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The  rapid  development  of  biological  technology  (BT)  and  information  technology  (IT)  especially  of  genomics  and
artificial intelligence (AI) is bringing great potential for revolutionizing future medicine. We propose the concept and
framework of Digital Life Systems or dLife as a new paradigm to unleash this potential.  It  includes the multi-scale
and  multi-granule  measure  and  representation  of  life  in  the  digital  space,  the  mathematical  and/or  computational
modeling  of  the  biology  behind  physiological  and  pathological  processes,  and  ultimately  cyber  twins  of  healthy  or
diseased human body in the virtual space that can be used to simulate complex biological processes and deduce effects
of  medical  treatments.  We advocate that  dLife  is  the route toward future AI precision medicine and should be the
new paradigm for future biological and medical research.
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 INTRODUCTION

The understanding of life and the pursuit of health have
always  been  a  common  goal  of  human  beings’
unremitting  exploration  since  ancient  times.  The
exploration  of  human  anatomy  during  the  ancient
Egyptian  period  opened the  prelude  to  the  decomposed
research  on  the  human  body  [1].  The  approach  of
“looking, listening, inquiring, and pulse-taking” develop-
ed  in  ancient  China  around  the  5th  century  BC  started
the  holistic  phenotypic  probing  of  human  body  as  a
system. During the long journey, most of our ancestors’
efforts  for  understanding  human  body  and  combating
diseases had been based on naked eye observations and
philosophical  reasoning.  The  invention  of  microscopes
and its use for medical observations in 1674 [2], and the
invention of stethoscope in 1816 [3] marked the start of
human’s  use  of  scientific  equipment  to  help  inspecting
human  body.  The  trend  was  accelerated  with  the
revolution of modern science and technology in the 20th

century. The X-ray discovered by Wilhelm Roentgen in
1895 soon became a major technology to look inside the
human  body  without  surgical  operation  [4].  Electro-
cardiogram (ECG) [5] and electroencephalogram (EEG)
[6]  was  invented  in  1903  and  1929,  respectively,
followed  by  the  invention  of  medical  ultrasound
technology in 1953 [7].  In  1971,  computer  tomography
(CT)  and  magnetic  resonance  imaging  (MRI)  techno-
logy  came  into  clinical  applications  [8,9].  These  tech-
nologies  for  clinical  observation  of  human  physiology
and  pathology,  together  with  the  many  drugs  and
surgical  treatment  technologies  in  the  20th  century,  as
well  as  the  development  of  industrial  and  agricultural
production  and  public  health  infrastructures,  jointly
promoted the human life expectancy from around 30–40
years  at  the  beginning  of  the  20th  century  to  around
70–80s in the 21st century [10].
At the same time, people’s exploration on the biology

of  life  was  also  quickly  deepening.  Mendel  discovered
the basic laws of inheritance in 1865 [11]. The discovery
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of  DNA,  RNA and  proteins  in  the  19th  century  seeded
the  understanding  of  the  material  basis  behind
inheritance  [12–14].  This  year  celebrates  the  70th
anniversary of  the discovery of  DNA double-helix,  and
the  20th  anniversary  of  the  completion  of  Human
Genome  Project.  The  discovery  of  DNA  double  helix
structure  in  1953  confirmed  that  DNA  is  the  basic
carrier  of  the  genetic  information  [15].  In  1968,  Wu
measured  the  first  DNA sequence  [16],  opening  up  the
journey  of  human  beings  to  read  our  own  genomic
information.  The  Human  Genome  Project  (HGP)
completed  from  1990  to  2003  [17]  established  a
reference  map  of  all  human  genetic  information,  led  to
the  development  of  many  genomics  and  other  omics
technologies, and made it possible to carry out precision
medicine  based  on  individual’s  omics  characteristics.
We can now not only to read, but also edit or write the
genomic  information.  The  Human  Cell  Atlas  (HCA)
project and several other similar projects,  driven by the
development of single-cell sequencing technology, aims
to decipher the molecular  characteristics of  various cell
types  in  all  tissues  and  organs  as  the  reference  for  all
future biological and medical studies [18–20].
These great progresses in medical science and biology

