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Digital twins in medicine

R. Laubenbacher    1  , B. Mehrad    1, I. Shmulevich2 & N. Trayanova3

Medical digital twins, which are potentially vital for personalized medicine, 
have become a recent focus in medical research. Here we present an 
overview of the state of the art in medical digital twin development, 
especially in oncology and cardiology, where it is most advanced. We 
discuss major challenges, such as data integration and privacy, and provide 
an outlook on future advancements. Emphasizing the importance of 
this technology in healthcare, we highlight the potential for substantial 
improvements in patient-speci!c treatments and diagnostics.

A 52-year-old man was found confused in his prison cell by the staff and 
brought to a hospital emergency department (ED). He had a remote his-
tory of a stroke and consequent hemiplegia. In the ED, his initial blood 
pressure was low and responded to volume resuscitation. His labora-
tory studies showed a mildly elevated peripheral leukocyte count and 
a mild renal insufficiency, and his chest X-ray showed bilateral airspace 
disease. He was diagnosed with pneumonia and started on empiric 
antibiotics aimed at pathogens that cause severe community-acquired 
pneumonia. Six hours later, he became more confused, developed 
hypotension again (requiring initiation of intravenous pressor drugs) 
and required increasing supplemental oxygen. His chest X-ray also 
showed worsening airspace disease. Three hours later, he required 
endotracheal intubation and lung-protective mechanical ventilation 
for worsening hypoxic respiratory failure due to acute respiratory dis-
tress syndrome. Over the following day, he developed refractory septic 
shock, requiring multiple intravenous pressors, acute kidney injury, 
and escalating ventilator requirements. His blood cultures, obtained 
on admission, showed Klebsiella pneumoniae, an organism that was 
sensitive to the antibiotics he had received. The patient’s condition 
continued to deteriorate, and he died of multi-organ failure 32 hours 
after his initial presentation.

In this case (encountered by B.M. in the medical intensive care 
unit (ICU)) and others like it, existing illness severity scoring systems 
provide quite accurate data on the likelihood of acute mortality, and 
are hence helpful in determining, for example, whether the patient can 
be treated at home, in the hospital or in the intensive care unit. Their 
main shortcoming, highlighted by this case, is that the information 
they provide is not otherwise actionable, for example, by identifying 
interventions that may have altered the course of the illness. This rep-
resents the biggest promise and challenge in applying computational 
modeling at the level of individual patients: given that biological het-
erogeneity leads to a wide range of responses to illness and treatments, 

can computational models, together with the right kinds of data, help 
the medical team intervene with more effective and better-timed 
interventions, tailored to an individual patient and resulting in better 
outcomes?

When President Obama announced his precision medicine initia-
tive during the 2015 State of the Union address and established a work-
ing group to implement it1, he called for an unprecedented effort to 
collect data on a million patients to bring the United States closer to an 
era where medical treatment can be tailored to each individual patient. 
The digital twin paradigm, as initially formulated and developed in 
industry and engineering, has a compelling analog in medicine as a 
powerful tool for truly personalizing medical care. The first attempts 
at medical digital twin (MDT) technology were made decades ago, 
including the very comprehensive pioneering Archimedes project on 
diabetes2. The literature has grown substantially over the past several 
years. A PubMed search for ‘digital twin’ retrieves over 1,400 citations, 
with an exponential increase since 2020. Three developments have 
probably contributed to this trend: an increased focus on precision 
(or personalized) medicine, the increasing availability of data charac-
terizing human biology3,4 and electronic health record (EHR) data for 
large patient cohorts, as well as the emergence of powerful modeling 
and simulation capabilities, such as machine learning (ML) algorithms 
and artificial intelligence (AI) models.

In this Perspective, we review the current state of development of 
MDTs and the challenges that need to be met to move forward with the 
development of an MDT industry, similar to what currently exists in the 
industrial sphere. These challenges are (1) technological, such as appro-
priate modeling technologies, (2) medical, such as our understanding 
of the biological determinants of health and disease, as well as the avail-
ability of appropriate data-generation technologies and (3) administra-
tive, such as standards for regulatory approval of MDT-based devices 
and data-sharing standards. We will also highlight developments in two 

Received: 9 October 2023

Accepted: 12 February 2024

Published online: 26 March 2024

 Check for updates

1Department of Medicine, University of Florida, Gainesville, FL, USA. 2Institute for Systems Biology, Seattle, WA, USA. 3Department of Biomedical 
Engineering, Johns Hopkins University, Baltimore, MD, USA.  e-mail: reinhard.laubenbacher@medicine.ufl.edu

