framework with the 
transport equation to capture dynamic reciprocity [51] – the mutually reciprocal dynamic 
interactions between cells and their microenvironment [52] – within a bioreactor. The 



 
 

 

Virtual Physiological Human Institute for Integrative Biomedical Research 
VPH Institute IVZW – not for profit Association according to Belgian Law 

Web: http://www.vph-institute.org  Email: manager@vph-institute.org 
 
 

underlying rationale for capturing dynamic reciprocity was that cells shape their 
environment, which in turn provide them developmental (biochemical, mechanical, 
architectural, spatial) cues thereby shaping cellular development in turn. The quantification 
of this relationship is critical if we are to predictively control morphogenesis ex vivo, and 
scale-up this process so we can meet the healthcare demands at clinical scale. Kaul and 
co-workers noted the approach was able to capture this dynamic relationship, and 
demonstrated how changes in transport and flow can alter the growth dynamics 
profoundly. While the use of computational fluid dynamics (CFD) and other continuum 
approaches have been previously used to optimise bioreactor design [53-57], it is the 
assimilation of virtual cells via agents within these bioreactors that will potentially provide 
more nuance in terms of the precise spatial and temporal biochemical fingerprints that 
cells are exposed to within the bioreactors. This offers more control over the ex vivo 
growth and a way to predictively regulate growth of desired tissues and organs at clinical 
scale ex vivo. 
 
The future is in silico  
 
Mathematical and computational paradigms have over the last two decades made 
tremendous strides in aiding healthcare. This has been achieved by models that explore 
pathological mechanisms, assist in predicting the optimal course of intervention, and 
design and development of new drugs, medical devices, and bioreactors. Examples also 
abound of deep learning and artificial intelligence algorithms [58-60] that have performed 
as well as physicians in identifying pathology from image-based patient data, with the 
implication that such techniques will speed up diagnoses.  
 
The most significant milestone, however, is represented by the ability to run patient-
specific simulations, where model initial conditions are derived from the patient’s ‘omics 
profile, cell- (biopsy) and tissue-/organ-level (anatomy, imaging, FEV1, for example) data to 
predict their response to interventions, before they are administered to the patients. As 
argued here, this can be achieved via multi-paradigm models that couple agents, which 
can capture cell interactions and gene networks, with organ-level models. Such in silico 
pipelines (Fig. 3) and digital patients represent the future of healthcare where we can 
acquire patient data, process it to develop useful models to simulate the impact of drugs 
or devices, and use the insights to create improved methods for disease diagnosis and 
treatment.  
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Figure 3. Patient-specific in silico pipeline. Patient-specific models in future will be able to 
integrate patient omics and higher-level (cell-, tissue-, organ-level) information to predict optimal 
interventions tailored to individual patients. Such pipeline will entail acquisition of the patient data 
and its processing to develop computational models via a variety of approaches discussed in this 
article (and beyond). The models will be used either to predict patient outcomes to therapies or 
model drug pharmacodynamics to optimise drug/therapy design. The personalised interventions 
thus identified will be administered to patients. Both ends of the spectrum (i.e. Acquire and 
Administer) will need to be amenable to ethical, legal, and industrial regulatory criteria to ensure 
standardised, reliable, and consistent delivery of computationally-driven personalised healthcare. 
 
However, such pipelines necessitate that the computational community work closely with 
regulatory bodies and stakeholders at both ends of the pipeline. At the patient end, this 
includes addressing ethical concerns pertaining to the ownership, privacy, and storage of 
patient data. At the innovation end, this entails garnering appropriate approval to clinical 
software that will come fitted with one of these predictive models or machine learning 
algorithms, training clinicians in their application, as well as addressing ethical and legal 
concerns that will emerge from a shift to computation-aided healthcare. This will ensure 
standardised, consistent, and reliable delivery of computationally-driven personalised 
healthcare. To this extent, the recently released discussion paper by the US Food and 
Drug Administration (FDA) to regulate artificial intelligence-based products used in 
healthcare that continually adapt based on new data is a key milestone. While the scope of 
this discussion paper [61] encapsulates criteria to determine when an AI based product will 
require FDA approval before commercialisation, it will inevitably widen as products 
coupling AI with predictive mathematical models become the norm in future.   
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Conclusion    
 
Computational models are fast elevating the clinical landscape and have moved rapidly to 
predicting outcomes at the patient level. Certain approaches have shown promise in terms 
of capturing patient-specificity. While the patient-specificity in these models emerges from 
patient anatomy, a current challenge in healthcare remains lack of a modelling approach 
that can integrate events across multiple biological hierarchies. Agent-based modelling is 
a powerful approach that can fulfil this role as it offers an optimal mathematical 
representation of cells and, hence, can act as the appropriate interface between patients’ 
omics’ profile and higher-level (cell/tissue/organ) function. Moving closer to a reality where 
precision healthcare is available at clinical scale will require this computational pipeline to 
be robust, computationally practical in terms of speed, and amenable to regulatory 
standards.  
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