have  significantly  improved  our  ability  to  combat
diseases.  However,  with  the  increase  in  people’s  life
expectancy and the ever-upgrading pursuit of better life
quality,  there  are  new  challenges  for  improving  the
effectiveness  and  efficiency  of  medicine.  For  example,
the morbidity and mortality of cardiovascular diseases in
many  countries  still  remain  high,  and  that  of  many
malignant  tumors  are  still  rising  [21,22].  The
accessibility  of  high-quality  medical  services  varies
significantly among different regions in China and many
other  developing  countries,  and  there  is  a  huge  gap  in
management and rehabilitation of many chronic diseases
outside  hospitals.  These  challenges  can  be  summarized
as  the  insufficient  and  unbalanced  development  of
medical  sciences  and  services.  They  are  rooted  in  the
lacking  of  sufficient  understanding  of  the  biology  of
diseases,  and  the  lacking  of  effective  and  efficient
applications  of  existing  knowledges  and  technologies.
New  paradigms  in  the  way  we  conduct  research  in
human biology and medicine are needed to better tackle
these challenges.

 KEYS TO AI MEDICINE: INFORMATION
ACQUISITION, SYSTEM MODELING
AND KNOWLEDGE DELIVERY

The  rapid  development  of  artificial  intelligence  (AI)  in
the past two decades, especially the explosive growth of
large AI models like generative pretraining transformers
(GPTs) in recent years, has aroused great expectation on

using  AI  to  solve  challenges  in  medicine  [23].  Many
advancements have been made toward this direction but
there is still a long way to go before AI can really help
to  provide  systematic  solutions  to  the  challenges.  The
nature  of  medicine  and  the  biology  behind  medicine
have  many  unique  features  comparing  to  other  fields
where AI has shown great success. The realization of AI
medicine  requires  the  solution  of  three  key  questions:
information  acquisition,  system  modeling,  and  know-
ledge delivery.
The human body is a super complex system composed

of trillions of cells organized in multiple hierarchies and
networks. Each cell is programed with tens of thousands
of  genes  and  many  other  genomic  and  epigenomic
factors.  Obtaining information of multiple dimensional-
ities,  multiple  angles  and  multiple  granularities  of  the
human  body  in  health  and  diseases  is  the  basis  for
understanding  how  the  system  works.  Modern  clinical
inspection  and  imaging  technologies  provide  rich
phenotypic  information  of  human  organs,  systems  and
the whole body. Current biological technologies such as
high-throughput  omics  can  provide  genomic,  transcrip-
tomic,  epigenomic,  proteomic  and  metabolic  informa-
tion  of  tissues  and  organs  at  single-cell  and  single-
molecular resolution. Various wearable and implantable
devices  being  developed  rapidly  in  recent  years  are
expected to provide real-time physiological surveillance
of  the  human  body  and  measurement  of  life  styles  or
environmental  factors.  The  collection  of  all  these
information  will  eventually  provide  a  holographic
portrait of an individual at all levels. Currently many of
these  technologies  are  still  imperfect,  and  the
information  we  can  get  for  a  patient  is  limited.  New
developments  in  physics,  chemistry,  material  science,
and  information  sciences  are  constantly  catalyzing
technological  advancements  in  ways  to  obtain
information of life.
Capturing  multiscale,  multifaceted  and  multidomain