PERSPECTIVE OPEN

Building digital twins of the human immune system: toward
a roadmap
R. Laubenbacher 1✉, A. Niarakis 2,3, T. Helikar4, G. An 5, B. Shapiro 1, R. S. Malik-Sheriff 6, T. J. Sego7, A. Knapp 1, P. Macklin7 and
J. A. Glazier 7

Digital twins, customized simulation models pioneered in industry, are beginning to be deployed in medicine and healthcare, with
some major successes, for instance in cardiovascular diagnostics and in insulin pump control. Personalized computational models
are also assisting in applications ranging from drug development to treatment optimization. More advanced medical digital twins
will be essential to making precision medicine a reality. Because the immune system plays an important role in such a wide range of
diseases and health conditions, from fighting pathogens to autoimmune disorders, digital twins of the immune system will have an
especially high impact. However, their development presents major challenges, stemming from the inherent complexity of the
immune system and the difficulty of measuring many aspects of a patient’s immune state in vivo. This perspective outlines a
roadmap for meeting these challenges and building a prototype of an immune digital twin. It is structured as a four-stage process
that proceeds from a specification of a concrete use case to model constructions, personalization, and continued improvement.
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INTRODUCTION
Today, nearly every industry that deals with complex technologies
use sophisticated “digital twin” computer simulations to forecast
how individual pieces of equipment should perform under ever-
changing real-world conditions. For instance, a digital twin of a jet
engine receives continuously updated operational data streamed
over the “internet of things” while the engine is in flight. Any
deviation between the digital twin’s prediction and the actual
engine’s state can provide an early warning of a potential
problem, which can be resolved before it becomes critical/
catastrophic.
The medical analog is only in its infancy. Medical digital twins

could find many uses and take many forms. They could predict
disease trajectories in individual patients, allowing diagnosis
before the onset of serious symptoms. They could be used to
optimize the timing of suggested medical care and to investigate
the effects of potential treatments in a patient-tailored manner.
They could help identify biomarkers or elucidate drug mechan-
isms of action. They could be data-driven or based on mechanistic
computational models of biological function, or a combination of
both. Currently, digital twins of the human heart improve
diagnosis, prognosis, and therapies1,2. Automated workflows for
generating cardiac digital twins could serve as a blueprint for the
generation of other types of medical digital twins. Another
example of an operational medical digital twin is the artificial
pancreas that aids Type I diabetic patients in insulin manage-
ment3. Of particular importance are digital twins that capture key
features of the immune system, with its ubiquitous influence on
human disease. Being able to predict an individual’s immune
response to infection or injury could be lifesaving in many ways,
for instance in designing optimal individualized treatments4.

This perspective describes a high-level outline of a roadmap for
building an immune digital twin (IDT), depicted in Fig. 1. It
advocates a partnership between the international not-for-profit
scientific community, the commercial sector, and government
funding agencies. Such an approach requires a collaborative
infrastructure and broad agreement on the nature of the final
product. For instance, the recently formed European-led DigiTwin
consortium, which includes academic, clinical, and industrial
partners from 32 countries, aims to create digital twins for every
European citizen for a range of conditions5, and could become a
model for some aspects of a global consortium for immune digital
twins.

DEVELOPMENT STAGES
The construction of an immune digital twin will broadly follow the
four-stage paradigm for industrial digital twin development (see
Fig. 2).
Stage 1: Define a specific application and construct an

appropriate generic template model.
The crucial first step is to determine a specific application of a

personalized immune simulation model. Applications can be
“online,” e.g., to predict the efficacy of a particular treatment
based on frequent measurements of a patient’s condition, or
“offline,” e.g., to develop novel drugs using simulated patient
populations. Defining the application helps to narrow down the
components of the immune system to include in the model, and
to define the data available for model construction and operation,
resulting in a generic “specification” of the digital twin design.
As there are many patient-specific immune system measure-

ments that are currently infeasible, the choice of application is
crucial for success.
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Forum on immune digital twins: a
meeting report

Check for updates
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Medical digital twins are computational models of human biology relevant to a given medical
condition, which are tailored to an individual patient, thereby predicting the course of disease and
individualized treatments, an important goal of personalizedmedicine. The immune system,which has
a central role in many diseases, is highly heterogeneous between individuals, and thus poses a major
challenge for this technology. In February 2023, an international group of experts convened for two
days to discuss these challenges related to immune digital twins. The group consisted of clinicians,
immunologists, biologists, and mathematical modelers, representative of the interdisciplinary nature
of medical digital twin development. A video recording of the entire event is available. This paper
presents a synopsis of the discussions, brief descriptions of ongoing digital twin projects at different
stages of progress. It also proposes a 5-year action plan for further developing this technology. The
main recommendations are to identify and pursue a small number of promising use cases, to develop
stimulation-specific assays of immune function in a clinical setting, and to develop a database of
existing computational immunemodels, aswell as advancedmodeling technology and infrastructure.