information  of  a  human  body  is  the  first  step  for
understanding  life,  but  the  goal  cannot  be  reached
without  the  decoding  and  modeling  of  the  underlying
connections  and  relations  in  the  information.  Scientists
have  discovered  tons  of  biological  and  medical
knowledge,  but  most  of  them  are  scattered,  local,  and
qualitative.  They  have  not  yet  been  developed  to  the
level  of  being  described  by  mathematical  models  or
being implemented by computing models. A central step
toward  AI  medicine  is  to  achieve  quantitative
understanding  of  complex  biological  phenomena  and
underlying  laws  and  to  establish  their  mathematical
and/or  computational  models,  based  on  the  ever-
growing  biological/medical  data  and  knowledge.  Such
models  should  mirror  real  life  by  being  able  to
reproduce  or  simulate  major  biological  processes  and
mechanisms in the digital space.
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Beyond information acquisition and system modeling,
an  equally  important  but  often  overlooked  aspect  in
medicine is the effective presentation of knowledge and
implementation  of  technologies  in  practice.  With  the
advancement  of  modern  biology  and  medicine,  the
information  and  knowledge  required  for  todays  and
future  medical  decision-making  are  increasingly
exceeding  the  level  that  an  average  human  doctor  can
effectively handle. This problem will only get more and
more  prominent  if  biological  and  medical  research
continues  to  follow  the  current  paradigm  of  depositing
new discoveries into the literature for human doctors to
digest and apply. Figure 1 illustrates the situation under
the  current  paradigm:  scientific  research  finds  answers
to  part  of  the  questions  about  life  and  health.  Only  a
small  portion  of  the  findings  can  be  transferred  to
applicable principles, drugs, technologies, or equipment
with  clinical  potentials.  Among  them,  that  part  can
really  pass  clinical  trials  and  go  into  practice.  Due  to
technical,  administrative  or  financial  reasons,  even  a
smaller part of them can finally benefit specific patients.
The effect  can be  further  discounted because  of  factors
like  differences  in  individuals’  biological  and  socio-
economic backgrounds and their compliance. This status
quo indicates  that  the  existing  paradigm of  centralizing
all information and knowledge to clinicians for decision-
making and technology-implementation has encountered
a  ceiling  problem.  More  effective  knowledge  delivery
and application paradigms need to be invented.

 DIGITAL LIFE SYSTEMS: A CYBER-LIFE
MODEL AND THE BIOLOGICAL AND
MEDICAL STUDY in data, in silico AND in
math

We propose the concept and framework of “Digital Life
Systems” or dLife to tackle the three key problems. The
idea  is  to  build  and  run  models  of  life  in  the  virtual

space  defined  by  data,  mathematics  and  computation.
All  biological  discoveries  will  be  deposited  into  dLife
models.  Clinicians  can  use  the  models  to  simulate  and
test  alternative  treatments  to  help  make  decisions  and
evaluate  treatment  effects.  Individuals  can  also  use  the
models to know themselves in health or diseases.
Real  biological  human  beings  are  carbon-based  life.

We named dLife as “Shu-based Life” in Chinese, where
“Shu”  is  the  Chinese  character  “数”  that  possesses  the
meanings of data, digital, quantitative, mathematics and
computing at the same time. There seems to be no single
equivalent  word in English that  has all  these meanings.
dLife system is a novel model of life that we propose to
build,  and  it  is  also  a  new  paradigm  of  life  science
research  that  we  initiate.  As  a  model  it  is  the
reproduction  of  life  phenomena  or  a  cyber-life  in  the
virtual  space.  As  a  research  paradigm  it  is  study  of
human  biology  and  medicine  in  data,  in  silico  and  in
math  beyond  current  in  vivo  and  in  vitro  approaches.
The  existing  term  “in  silico”  studies  share  a  similar
meaning  with  dLife  partially.  We  coined  the  new  term
“dLife” because silicon-based computers may not be the
only  technology  for  performing  computation.  dLife
emphasizes more on the systematic mirroring of carbon
life  systems  in  the  data/math/computing  space  from
molecular  and  cellular  levels  to  the  level  of  clinical
phenotypes.
A  complete  dLife  system  will  be  composed  of  three

major  layers,  corresponding  to  the  three  key  questions
for AI medicine.
The first and basic layer of dLife is the perception and

digitization  of  biological/medical  information.  The
hierarchical  components  that  compose  the  human  life
will  be  represented  as  entities  or  tokens  in  the  digital
space,  with  holographic  portraits  describing  their
cellular,  molecular  and  physicochemical  properties  at
multiple  scales,  with  multi-modal  data  and from angles
of other related entities.