The concept of amedical digital twin (MDT) represents a pivotal technology
envisioned to make personalized medicine a reality. This entails using
predictive computational models to harness diverse patient data over time,
allowing for identification of optimal interventions and corresponding
predictions of their effectiveness for an individual patient; see ref. 1–4.
Scaling up this concept into a widely used medical technology necessitates
substantial coordinated advancements across several fields, including
human biology, medicine, biochemistry, bioinformatics, and mathematical
and computationalmodeling.A signof increasing interest in this technology
was evident in the workshop “Opportunities and Challenges for Digital
Twins in Medicine,” organized by the National Academies of Science,
Engineering, and Medicine in January 20235,6. One possible long-term
vision is a virtual replica of an entire patient that evolves with the patient
over the course of their lives, as articulated by the Virtual Physiological
Human Institute7 and the European Virtual Human Twin Project8. The
foundations for MDT technology, however, are yet to be developed. The
Forum described here, and other efforts9,10 have focused on digital twins for
medical conditions related to the immune system. This provides a narrower
focus, but at the same timeaddresses awide rangeofdiseases that involve the

immune system inanessentialway, such as infectiousdiseases, autoimmune
diseases, and cancer, among many others. The immune system in many
ways serves as a benchmark for the kind of complexity that we need to be
able to representwith computationalmodels.High-fidelitymodelsmight be
needed to account for differences in an individual’s immune response to,
say, a vaccine. One desired outcome is a broad-based community effort to
advance modeling of the immune system in different disease contexts.

Weadoptedabroaddefinitionof aMDTthathappens toalignwith that
in a recently released report by the National Academies of Science, Engi-
neering and Medicine on “Foundational Research Gaps and Future
Opportunities for Digital Twins”11: “The key elements that comprise a digital
twin include (1)modeling and simulation to create a virtual representation of
a physical counterpart, and (2) a bidirectional interaction between the virtual
and the physical. This bidirectional interaction forms a feedback loop that
comprises dynamic data-drivenmodel updating (e.g., sensor fusion, inversion,
data assimilation) and optimal decision-making (e.g., control, sensor steer-
ing). Akeypoint is that there is anongoing exchangebetween thepatient and
the digital twin, with data from the patient used to dynamically recalibrate
the digital twin, and predictions from the digital twin informing patient
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A fundamental challenge for personalized medicine is to capture enough of the
complexity of an individual patient to determine an optimal way to keep them
healthy or restore their health. This will require personalized computational
models of sufficient resolution and with enough mechanistic information to
provide actionable information to the clinician. Such personalized models are
increasingly referred to as medical digital twins. Digital twin technology for
health applications is still in its infancy, and extensive research and
development is required. This article focuses on several projects in different
stages of development that can lead to specific—and practical–medical digital
twins or digital twin modeling platforms. It emerged from a two-day forum on
problems related to medical digital twins, particularly those involving an
immune system component. Open access video recordings of the forum
discussions are available.

KEYWORDS

medical digital twin, immune digital twin, personalized medicine, roadmap, review of
digital twin projects

Introduction

The vision at the heart of personalized medicine is to design and implement
customized approaches to keep individuals healthy and how to restore their health
when it is compromised. This requires that we can quantify the differences between
individuals that account for their health status in relation to their biological makeup, as
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DT projects in the UF Laboratory for Systems Medicine

• A DT for pneumonia patients in the Intensive Care Unit
• A DT for precision nutrition for premature babies
• A DT for detection of early rejection of lung transplants
• A DT for optimal dosing of immunosuppressant drugs 
    for liver transplant patients



Mechanisms versus AI



Challenges: 
• Meld four cultures: mathematical sciences, biology, medicine, industry
• Develop novel sensor technology for noninvasive data collection
• Develop novel computational technology, data science techniques
• Solve ethical, legal, organizational challenges
• Create the basis for a DT industry based on standardization, interoperability
• Develop an international, multi-pronged funding strategy for DT development
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