 

 

Figure 1.    The current medical paradigm. (Figure designed inspired by a figure in [24].).
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The  second  and  core  layer  of  dLife  is  system
modeling,  which  makes  the  entities  live  and  interact
with  each  other  to  reproduce  life  phenomena  in  the
virtual  space.  The  modeling  will  be  cross  multiple
levels,  scales  and  granularities,  and  will  include  both
mathematical  models  for  well-deciphered  relations  and
large  neural-net-like  models  trained  with  massive  data.
The complete model of dLife will be a general cyber life
that can represent major developmental, physiological or
pathological phenomena and processes in the data/math/
computing spaces.
The third layer of dLife is the intelligent implementa-

tion  of  dLife  as  a  personalized  cyber-twins  or  digital
twins of individuals or groups of individuals sharing the
same  biological  properties.  Unlike  digital  twins  in  the
field  of  manufacturing,  dLife  can simulate  not  only the
geometric and physical properties of the individual,  but
more  importantly  the  molecular  and  cellular  properties
of  key  tissues  and  organs  that  are  responsible  for  the
medical  phenotypes  of  interest.  It  mirrors  not  only  the
body  but  also  the  life  inside  the  body.  This  layer
involves  the  individualization  of  the  general  dLife
model with the biological, medical and life-style data of
individuals,  and  the  fine-tuning  of  general  models
pretrained with population data for specific downstream

tasks.  Such digital  cyber-twins  will  open new windows
for  both  healthcare  applications  and  for  medical
researches. Doctors can use the cyber-twins interact with
generic  knowledge  and  individual’s  information,  to
simulate,  deduce  and  compare  different  treatment
strategies  for  each  individual  patient,  and  researchers
can  use  cyber-twins  to  do  in  data  or  in-silico  experi-
ments  on  cyber  individuals  to  study  certain  biological
mechanism, or on a cyber population to conduct virtual
clinical trials of a drug candidate. Figure 2 diagramed a
conceptual  structure  of  dLife  systems  and  examples  of
their potential applications.
Building complete dLife systems is  a  long-term goal.

However, we do not have to wait for the completion of a
full system to unfold its advantages in scientific research
and  medical  practices.  For  example,  we  have  recently
succeeded  in  building  the  first  version  of  human
Ensemble  Cell  Atlas  (hECA  1.0)  as  a  prototypic
example  of  a  dLife  system  [20].  It  is  composed  of  ~1
million  cells  of  38  healthy  human  organs  featured  by
their  transcriptomic properties,  organized as  an abstract
virtual human body of digital cells. Based on this virtual
body, we invented the in data cell experiment technique
that enables testing for possible side-effects for targeted
cancer therapy [20]. This invention showcased the future

 

 

Figure 2.    A conceptual structure of dLife systems.
 

 

 

Figure 3.    Showcases of in data drug experiment using dLife models.
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of in data drug experiment and virtual clinical trial using
dLife models (Fig. 3). In another example, following the
conceptual idea of dLife, we were also be able to define
new quantitative index on CT images of  non-small  cell
lung  cancer  (NSCLC)  patients  to  reveal  the  internal
heterogeneity  of  tumors  that  are  crucial  for  making
treatment decisions [25].
dLife  also  provides  a  new  paradigm  of  future

biological  research by linking the carbon space of  cells
and genes with the digital space of numbers and vectors.
Small-scale  dLife  models  can  be  built  for  specific
biological  questions  using  available  data  and  know-
ledge.  New  biological  laws  can  be  speculated  from
mathematical  and/or  computational  simulations  in  the
digital  space,  and  then  verified  or  updated  through
rationally  designed  synthetic  biology  experiments.  We
call  this  paradigm  of  biological  study  as  “digi-carbon
experiments”. In our recent works, we have applied this
paradigm  to  discover  gene  regulation  patterns  and
design  synthetic  gene  circuits  for  targeted  cancer
therapy (Fig. 4), which is a significant breakthrough for
future intelligent drug development [26–29].
 

 

Figure 4.    A schematic diagram of digi-carbon ex-
periments using dLife models.

 

 RELATED CONCEPTS AND ROADMAP
TOWARD DIGITAL LIFE SYSTEMS

There  have  been  several  new  terms  such  as  medical
digital  twins,  digital  humans  and  digital  biology  in
recent years. They have some similarity in the concepts
and terminology with the digital life system or dLife we
proposed,  but  they  have  different  intension  and
extensions.  “Digital  humans”  is  a  term  widely  used  in
the Virtual Reality (VR) community, usually to refer the
realization of a character with a 3D human-looking body

and face in artificially generated videos that can perform
some  human-like  motions  or  facial  and  language
interactions  with  users  [30,31].  “Digital  biology”  has
been first  used in  a  National  Institutes  of  Health  (NIH)
conference in 2003 [32]. It was used to mean the broad
field of computationally-oriented bio-sciences, with key
areas of scientific data integration, multi-scale modeling
and  networked  science  [32].  In  recent  years,  medical
scientists  have realized the future of using digital  twins
to help improve medical decisions. For example, Corral-
Acero  et  al.  proposed  the  idea  of  digital  twin  for
precision  cardiology  [33].  Subramanian  proposed  the
idea  of  developing  a  virtual  liver  as  a  digital  twin  for
drug  discovery  and  development  [34].  Masison  et  al.
proposed  a  modular  computational  framework  for
medical  digital  twins  and  demonstrated  it  by  a
respiratory  fungal  infection  case  [35].  These  proposals
focus on modeling the electrophysiological or metabolic
functions of the target organs and their associations with
patient  outcomes.  These  are  important  aspects  of  the
dLife system we first proposed in 2019, which aimed to
model all  the biological processes of life that transform
us  from  molecules  (DNAs  and  RNAs)  to  the  whole
human beings [36]. dLife is a digital twin not only of the
human body, but also of all biological processes that are
carrying  on  with  this  body  at  molecular,  cellular,  and
system levels.
Such  a  digital  life  system  or  dLife  is  an  ambitious

scientific  goal  that  requires  long  collaborative  research
and innovation of multiple disciplines: new theories and
technologies  need  to  be  developed  for  comprehensive
multi-scale  data  sensing,  data  integration,  data  percep-
tion,  knowledge discovery and knowledge presentation.
A  basic  informatic  framework  or  “operation  system”
needs  to  be  designed  for  dLife  models  and  their
implementations.  Special  large  AI  models  capable  of
learning  complex  relations  buried  in  massive
multimodality  biological  and  medical  data  need  to  be
developed.  New  mathematical  tools  and  theories  may
even  be  needed  to  capture  and  represent  complex
biological laws.
None of these works will be trivial or easy because of

the  complexity  of  life  and  the  lack  of  first-principles
behind  most  biological  mechanisms.  The  recent
breakthrough  of  large  language  models  like  GPTs  in
natural language processing and understanding suggests
a  possible  roadmap  for  pursuing  the  seemingly
infeasible ambitious goal. It will be important to find or
define appropriate “proxy tasks” to help developing the
fundamental  theories,  frameworks  and  technologies.
Such  proxy  tasks  should  be  simple  enough so  that  it  is
possible  to  invent  dLife  solutions  based  on  current
technologies and data.  But they should be sophisticated
enough  so  that  they  can  reflect  the  multifaceted
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complexity of real biological and medical tasks, and can
showcase  the  advantage  of  the  dLife  system.
Representative real application scenarios of AI precision
medicine  are  also  crucial  for  motivating  dLife  system
research,  guiding  the  selection  of  proxy  tasks  and
driving the technology development.
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